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ABSTRACT 

With the ongoing task of identifying and characterizing genes in the human genome, 
there is a great demand for tools to study these genes. Today, reverse genetics is the 
most effective way to explore gene function. This involves suppression of the gene 
of interest by a set of manipulation techniques. In addition to this, many conditions 
like viral infections, cancers and cardio-vascular diseases are caused by relative over-
expression of certain genes in various cell types. Therefore, there is a great need for 
development of methods to suppress these unwanted gene expressions. 
 
The work presented in this thesis concerns mechanistic studies of two alternative 
approaches to perform post-transcriptional gene silencing in mammalian cells: DNA-
mediated antisense and siRNA-mediated RNA interference (RNAi). Today, both of 
these applications are used for gene regulation in either cell culture experiments or in 
vivo studies. Although some parts of the pathways of these two methods have been 
established, a great deal is still to be revealed about target specificity, knockdown 
efficiency and avoiding the anti-viral pathways generally occurring in mammalian 
systems.  
 
In paper I, we determined the role of the rat GERp95 homologue to human Ago2. By 
targeting this protein with siRNA-mediated RNAi, the knockdown efficiency of the 
endogenous target gene NPY was substantially impaired. This determined the 
necessity of GERp95 for fully functioning RNAi. In paper II, a stable 3’ cleavage 
product was discovered when targeting the mouse Fas gene by DNA-mediated 
antisense. This finding puts further light into the complexity of the RNase H-
dependent antisense pathway and strengthens the need for careful selection of 
detection method when analyzing the outcome of post-transcriptional gene silencing 
in mammalian cells.  
 
By a comparative analysis of siRNAs with varying chemical characteristics, we 
examined the mammalian anti-viral response system in paper III. From our results, 
we could conclude that LNA-modified siRNAs do not trigger IFN-dependent 
immune response in human HeLa cells. This in combination with the superior serum-
stability and other potential advantages of LNA-modified siRNAs makes them a 
good candidate for future therapeutic applications. In paper IV we address the issue 
of siRNA specificity by performing a large-scale study of siRNA target variations. 
Finally we present some preliminary results regarding a putative novel method for 
visualization of miRNA action. Collectively, these studies have aimed to increase the 
general knowledge of post-transcriptional gene silencing in mammalian cells and 
they have more specifically investigated regulatory pathways, mRNA targeting and 
specificity for DNA-mediated antisense and RNAi. 
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GENERAL INTRODUCTION TO THE THESIS 
 

 

The backbone for all research within the field of molecular biology lies within the 

“The central dogma” which describes the basic processes occurring in living cells 

(Figure 1). Genomic DNA is transcribed into messenger RNA (mRNA) in the cell 

nucleus. The mRNA, which is then transported into the cytoplasm, codes for the 

subsequent translation of proteins. By the publication of the first draft of the human 

genome sequence in 2001(Nature, 2001), a large amount of newly identified genes 

with unknown properties increased the need for functional research tools. Today, 

Figure 1. The backbone of molecular biology:
1. Replication of genomic DNA
2. DNA is copied to mRNA through transcription
3. Processed mRNA is transported from nucleus to cytoplasm
4. Protein is synthesized by the action of translation
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Figure 1. The backbone of molecular biology:
1. Replication of genomic DNA
2. DNA is copied to mRNA through transcription
3. Processed mRNA is transported from nucleus to cytoplasm
4. Protein is synthesized by the action of translation
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reverse genetics is the most effective way to explore gene function. This involves 

suppression of the gene of interest by a set of gene manipulation techniques. In 

addition to this, many conditions like viral infections, cancers and cardio-vascular 

diseases are caused by over-expression of certain genes in various cell types. 

Because of this, there is a demand for effective methods to suppress this unwanted 

gene expression. There are three alternative pathways to influence gene expression – 

either on the transcriptional, post-transcriptional or post-translational levels. The 

work in this thesis has focused on the post-transcriptional level. Two methods for 

performing post-transcriptional gene silencing are DNA-mediated antisense and 

RNA interference (RNAi). These applications are both used for gene regulation 

either in cell culture experiments or in vivo studies. Although some parts of the 

pathways of these two methods have been established, a great deal is still to be 

further investigated.  

 

The regulatory effects of DNA-mediated antisense was discovered in 1978 

(Zamecnik & Stephenson, 1978). By using short single-stranded 

oligodeoxynucleotides (ODNs) complementary to the mRNA of a specific target 

gene, researchers were able to suppress the expression of the same gene. The 

technique was widely used for functional genomics studies and some successes were 

achieved for in vivo studies as well. Besides the relative sensitivity of the antisense 

molecules towards degradation within cells, additional difficulties regarding 

reproducibility of results and prediction of suppressible target regions were 

encountered. The foundation for the past decade’s extensive utilization of RNAi-

mediated gene silencing was laid when Andrew Fire and Craig Mello discovered that 

double-stranded RNA (dsRNA) could silence sequences complementary to its own 

when delivered to the nematode Caenorhabditis elegans (Fire et al., 1998). This 

revolutionary discovery awarded them the Nobel Prize in Physiology or Medicine in 

2006. The response was found to be evolutionary conserved by subsequent 

observations in plants, protozoa, insects, mammals and fungi (Ngô et al., 1998; 

Cogoni & Macino, 1999; Hamilton & Baulcombe, 1999; Caplen et al., 2000; 

Hammond et al., 2000; Caplen et al., 2001; Elbashir et al., 2001b; Martin & Caplen, 
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2006). Also, small interfering RNAs (siRNAs) could be designed and used to silence 

genes in mammalian cells by mimicking components of the native RNAi pathway 

(Elbashir et al., 2001a). 

 

Although the selection of efficient gene silencing siRNAs has been a lot easier than 

for the corresponding AS-ODNs, similar obstacles have been encountered when 

using them for in vivo studies. Additionally, secondary off-target effects caused by 

either specific motifs of the siRNA or the specific delivery method used have raised 

doubts about the specificity (Jackson et al., 2003; Jackson et al., 2006). The work 

presented in this thesis concerns functional aspects of DNA-mediated antisense and 

RNAi. We have tried to increase the general knowledge of post-transcriptional gene 

silencing and more specifically investigated regulatory pathways of mRNA targeting, 

specificity and cellular visualization of RNAi action. All cell culture-based work in 

this thesis has been performed in mammalian cell lines and the focus of this 

introduction will therefore mainly deal with post-transcriptional gene silencing in 

mammalian systems unless otherwise stated. 

 



Cecilia Dahlgren 

12 

BACKGROUND 

DNA-MEDIATED ANTISENSE 

The finding that short antisense oligodeoxynucleotide molecules (AS-ODNs) could 

enter living cells and efficiently block expression of targeted genes created high 

expectations for this mechanism to become a valuable tool in molecular biology as 

well as in therapeutics as a functional suppressor of viral- and oncogenes (Zamecnik 

& Stephenson, 1978). Antisense oligos normally act by one of two mechanisms: 1 – 

annealing to its target RNA molecule and inhibit mRNA translation, either by 

restraining initiation of  translation by steric hindrance or by preventing the splicing 

of pre-mRNA to become mRNA; or 2 – inducing mRNA cleavage through attraction 

of the endonuclease Ribonuclease H (RNase H) towards the hybridized DNA:RNA 

complex (Minshull & Hunt, 1986). This results in two fragments of mRNA, one 

lacking 5´-cap structure and one lacking 3´-poly(A) tail. The subsequent biochemical 

events are not fully understood but it is thought that the RNase H-mediated cleavage 

destabilizes the mRNA target, resulting in fragment degradation by exonuclease and 

endonuclease activities (Figure 2). 

Nucleotide analogues 
Following research provided further evidence that oligonucleotide delivery and 

subsequent target degradation or translational block in intact cells was a novel way to 

study gene function (Holt et al., 1988; Wickstrom et al., 1988). The data obtained 

however, showed large inconsistencies regarding efficiency of different 

oligonucleotides and the predicting good target suppression was difficult to achieve. 

These results made it obvious that several issues related to oligo degradation, cellular 

uptake and target recognition needed to be overcome before antisense molecules 

could be used as a robust and reliable tool for gene regulation (Wickstrom, 1986). 

This started an intensive search for chemical compounds that could enhance the 

efficiency and repress the negative traits of antisense molecules. At first, this turned 

out to be a difficult task – various modifications did indeed enhance both cellular 
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Figure 2: RNase H-mediated antisense can 
either act through translational block by 
preventing binding of ribosomes, or the DNA-
RNA hybrid recruit the endonuclease RNase H 
which cleaves the targeted site, possibly 
following mRNA degradation by cellular 
exonuclease activity.
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uptake and resistance towards nuclease activation – the drawback was however the 

loss of target degradation due to inability of the hybrid to form substrates for RNase 

H. To compensate for that, the oligonucleotide concentration needed to be raised in 

order to instead cause translational hindrance, with increased cytotoxicity as a 

consequence. Later on, terminal phosphoramidate modifications of single-stranded 

AS-ODNs proved to be an effective method for making them resistant to nucleolytic 

degradation caused by cellular exonucleases and that the DNA:RNA duplexes that 

where formed acted as substrates for RNase H (Dagle et al., 1990). Phosphorothioate 

oligodeoxynucleotides (PS-ODNs), where one of the nonbridging oxygens in the 

backbone have been replaced with sulfur, have also been widely used because of its 

enhanced serum stability. Phosphorothioate modifications of antisense oligos are 

able to recruit RNase H action but are not fully active in terms of suppression 

efficiency. Several PS-ODNs have reached clinical trials and the first antisense 

molecule approved as a therapeutic drug against cytomegalovirus retinitis was 

Vitravene (ISIS2922) (Geary et al., 2002). 

13 
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Accessibility 
One of the greatest challenges in antisense history has been the task to predict 

suppressible target sites. Several methods have been created to predict antisense 

accessibility – that is to what extent the AS-ODN can access homologous sequences 

of the target mRNA (Matveeva et al., 1997; Ho et al., 1998; Allawi et al., 2001). The 

mRNA accessible site tagging (MAST) technology is a wet lab approach where 

immobilized mRNAs are tagged with a randomized oligonucleotide library. This 

technique proved to be an effective tool for predicting effector molecules for a given 

target mRNA (Zhang et al., 2003). 

 

Although many improvements of AS-ODN were made in the field of DNA-mediated 

gene silencing, the difficulties of creating molecules with satisfactory knockdown 

efficiency – together with issues like toxicity, delivery and most importantly the 

inability to get the procedure to work satisfyingly in vivo – still prevented it from 

becoming the useful tool as was first anticipated (Levin, 1999). These facts in 

combination with the discovery of RNAi in the late 90’s, lead to a rapid decline of its 

use in molecular biology. Today, most of the work with antisense technology has 

shifted towards RNAi-mediated gene silencing conducted by siRNAs or short hairpin 

RNAs (shRNAs).  

RNA INTERFERENCE 

The process of RNAi is a naturally occurring regulatory pathway in all eukaryotes, 

where endogenously expressed long double-stranded RNA (dsRNA) molecules are 

processed by the endoribonucleases Drosha and Dicer (Bartel, 2004). The resulting 

21-23 nt long RNA effector mediates post-transcriptional gene silencing by 

recruitment of a ribonucleoprotein complex (RNP) and sequence-specific attraction 

to its corresponding mRNA target. Depending on the distinct features of different 

RNA effector molecules, the inhibition of gene expression is either mediated through 

mRNA cleavage or translational repression. The finding that exogenously delivered 

dsRNA could trigger RNAi lead to a revolution in the field of post-transcriptional 
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gene silencing and the ability to study gene function. Initially, the use of RNAi was 

thought not applicable in mammalian systems since long dsRNA induces sequence-

unspecific gene silencing by activation of anti-viral defence pathways (Kumar & 

Carmichael, 1998). Small interfering RNA molecules (siRNAs) were later 

discovered to avoid the degradational actions of these pathways (Elbashir et al., 

2001a). The knowledge since then have been subjected to extensive research and 

found to be more complex than initially thought (Jackson et al., 2003; Sledz et al., 

2003; Kim et al., 2004). Nevertheless, these double-stranded RNAs have been 

recognized as an efficient tool for achieving knockdown of gene expression and for 

functional genomics studies. There is also a great hope for this technique as a future 

tool for therapeutic applications. 

RNAi mechanism   
RNAi can either act as a response to endogenously expressed or exogenously 

delivered dsRNA. Endogenously expressed dsRNAs in form of pri-micro RNAs (pri-

miRNAs) are processed in the nucleus by Drosha to become pre-miRNAs. These 

pre-miRNAs are subsequently transported to the cytoplasm of the cell where the 

endonuclease Dicer further processes them into 21-23 nt long mature miRNAs with 

2-nt 3’-end overhangs (Bernstein et al., 2001). Following recruitment of the RNP 

complex, only one strand – the guide/antisense strand of the RNA duplex – is 

incorporated and leads the complex to its target mRNA sequence. The RNP consists 

of several members of the Argonaute (Ago) protein family. Exogenously delivered 

long dsRNA are processed in a similar manner as miRNAs in C. elegans and the fruit 

fly D. melanogaster in terms of Dicer cleavage. In mammals the exogenous RNA 

molecules usually consist of short hairpin RNAs (shRNAs) or small interfering 

RNAs (siRNAs), which are processed in a similar manner but the RNP complex 

taking care of siRNA-mediated gene silencing is termed RNA-induced silencing 

complex (RISC) (Hammond et al., 2000). To some extent, the RNAi mechanism is 

carried out differently for these molecules. RNAi caused by siRNAs usually acts by 

sequence-specific cleavage and subsequent degradation of the mRNA target 

molecule. The slicing activity of the target molecule is carried out by the Argonaute 
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2 (Ago2) component of RISC (Elbashir et al., 2001a; Liu et al., 2004; Meister et al., 

2004). The actual cleavage site is located 10 nt downstream of the 5’-end of the 

siRNAs guide strand. On the other hand, miRNA-driven RNAi rather acts by 

occupying specific regions of the target mRNA, thereby preventing initiation of 

translation (Figure 3). 

RNA INTERFERENSE
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Figure 3. RNAi mediated by exogenously delivered siRNAs or shRNAs and endogenously expressed miRNAs in 
mammalian cells. Following processing by Dicer – depending on delivered molecule – the RNA duplex is unwound and 
the antisense strand incorporated into RISC. Subsequent target recognition leads to cleavage of target site and mRNA 
degradation or translational repression.
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degradation or translational repression.

Pre-miRNA

Dicer is a member of the RNase III family of nucleases that specifically cleave 

double stranded RNAs, and is evolutionarily conserved in worms, flies, plants, fungi 

and mammals. Dicer contains two RNase III motifs, a RNA helicase domain and a 

dsRNA-binding domain, and the enzyme performs an ATP-driven cleavage of long 

dsRNA to 21-23 nt long RNA effector molecules (ref). Ago-2, one of the RISC 

16 
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components, has been identified as the catalytic engine responsible for the 

subsequent cleavage of target sequence, which ultimately leads to degradation of 

unprotected mRNA (Liu et al., 2004; Meister et al., 2004; Okamura et al., 2004). 

Exogenously delivered RNA effectors 
The mechanisms of RNAi were first discovered in C. elegans in the late 90’s (Fire et 

al., 1998). The usage of synthetically produced siRNAs was later discovered to 

function in mammalian systems (Caplen et al., 2001; Elbashir et al., 2001a). Two 

variants of exogenously delivered RNA effector molecules are synthetic siRNAs or  

vector derived shRNAs. If comparing them to miRNAs, siRNAs have total sequence 

complementarity between both strands whereas miRNAs usually are interrupted by 

internal mismatches. Synthetic siRNAs can act on any given target mRNA molecule 

but miRNAs tend to act on the 3’ untranslated regions (UTRs) of their targeted 

molecules. Furthermore, siRNAs usually generate target degradation whereas 

miRNA more commonly cause translational repression. This is however not always 

the case and siRNAs have been shown to act in a miRNA like way and vice versa 

(Doench et al., 2003; Saxena & Jónsson, 2003; Zeng et al., 2003). Discrepancies in 

actions between RNA effectors might be the result from various characteristics of the 

flanking sequences of their respective target transcripts. Similarly recruited enzyme 

complex might act equally towards their targets but differ in the subsequent actions. 

In terms of origin, miRNAs derive from transcripts of genomic regions other than 

protein-coding genes, whereas siRNAs usually are obtained from transposable 

elements, viruses or synthetic dsRNA. 

 

The main advantage of using siRNAs in favor of shRNAs is the ability to control the 

transfected amount of molecules and thereby its subsequent uptake into RISC. These 

characteristics might have a large impact on the putative off-target and anti-viral 

effects that partly depend on the siRNA concentration. In contrast, the largest 

drawback of siRNA usage is the relatively short duration of achieved gene silencing. 

This feature is crucial when trying to affect the expression of proteins with a long 

turnover period – the siRNA-mediated silencing of the target gene might already 
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have ceased to act before any change in protein levels are detectable. When using 

RNAi for phenotypic studies and observing RNAi efficiency on a translational level, 

this might result in false negative results. 

 

The detection of endogenously expressed miRNAs inspired the researchers to imitate 

the actions of miRNA-dependent RNAi by introducing synthetic genes expressing 

transcripts similar to miRNA precursor molecules. These molecules called shRNAs, 

are basically siRNAs linked together with a loop sequence and containing additional 

promoter and termination sequences. To become a functional RNA effector, this 

molecule has to be processed within the cell. The shRNA can also be expressed 

within cells by inserting them into viral vectors or plasmids. The shRNA-containing 

vectors are transcribed from RNA polymerase II or III promoters and the resulting 

transcript can be of pri-miRNA or pre-miRNA character for subsequent processing 

by Drosha/Dicer. The great advantages with this application are the abilities for long-

term mediation of RNAi and co-expression of marker trans-genes to facilitate 

identification of shRNA-expressing cells. On the negative side we have the 

difficulties of controlling the amount of expressed RNA effector molecules from 

these vectors, possibly leading to saturation of the cells natural RNAi machinery 

and/or generation of non-specific responses. The possibility of integration of DNA 

sequences coding for these shRNAs, into the genome of the targeted cell, also poses 

a non-desirable cause of action (Huppi et al., 2005).  

 

The preferred method for functional studies of a certain genes has to be assessed 

individually for each occasion. The applications of siRNA and shRNA-mediated 

gene silencing are to be considered as being complementary to each other. Several 

aspects like choice of cell line and preferred RNAi duration has to be taken under 

consideration. It is also important to optimize the experimental conditions regarding 

choice of transfection method, transfection time and amount of accessible siRNA to 

maximize knockdown efficiency and minimize off-target effects and non-specific 

actions. Pools of siRNAs or shRNAs targeting several positions of the same 

transcript might provide a more robust knockdown outcome and evaluating all of 
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these effector molecules by their individual capacity to suppress its target gene gives 

a clearer picture when studying phenotypic variations(Kawasaki et al., 2003; Myers 

et al., 2003). 

Endogenously expressed RNA effectors 
The action of miRNA-driven RNAi is the intrinsic cellular system to regulate gene 

expression. Many miRNAs only act in certain stages of cell development and there 

are also differences in expression depending on tissue or cell types (Bartel, 2004).  

Examples of miRNA functions are involvement in fat metabolism, cell proliferation, 

differentiation and apoptosis (Reinhart et al., 1999; Brennecke et al., 2003). MiRNAs 

have also been shown and suggested to be involved in several human diseases (Denli 

et al., 2004; Gregory et al., 2004; Pfeffer et al., 2004; Sullivan et al., 2005). 

Endogenous miRNAs act as silencing effectors in absence of direct sequence 

complementarity to its target. This feature makes these molecules able to affect the 

regulation of multiple genetic targets which share certain sequence similarities.  

 

Primary hairpin structured miRNA transcripts (pri-miRNAs) are processed by the 

nuclear protein Drosha. The resulting ~60-70 nt long pre-miRNA is transported into 

the cytoplasm by an Exportin-5-dependent pathway (Lee et al., 2003; Yi et al., 2003; 

Zeng et al., 2003), where it is cut to a mature miRNA by Dicer (Grishok et al., 2001; 

Hutvágner et al., 2001; Ketting et al., 2001). The discovery that the C elegans gene 

lin-4 coded for a pair of small RNAs instead of an actual protein, paved the way for 

the later finding that miRNAs, originally called small temporal RNAs (stRNAs), are 

part of the RNAi pathway (Reinhart et al., 2000; Lee et al., 2003). This was proven 

by siRNA-mediated knockdown of the dsRNA-cleaving enzyme Dicer. Suppressed 

expressions of this enzyme lead to the accumulation of a precursor molecule to an 

already established miRNA – let-7 (Hutvágner et al., 2001). Similarly, this was 

shown for the C elegans homologue Dcr-1 to mammalian Dicer (Grishok et al., 

2001; Ketting et al., 2001; Knight & Bass, 2001).  
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RNAi-induced gene silencing performed by miRNAs is usually a consequence of 

partial homology of the miRNA towards the 3’ untranslated region (UTR) of its 

target molecule. It has also been shown that miRNA precursor molecules can provide 

as ancestor for several miRNAs (Lee-Huang et al., 1993) and a single RNA target 

can be regulated by several different miRNAs (Doench & Sharp, 2004). The 

resulting decrease in protein levels is caused by translational repression rather than 

target degradation. This is verified by the absence of change on mRNA levels and 

these miRNAs prevent protein translation by either hindering the initiation of 

translation or the protein elongation (Olsen & Ambros, 1999; Seggerson et al., 2001; 

Humphreys et al., 2005; Pillai et al., 2005). The level of sequence complementarity 

for each miRNA is however varying and some miRNAs are capable of mediating 

cleavage in a siRNA-like manner (Hutvágner & Zamore, 2002). 

 

A number of computational approaches have been created to estimate the number of 

miRNA genes and miRNA targets in the human genome. These predictions state that 

approximately 1 – 5 % of the total protein-coding genes are miRNA genes. 

Furthermore, 30 % of all protein-coding genes are thought to be regulated by 

miRNAs (Lewis et al., 2005). Until today 533 miRNA sequences have been 

validated for homo sapiens (Ambros et al., 2003; Griffiths-Jones, 2004; Griffiths-

Jones et al., 2006). 

Silencing potency 
Delivery 

An important factor for efficient gene silencing by RNAi is the type of delivery. A 

popular method for efficient siRNA delivery is the use of cationic lipids, which 

consists of a positively charged head and a hydrophobic tail. When mixed with 

nucleic acids, the cationic heads of the lipid heads interact with the phosphate 

backbone, which result in the formation of lipoplexes (lipid-DNA/RNA). These 

complexes are then easily transported by endocytosis through the negatively charged 

cell surface (Elouahabi & Ruysschaert, 2005). The use of lipofilic agents has 

however been difficult to use for in vivo studies. The relatively short time span of 

lipoplex stability also poses an obstacle for using this for putative therapeutic 
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applications. To overcome this problem, method that use lyophilized lipid-siRNA 

complexes have been developed with sustained knockdown efficiency as a result and 

on the same time prolonged stability with possible usefulness as a high-throughput 

screening tool and for therapeutic approaches (Andersen et al., 2007). Other methods 

include shRNA-expressing lentiviral constructs – which are infected into cells 

through certain packaging vectors, or electroporation (Ventura et al., 2004). Both the 

transfectability of different cell lines and the specific delivery method have an impact 

on the efficiency of siRNA delivery. It is of great importance to optimize the 

transfection conditions for each cell line and each type of RNAi effector molecule. 

To establish the transfection efficiency, one can use fluorescently labeled molecules 

for microscopal visualization, but the most reliable tools for analyzing this are 

studies on mRNA and protein level of RNAi function (Huppi et al., 2004, 2005). 

Choice of method for analyzing knockdown efficiency is also an important aspect to 

reflect upon. Measurement of mRNA level by e.g. real-time PCR does not 

necessarily need to correlate to the actual amount of translation for a specific protein 

in a given cell. 

 
Design 

A key feature is the ability for each RNA effector to perform knockdown of its 

specific target. Much of the knowledge about the specificity of synthetic siRNAs 

comes from observations of mi-RNP assembly and target recognition. The 

importance of the thermal stability of the 5’ region of a RNA effector molecule was 

discovered to be of great importance for strand selection and subsequent loading into 

RNP (Khvorova et al., 2003; Schwarz et al., 2003) When RISC is assembled, the 

choice of strand incorporated into the complex is nearly always the one strand that 

has least thermal stability of the 5’ end. It is thought that a helicase residing in the 

RISC takes care of the unwinding of the siRNA strands and selectively chooses the 

end which is most easily unwound (Khvorova et al., 2003) (Schwarz et al., 2003; 

Silva et al., 2003). Some reports have however made evident the occurrence of 

equally stable miRNA strands, resulting in similar uptake into mi-RNP and possible 

functionality of them both (Lagos-Quintana et al., 2002; Krichevsky et al., 2003; 

Schwarz et al., 2003). When designing siRNA for efficient knockdown of a specific 
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target, a crucial step is to make sure the 5’ end of the antisense sequence is more 

loosely paired than the 3’ end.  

 

Another key feature for siRNA specificity is the 5’ end sequence complementarity to 

its mRNA target. Positions 2-8 of metazoan miRNAs, the so called “seed” region, 

have been proven important e.g. by evidence of species conservation, perfect 

complementarity to 3’ RNAi mediating UTR regions (Lai, 2002; Brennecke et al., 

2003; Lewis et al., 2003; Stark et al., 2003; Lewis et al., 2005), and experimental 

evidence of enhanced specificity of this region for siRNA-mediated RNAi (Jackson 

et al., 2003; Pusch et al., 2003), Paper IV). The explanation for this phenomenon is 

not certain but one suggestion is that this region is responsible for RISC target-

recognition and that remaining sequence complementarity decides whether following 

actions consist of translational repression or target degradation (Bartel, 2004). 

Furthermore, the potential target cleavage following recognition takes place between 

nucleotides 10 and 11 counting from the 5’ region of the complementary siRNA 

(Elbashir et al., 2001a; Elbashir et al., 2001b). As a consequence of this, perfect or 

near-perfect base-pairing of a within this region of a siRNA towards its mRNA target 

is essential for subsequent gene silencing, as verified by experimental studies (Du et 

al., 2004).  

 

Besides the various factors described above, the silencing efficiency of an RNA 

effector molecule is also largely dependent on the relation between available amount 

of silencing complexes and their respective target RNA. This adds another dimension 

to RNAi effectiveness by including possible cellular interactions separate from them 

involved in the actual pathway. 

Specificity 

It is generally not recommended to use large amounts of siRNA even though good 

knockdown efficiency can be achieved by this method. Pushing the limits of the 

targeted cells and its RNAi machinery are likely to cause non-specific events of 

various kinds (Doench & Sharp, 2004; Haley & Zamore, 2004). 
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Anti-viral responses 

The innate immune system posed a difficult task for researchers in early stages of 

RNA-mediated gene silencing in mammalian systems. Long dsRNA causes the 

activation of interferon (IFN)-regulated pathways as being part of mammalian cells’ 

innate defense against viral attack. This process involves sequence-independent 

triggering of the type I interferon-response via up-regulation of IFN-α and IFN-β 

(Samuel, 2001). Subsequent actions include activation and up-regulation of 

numerous signaling cascades and interferon-stimulated genes (ISGs) respectively. 

The 2’-5’-oligoadenylate synthetase 2 (OAS2) is such a gene that upon activation 

produces 2’–5’-oligoadenylate molecules. These molecules bind to and thereby 

trigger RNase L dimerization (Zhou et al., 1993), which is believed to mediate 

cellular apoptosis by genome-wide RNA degradation and inhibition of anti-apoptotic 

processes (Chawla-Sarkar et al., 2003). As a parallel response dsRNA-dependent 

protein kinase (PKR), which is also thought to be related to the up-regulation of IFN-

β, is autophosphorylated, which in turn stimulate the phosphorylation of the α-

subunit of eukaryotic initiation factor 2 (eIF2α). This in turn leads to numerous 

actions each contributing to global inhibition of translation (Srivastava et al., 1998).  

 

The discovery that certain RNAi pathways were conserved also in mammals and that 

long dsRNA could mediate target-specific knockdown in mammalian embryonic cell 

lines, encouraged the researchers that the anti-viral actions in a cells response to 

dsRNA might actually be overcome. The key finding was that dsRNAs molecules 

shorter than 30 nucleotides were effectively knocking down gene expression in a 

sequence-specific manner without activation of PKR (Caplen et al., 2001). In a very 

short time period, 21-nt long siRNAs became a widely used tool for target-specific 

knockdown of gene expression (Elbashir et al., 2001a; Yang et al., 2001). Because of 

the relatively high costs of chemically synthesized siRNAs molecules, enzymatically 

synthesized siRNAs became very popular. The 5’ triphosphate group generated by 

this method was however shown to induce substantial increase in IFN-α and IFN-β 

levels hence leading to the conclusion that siRNAs constructed in this manner was 

not appropriate as a reliable tool for studies of functional genomics (Sledz et al., 

2003; Kim et al., 2004).  
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More recent studies of human cells have proved that induction of inflammatory 

cytokines is also triggered by chemically synthesized siRNAs and that the response 

is sequence-dependent and requires endosomal compartmentalization achieved when 

transfecting cells with lipofilic agent (Figure 4) (Hornung et al., 2005; Judge et al., 

2005; Sioud, 2005). Cytokines are triggered by the activation of Toll-like receptors 

(TLRs), which are commonly present in endosomes (Medzhitov et al., 1997; Aderem 

& Ulevitch, 2000; Armant & Fenton, 2002). SiRNAs containing these immune-

stimulatory motifs does not induce any inflammatory actions when delivered through 

electroporation (Sioud, 2005). To avoid this immune recognition of siRNAs, there 

are at least three different suggested strategies available (Sioud et al., 2007): 1 – to 

choose a delivery agent that do not involve endosomal compartmentalization (Song 

et al., 2005), 2 – to use chemical modifications of specific nucleotides that block 

immune activation but simultaneously stabilizes the siRNA with retained silencing 

24 
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efficiency (Fedorov et al., 2006; Sioud, 2006), 3 – to inhibit endosomal maturation 

by anti-inflammatory agents (Sioud et al., 2007). 

 
Off-target effects 

Although siRNAs with full sequence-complementarity towards its target is 

considered to be substantially more efficient than mismatched ones, microarray 

studies of mRNA regulation have shown that far from full complementarity is 

needed (Jackson et al., 2003). The 5’-region of the siRNA strand is least tolerable 

towards sequence variations (Haley & Zamore, 2004). Detailed reporter assays of 

siRNA-targeting has furthermore proved the importance of sequences 5-11 as being 

an extra sensitive region in terms of siRNA-target mismatches (Du et al., 2004), 

Paper IV. The importance of the nucleotide positions 2-8 “seed” region for miRNA 

target recognition also influence siRNA design. To avoid any possibility of siRNA 

off-target effects, careful analysis should be made to avoid miRNA-like base pairing 

to 3’ UTR regions as a consequence of sequence similarities to miRNA seed regions 

(Doench et al., 2003).  

 

As discussed above in the siRNA potency section, the thermal stability of the 5’ end 

of the antisense strand is of great importance for knockdown efficiency. This feature 

also influence siRNA specificity since efficient loading of the antisense strand into 

RISC minimizes the occurrence of RISC loading the sense strand. Even a small 

fraction of RISC-sense strand complexes could give cause to unwanted off-target 

effects. A novel method has been developed to further optimize antisense strand 

loading into RISC, where the siRNA molecule consists of one intact antisense strand 

and two complementary sense strand separated by a nick. This nick mimics the 

natural occurring event of Ago 2 cleavage after RISC loading and is supposed to help 

following destruction of the sense strand. Indeed, these small internally segmented 

interfering RNAs (sisiRNAs) show increased potency and specificity towards their 

target mRNA (Bramsen et al., 2007).  In addition to the recommendations above, 

minimizing the amount of effector molecules could substantially reduce the 

probability for off-target effects in any given cell system (Fedorov et al., 2006). 



Cecilia Dahlgren 

26 

Nucleotide analogues 

Even though siRNA-mediated RNAi has become an effective method for studying 

gene expression in many cell types, the progress for in vivo applications has been 

hampered by numerous difficulties regarding delivery, nucleotide stability and 

targeting specificity. To overcome this, efforts have been made to increase the 

siRNA’s resistance against degradation by insertions of backbone alterations or 

modifications of the 2’-OH group of the RNA sugar in either of the two siRNA 

strands. One example of chemical backbone modification is the phosphorothioate – 

which gives increased serum stability and increased silencing efficiency depending 

on insertional position (Parrish et al., 2000; Harborth et al., 2003). The locked 

nucleic acid (LNA) is another type of nucleotide analogue where a methylene bridge 

connects the 2′-oxygen with the 4′-carbon of the ribose ring. The bridge locks the 

ribose ring in a RNA-like 3′-endo conformation (Wahlestedt et al., 2000). LNA-

modified siRNAs (siLNAs) gain increased specificity and nuclease resistance 

without activation of the anti-viral response system in comparison to regular siRNAs 

(Elmén et al., 2005), paper III). 2’ uridine modifications of siRNAs make these 

molecules evade the innate immune system and furthermore enhance their specificity 

in terms of off-target effects (Sioud, 2006). The 2’-O-Methyl modification of the 

RNA pentose sugar is a well tolerated alteration if limited to a few positions of the 

siRNA strand (Holen et al., 2003). These few modifications can increase the 

knockdown efficiency and durability of a siRNA. Modifications of this type make 

the RNAi effectors more resistant towards nuclease activity and thus increase the 

stability (Czauderna et al., 2003). Moreover, insertion of nucleotide analogues into 

specific sites can increase the probability of preferred strand uptake into RISC, 

thereby reducing the risk for unspecific effects. 

In vivo and therapeutics 

Although proven an effective tool for in vitro knockdown of almost any targeted 

gene, RNAi has yet to prove its functionality for in vivo and therapeutic applications. 

Promising studies have been made but the efforts now lie in the ability to combine 

the target gene specificity-enhancing modifications with functions that increase 
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siRNA delivery and direction towards certain cells or organs. As for in vitro studies, 

the choice is between using mature siRNA molecules or by introducing DNA-based 

shRNA-expressing vectors. Because of the potential risk of integrating foreign DNA 

into the targeted genome and the difficulty of controlling the effector molecule 

amount for the latter method, most in vivo experiments are performed with synthetic 

siRNAs. 

 
Delivery 

To achieve efficient administration of siRNAs for in vivo studies, methods like local 

injection and systemic delivery have been used. When using local injections a 

smaller amount of RNAi effector molecules are usually needed than for systemic 

administration. On the downside, this invasive method is limited to the organs or 

tissues available for this type of action. Systemic administration usually involves the 

use of high-pressure tail vein-injections of substantially larger volumes (Lewis et al., 

2002). Besides being relatively expensive and the inability to perform this method in 

humans, high-pressure administration is considered to cause side effects (Zhang et 

al., 2004). Both naked siRNA and formulations involving aptamer-conjugates, 

liposomes, polymers or antibodies have been used in various studies with effective 

results (Reich et al., 2003; Soutschek et al., 2004). 

 
Overall process 

To create an efficient and specific siRNA for subsequent in vivo applications, a few 

guide lines have been set; 1 – the siRNA composition has to be determined by using 

one of the computational siRNA-prediction tools available on the internet. These 

predictions minimize the possibilities of causing non-specific events like triggering 

the immune system or suppression of non-targeted genes; 2 – chemical modifications 

of the antisense and/or sense strand need to be introduced for increased siRNA 

potency, specificity and nuclease resistance; 3 – the siRNA need to be validated in 

vitro for the specific traits listed above; 4 – an appropriate method for delivery need 

to be selected depending on targeted tissue etc. To minimize unwanted side-effects 

like activation of the immune system and non-specific down regulation of non-

targeted genes, chemical modifications are recommended to be introduced into the 
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siRNA duplex. As an example, modifications of the 2’ sugar of certain nucleotide 

positions effectively increase siRNA specificity and phosphorothioate alterations of 

the 3’ terminal ends of both strands greatly increases the siRNA stability. In addition 

to this, when designing siRNAs to use for in vivo and putative therapeutic 

applications, it is preferred to select targets that are evolutionary conserved 

throughout species to facilitate transitions from in vitro to in vivo and later clinical 

studies (De Fougerolles & Vornlocher, 2007). 

 
RNAi in clinical studies 

The first in vivo evidence for RNAi-mediated treatment were reported in 2003 (Song 

et al., 2003)and the first clinical studies on RNAi-based therapeutics came a few 

years later. Following the fast-moving development of RNAi methodology, a number 

of RNAi-based therapeutics is currently under clinical studies. Two of them aim to 

treat age-related macular degeneration (AMD) causing blindness and another one 

targets the respiratory syncytial virus (RS-virus) (Bitko et al., 2004).  

AS-ODN VS. siRNA 

What specific consequences is then the reason for the decline of RNase H-dependent 

antisense agents for the benefit of the explosive increase of siRNA-mediated RNAi? 

If we compare the mechanistic pathways they differ completely for the active 

molecules – siRNA is recruited by RISC following antisense strand uptake and target 

cleavage by Ago 2. AS-ODNs on the other hand acts by annealing to the target 

mRNA and thereby cause RNase H-mediated cleavage. Also, RNase H-mediated 

cleavage is considered to take place in the cell nucleus on pre-mRNA level whereas 

siRNA-mediated RNAi is carried out in the cytoplasm on mature mRNA level 

(Figure 5) (Martinez et al., 2002; Zeng & Cullen, 2002). 

 

The most striking difference between antisense and RNAi is the double-stranded 

feature of siRNA and the single-stranded feature of AS-ODN. Some comparison of 

siRNAs and various sets of modified AS-ODNs have stated that similar silencing 
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efficiencies can be achieved under optimized conditions. Target position for both of 

these applications has proven to be of great importance. Many of the functional sites 

for siRNAs are equally good for antisense molecules and vice versa, which implies 

that mRNA secondary structure is clearly important for target accessibility of both 

siRNAs and AS-ODNs. This is however not always the case and these discrepancies 

could possibly be explained by certain preferences for the different nucleases active 

in RNase H-mediated antisense and siRNA-mediated RNAi (Vickers et al., 2002). 

Furthermore, pre-mRNA (containing introns) and mRNA appears to be the targets 

for RNase H and siRNA respectively and structural differences between these two 

might be the reason for the observed differences in activity. It has also been 

suggested that RNase H-dependent activity appears to have a slightly earlier onset 

than that of RNAi (Vickers et al., 2002). The fact that RNase H acts on pre-mRNA 

might be useful in some cases when targeting of all transcriptional variants is 

important. Reversely, selected targeting towards specific transcripts could be crucial 

for other applications and thereby favor the use of RNAi. In regards of toxicity, AS-
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ODNs have been reported to cause more severe toxic effects at significantly lower 

levels of delivered molecules, than siRNAs of corresponding sequence (Leaman, 

2005).  

 
Similarities 

In addition to the differences between AS-ODNs and siRNAs there are also some 

striking similarities. Both of the molecules can be chemically modified to increase 

beneficial properties and these modifications are necessary for efficient in vivo 

applications (Soutschek et al., 2004; Morrissey et al., 2005). They can cause 

destruction of target RNA, and when distributed systemically in vivo they localize to 

the liver (Braasch et al., 2004). Additional similarities of features like duration of 

action and knockdown efficiency have been observed, but for AS-ODNs this is only 

achieved with backbone modifications like 2’-MOE which gives a significant raise in 

nuclease resistance for these molecules (Monia et al., 1993). 

 

The observation that siRNA-mediated RNAi has taken over most of the research 

efforts in mediation of post-transcriptional gene silencing in mammalian cell systems 

speaks for its superior use of action properties. The fact that it mimics the cells own 

system to regulate gene expression to fight off viral infections implies that it might 

be favorable in the long run. Despite the issues described in this work – like un-

specific targeting of non-targeted genes (paper IV), stimulation of immune regulatory 

pathways (paper III) and problems with intracellular stability – great progress have 

been made to overcome these obstacles and today there lies great promise in the 

efforts of using siRNA-mediated gene silencing as a future therapeutic drug. On the 

other hand, a possible explanation for the fast evolution of siRNA approaches in 

comparison with antisense oligos is that previous work with antisense-mediated gene 

silencing paved the way for a much faster development of siRNA as a tool for both 

in vitro, in vivo and clinical studies. Many of the obstacles encountered in the siRNA 

world, had already been overcome in the antisense era. The great advantage for 

siRNA so far has been the increased stability that the double-stranded siRNA stand 

for in comparison to the single-stranded antisense oligo. In vivo however, similar 

difficulties have been encountered as for the usage of AS-ODN and no improved 
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actions of potency has been discovered. In fact, antisense oligos have some distinct 

features that theoretically make them more favorable for use in therapeutics than 

siRNAs: 1 – they have half the molecular weight; 2 – they do not require 

hybridization after being synthesized, facilitating large-scale preparations; 3 – they 

have no known action in native cellular regulatory processes, making them less prone 

to induce toxicity as for some of the RISC-competing siRNAs (Grimm & Kay, 

2006). 
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AIMS 
 

The aims of my thesis work has been to explore and put further light into the field of 

post-transcriptional gene silencing by investigating pathways and mechanisms of 

single-stranded DNA-mediated antisense and miRNA/siRNA-induced RNAi in 

mammalian cell lines. The specific aims for each paper were:  

 

I To investigate the role of the rat Argonaute protein GERp95 for RNAi in rat 

PC12 cells.  

 

II To determine the down-regulating properties of phosphorothioate-modified 

AS-ODNs in terms of mRNA target degradation in mouse AML12 cells. 

 

III To characterize the anti-viral mechanisms in response to transfections with 

enzymatically or chemically synthesized siRNAs with or without LNA-

modifications in human cell lines HeLa and MCF-7. 

 

IV To develop and optimize a high-throughput method for generation of a 

siRNA target-library and to use this technique for investigating siRNA 

specificity towards targets with double-nucleotide mismatches. 

 

In addition to this, we wanted to create a system for exploring miRNA functions like 

cellular distribution and site of actions when mediating RNAi (preliminary results). 
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RESULTS AND DISCUSSION 

PAPER I 

Investigation of GERp95 function in rat PC12 cells 
At the time, a number of functions and the composition of RISC had been 

determined – including the involvement of several proteins from the Argonaute 

protein family. Previous research had investigated the function of Ago2 in D 

melanogaster and the human equivalent eukaryotic initiation factor 2C2 (eIF2C2) 

(ref). In order to determine the role of the rat homologue Golgi-ER protein 95 kDa 

(GERp95) to human eIF2C2 and its involvement in RNAi, we designed siRNAs 

targeting the mRNA of GERp95 and the endogenously expressed neuropeptide Y 

(NPY) in rat PC12 cells. These effector molecules were validated for functionality of 

suppression activity. Sequential knockdown of first GERp95 and then NPY would 

determine the functional role, if any, for rat GERp95 in siRNA-mediated gene 

silencing. 

 

Figure 6. Pretreatment with siRNA targeting GERp95 inhibits further RNAi. PC12 cells grown in 
cultures were transfected with siRNA targeting GERp95 for 24 h followed by a transfection with 
siRNA targeting NPY for an additional 24 h. Shown is quantitative RT-PCR analysis of NPY mRNA 
after 24+24 h of transfection with 100nM siRNA. 

Figure 6. Pretreatment with siRNA targeting GERp95 inhibits further RNAi. PC12 cells grown in 
cultures were transfected with siRNA targeting GERp95 for 24 h followed by a transfection with 
siRNA targeting NPY for an additional 24 h. Shown is quantitative RT-PCR analysis of NPY mRNA 
after 24+24 h of transfection with 100nM siRNA. 
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All knockdown experiments were performed in rat PC12 cells, using lipofilic agents 

for transfection of chemically synthesized siRNAs. When selecting the siRNA target 

sequence for rat NPY, we used a prediction method available for antisense 

accessibility and combined these data with general siRNA design rules (Elbashir et 

al., 2001b; Zhang et al., 2003). The efficiency of target knockdown was measured on 

mRNA level by either quantitative real-time PCR for NPY and GERp95 or Northern 

blot for NPY. Protein expression levels were determined using Western blot and a 

rabbit anti-rat polyclonal antibody targeting GERp95. 

 

From this study we established a robust system to achieve RNAi in cultured rat PC12 

cells. By targeting NPY mRNA by a minimum amount of synthetic siRNA we 

managed to efficiently suppress gene activity measured on both mRNA and protein 

levels. From the real-time PCR and Northern blot data we could draw the conclusion 

that our siRNA was highly potent and able to guide mRNA target cleavage following 

subsequent degradation. The transfection efficiency was examined by ocular 

examination of Cy3-labeld siRNAs and maximum levels were observed already after 

4 hours. As expected, the Cy3-labeled siRNAs were localized to the cytoplasm and 

the mRNA knockdown was shown to last for at least 96 hours. Additionally, by 

treating cells with the translation-inhibiting agent cycloheximide and observing the 

knockdown efficiency of NPY, we determined that RNA translation is not necessary 

for functional RNAi. To investigate the role of GERp95 – an Argonaute family 

protein – in rat PC12 cells, we targeted GERp95 mRNA with a siRNA. Sequential 

knockdown of NPY by siRNA was shown to be substantially impaired (Figure 6). 

By this we could conclude that the GERp95 protein is required for optimal RNAi 

functionality in rat PC12 cells. 

PAPER II 

mRNA target degradation by DNA-mediated gene silencing 
Target-specific mRNA degradation using a classical DNA-mediated antisense 

approach results from hybridization of a short DNA-oligo to the target mRNA. The 
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formed DNA-RNA hybrid is recognized by endonuclease RNase H, which in turn 

cleaves the RNA strand into two fragments with a 5’-cap and a 3’-poly(A) tail 

respectively. These fragments are considered relatively unstable and were thought to 

be rapidly degraded by cellular exonuclease activity (Jacobson 1996). Far from all 

designed AS-ODNs are however functional target suppressors and in a validation 

experiment for the antisense accessibility method MAST, we discovered that DNA-

mediated antisense can result in the accumulation of stable 3’ cleavage fragments 

(Zhang et al., 2003). 

 

Six phosphorothioate-modified oligonucleotides of various predicted functionality 

were examined for their ability to induce target-specific mRNA degradation. The cell 

surface receptor Fas was targeted in mouse AML12 cells by transfection with AS-

lipoplexes. Fas mRNA levels were measured by Northern blot and ribonuclease 

protection assay (RPA).  

Figure 7. Northern blot of AML12 cells treated with AS-ODN for various times. Cells were treated 
with AS-ODN (200 nM) for either 6, 24, or 48 hours. Then, total RNA was isolated and subjected to 
Northern blot. Top, membrane hybridized with α-actin cDNA probe; bottom, membrane hybridized 
with Fas cDNA probe. Vehicle indicates cells treated with LF2000 alone.

Figure 7. Northern blot of AML12 cells treated with AS-ODN for various times. Cells were treated 
with AS-ODN (200 nM) for either 6, 24, or 48 hours. Then, total RNA was isolated and subjected to 
Northern blot. Top, membrane hybridized with α-actin cDNA probe; bottom, membrane hybridized 
with Fas cDNA probe. Vehicle indicates cells treated with LF2000 alone.

 

As anticipated, four of the tested antisense oligonucleotides reduced the mRNA 

levels significantly. However, Northern blot analysis revealed that cells treated with 

one of the antisense molecules resulted in the accumulation of a band of lower 

molecular weight. Interestingly, this band was not detected after 6 hours of 
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transfection but instead appeared at 24 hours (Figure 7). To investigate this further, 

we designed a RNA-probe covering the targeted Fas mRNA (including the antisense 

target site). A fully protected RNA would result in a band size of 270 bp. Any 

cleavage fragments caused by incomplete target degradation would result in a shorter 

band. Following RPA analysis, using this specific AS-ODN revealed that total target 

degradation was achieved after 6 hours in accordance to Northern blot results. After 

24 hours, a 20 nt shorter band appeared which determined it as being a stable 

fragment of the target mRNA 3’-end and that it originated from within the AS-ODN 

complementary sequence. The reason for this phenomenon is somewhat difficult to 

determine but might involve a sequence-/position-dependent saturation of 

exonuclease activity over time. 

 

The implications of these results stresses the importance of carful selection and 

validation of DNA effector molecules since measured knockdown efficiency can 

vary greatly depending on which time points that are considered. Furthermore, this 

type of 3’-end mRNA fragments might serve as templates for the translation of 

truncated proteins affecting the function of the native full-length protein, possibly 

resulting in secondary off-targets effects. Additionally, when using quantitative real-

time PCR, researchers must make sure to choose amplicon sites which span the 

predicted RNase H cleavage site to prevent false results. 

PAPER III 

siRNA-mediated activation of anti-viral responses 
Initially, siRNA-mediated gene silencing was thought to be a highly specific event, 

avoiding the activation of cellular anti-viral responses. Some alarming reports, 

demonstrating the occurrence of certain unwanted off-target effects, raised the 

important issue of careful evaluation of siRNA specificity (Sledz et al., 2003; 

Jackson et al., 2006). This study represents a detailed analysis of putative anti-viral 

gene induction as a response to a range of siRNA in cultured cell lines. We wanted to 

examine the usefulness of LNA nucleotide analogues in siRNA molecules and its 
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possible influences of immune system activation. To do this we examined the up-

regulation of IFN-β and OAS2 and the phosphorylation of eIF2α. IFN-β is part of the 

type I IFN-response pathway causing sequence-independent mRNA degradation. 

OAS2 is an ISG, which by activation triggers RNase L-mediated global RNA 

degradation. The phosphorylation of eIF2α is an immune responsive action, 

mediated by previous autophosphorylation of PKR (Figure 8). 
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Figure 8. Activation of the innate immune system by long dsRNA or triphosphate-containing 
enzymatically derived siRNAs.
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THE INNATE IMMUNE SYSTEM

 

Chemically or enzymatically synthesized siRNAs were transfected into cultured 

human HeLa or MCF-7 cell lines. The outcome was analyzed and validated using 

quantitative real-time PCR on mRNA level and Western blot or ELISA on protein 

level. Quantitative real-time PCR is a relatively fast and sensitive technique, which 

only requires a small amount of RNA as starting material.  
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The results show that neither synthetic siRNA nor siLNA induce anti-viral response 

in HeLa and MCF-7 cell lines. This work also illustrates that whether a synthetic 

siRNA has an actual endogenous target in the host cell or not does not have an 

impact on its ability to induce anti-viral responses. By demonstrating clear responses 

to both long dsRNA and in vitro-transcribed siRNA we were able to contrast the 

differences seen from using synthetic siRNA molecules. Additionally, in vitro-

transcribed siRNAs, which gave a dramatic increase in cellular IFN-β levels, had no 

effect on phosphorylation of eIF2α (Figure 9). This observation indicates that PKR-

mediated phosphorylation occurs independently of IFN-β stimulation. We conclude 

that for the particular cell lines used in our experiments, both siRNA and siLNA are 

safe to use as a tool for reverse genetics in the aspect of IFN-dependent anti-viral 

gene response. 

Figure 9. Western blot illustrating phosphorylation of eIF2α in cells transfected with pI:C and 
Thapsigargin. No increase in phosphorylation could be detected after transfection with in vitro-
transcribed siRNA. HeLa cells were either transfected with Lipofectamine2000 (LF2000) alone, 
synthetic siRNA (siR), synthetic siRNA containing LNA nucleotides (siL), poly(I:C) (pIC), 
Thapsigargin (Thaps) or with in vitro-transcribed siRNA (IVt).

Figure 9. Western blot illustrating phosphorylation of eIF2α in cells transfected with pI:C and 
Thapsigargin. No increase in phosphorylation could be detected after transfection with in vitro-
transcribed siRNA. HeLa cells were either transfected with Lipofectamine2000 (LF2000) alone, 
synthetic siRNA (siR), synthetic siRNA containing LNA nucleotides (siL), poly(I:C) (pIC), 
Thapsigargin (Thaps) or with in vitro-transcribed siRNA (IVt).

PAPER IV 

siRNA target specificity 
Although siRNAs as a tool for gene knockdown is a great promise for future 

applications, the specificity of siRNA-mediated gene silencing needs to be 

thoroughly investigated. Most research regarding siRNA specificity has involved 

analysis of affected off-target genes instead of exploring the specificity of RNAi 
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itself. In a previous study, a systematic analysis of the silencing effects of a siRNA 

towards a target site with all possible single-nucleotide mismatches had been 

performed (Du et al., 2004). In this large-scale study, we wanted to investigate this 

further by analyzing double-nucleotide mismatched target sites. To do this we 

deployed and optimized a high-throughput method for generation of a siRNA target 

library. Furthermore, we wanted to compare siRNA knockdown efficiency 

depending on whether the mutations are positioned in the siRNA itself or in the 

corresponding target site 

Figure 10. Schematic diagram of the fusion firefly luciferase reporter – siQuant. From the left is one 
in-frame ATG start codon, followed by a box representing the siRNA target site and the luciferase 
gene with another ATG codon to compensate for possible introduction of stop codons within the 
double-mutated target site.

ATG ATG UAA

siRNA target site firefly luciferase

Ligation

Figure 10. Schematic diagram of the fusion firefly luciferase reporter – siQuant. From the left is one 
in-frame ATG start codon, followed by a box representing the siRNA target site and the luciferase 
gene with another ATG codon to compensate for possible introduction of stop codons within the 
double-mutated target site.
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A reporter-based siRNA validation system called siQuant was used to analyze 

different target sites by subjecting them to siRNA-mediated RNAi (Figure 10). In 

this study we combined the validation vector with a single-tube nucleotide Oligomix 

for generation of a double-mismatch siRNA-target library. The oligomix containing 

1539 different variations of a 19 nt long siRNA target sites with double-nucleotide 

mismatch pairs, was PCR-amplified following restriction cleavage with appropriate 

enzymes. The short duplex DNA oligonucleotide corresponding to the target site of 

functional siRNA – siCD46 – was cloned in-frame upstream of the firefly luciferase 

gene in the linearized siQuant vector. Following transformation of competent cells, 

each positive colony was verified by Pyrosequencing. A total of 709 unique siQuant 

constructs were obtained by this method. These vectors were then used for co-

transfection with siCD46 into HEK293 cells. The knockdown efficiency of the 

siRNA was then monitored by measuring firefly luciferase signaling by Dual-

luciferase Reporter Assay System on a luminometer. 
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Figure 11. Colour-coded expression chart visualizing positional and regional trends for siCD46 
knock down efficiency and tolerance towards double-mutations in its specific target site.
Figure 11. Colour-coded expression chart visualizing positional and regional trends for siCD46 
knock down efficiency and tolerance towards double-mutations in its specific target site.

In this study we managed to utilize and optimize a straightforward an effective 

method for constructing a siRNA target library. By using this library we were able to 

perform a large-scale analysis of siRNA specificity which revealed that ~35 % of the 

double-mismatched siRNA target sites in our library were down-regulated by more 

than 50 % (Figure 11). This is a fairly large sum in terms of off-target activity and 

further strengthens the careful investigation of siRNA properties when selecting 

RNA effector molecules. Furthermore, we wanted to examine whether point-mutated 

siRNAs is a reliable tool for examining the specificity of a particular siRNA. Three 

unique siQuant constructs were selected and three siCD46 with corresponding 

mutations in the antisense strand were designed for this purpose. The results showed 

that nucleotide mismatches in the antisense strand of the siRNA molecule can give a 

different knockdown pattern when comparing them to a wild type siRNAs ability to 
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suppress expression from target sites with corresponding mutations. Target site 

selection has proven to be critical for RNAi approaches to get effective gene 

knockdown. The recommendations for siRNA selection that are available today are 

not fully validated and a lot can still be improved. The results from this study have 

given additional valuable information on RNAi specificity and can hopefully add 

parameters to aid in the construction of computational tools predicting siRNA 

efficiency. 

PRELIMINARY RESULTS 

Intracellular actions of miRNA-mediated RNAi 
MiRNAs are small, 21- to 23-nucleotide non-coding RNAs, and the cell’s own 

system to control gene expression by either mRNA degradation or translational 

repression. While some of the early steps of the RNAi pathways are more or less 

defined, the downstream mechanisms by which miRNAs act as a mediator of target 

degradation/translational repression are not yet fully known. In this project we 

wanted to perform a microscopal study to explore the actions of miRNA. To give 

further light into these events and to explore the cellular functions of miRNA action 

in a visual context, we constructed a RNA molecular beacon that could act as a target 

for a non-endogenous miRNA in mammalian HeLa cells. A molecular beacon is a 

30-40 bp long oligonucleotide labeled with a fluorophore and a quencher. The oligo 

consist of a stem region which keeps the fluorophore and quencher together as long 

as there is no sequence available complementary to the linking loop region. In our 

case, a correctly hybridized oligo will form a hairpin structure with the miRNA target 

site forming a loop (Figure 12). When the miRNA of interest finds this target, the 

oligo will unwind and the quencher and fluorophore separated from each other, 

resulting in a measurable signal. With this technique we hoped to visualize miRNA-

mediated RNAi, including cellular localization, clustering, compartmentalization and 

site of action for translational regulation. 
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Methods 

A molecular RNA beacon containing a miRNA-target for firefly luciferase (miR-

lucT beacon) was designed and validated for correct secondary structure with 

RNAfold (ref). The 5’-end starts with a 7 nt stem sequence followed by a 21 nt long 

target site for luciferase miRNA (miR-luc) and one extra nucleotide to create optimal 

secondary structure. The miRNA-target sequence follows by the complementary 7 nt 

stem sequence. The 5’ end was labelled with the fluorescent molecule Cy5 and the 

3’-end with its corresponding quencher BBQ650.  

Figure 12. RNA molecular beacon consisting of 7 nt stem region, linked together with a miRNA
target site and labeled with 5’ Fluorophore and 3’ Quencher.
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Figure 12. RNA molecular beacon consisting of 7 nt stem region, linked together with a miRNA
target site and labeled with 5’ Fluorophore and 3’ Quencher.

Loop: miRNA target site
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Human HeLa cells cultured in chambered coverglass slides (Nunc) the previous day, 

were subjected to transfection of the RNA beacon together with GFP-reporter vectors 

coding for miR-luc and miR-neg (negative control).  The cell density was ~50 % at 

the time of transfection and the transfection reagent Lipofectamine2000 (Invitrogen) 

was used at a concentration of 0,2 %. Media was changed 4 hours after transfection 

and the total transfection time was 24 hours. MiR-lucT beacon was transfected either 

alone or in combination with the miR-luc expressing vector, or the negative control 

vector. Following microscopal examinations were carried out at time points 0h, 2h, 
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4h and 24 hours post-transfection. Confocal images were obtained using a Leica TCS 

SP confocal laser-scanning microscope (Leica Microsystem).  

 
Results and discussion 

The transfection of double-stranded RNA into mammalian cell lines, poses an 

evident risk of nucleotide degradation caused by cellular regulatory/defense 

mechanisms. We hypothesized that the 7 nt double-stranded feature of our RNA 

beacon was too short to be recognized by Dicer.  

 

The results show that the RNA beacons are efficiently delivered into HeLa cells 

using Lipofectamine2000 as transfection agent. However, the miR-luc expressing 

vector could only be detected in ~20 % of the cells and detectable GFP levels 

occurred after 24 hours. The RNA beacon started to fluoresce already after 2 hours 

(data not shown), even in the absence of the miRNA-expressing vector 

corresponding to our target beacon (Figure 13). No difference could be seen between 

cells containing both miR-lucT beacon and miR-luc vector and cells containing only 

miR-lucT beacon (Figure 14). The beacons seemed to cluster into large vesicles 

outside of the cell nucleus. Whether the fluorescent signal was a result from 

Figure 13. Hela cells transfected with miRT-luc beacon at time point 4 hours after transfection.Left
pane showing Cy5 signalling.
Figure 13. Hela cells transfected with miRT-luc beacon at time point 4 hours after transfection.Left
pane showing Cy5 signalling.
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degradation of the beacon (possibly caused by Dicer) or simply caused by 

denaturation of the beacon stem, making the quencher unable to inhibit Cy5 signal, 

can not be determined at this time. 

 

The initial experiments with the miR-target beacons we constructed to visualize 

miRNA distribution during RNAi, thus failed to perform as anticipated. There are 

however other strategies we can adopt to enable these RNA beacons to function 

properly and to further examine the intracellular distribution of miRNA action. First, 

another type of transfection method can be examined. Endosomal 

compartmentalization of double-stranded RNA can trigger sequence-dependent 

immune responses as discussed previously. To rule out that this response is not the 

cause of the degradation/separation of strands for our RNA beacon, a transfection 

Figure 14. Hela cells transfected with RB-miR-t-luc and miR-luc at time point 24 hours after 
transfection. Red signal is Cy5 from RNA beacon and and green is GFP from miR-luc expressing 
Vectors.

Figure 14. Hela cells transfected with RB-miR-t-luc and miR-luc at time point 24 hours after 
transfection. Red signal is Cy5 from RNA beacon and and green is GFP from miR-luc expressing 
Vectors.
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method like electroporation could be validated. Second, there is a various set of 

nucleotide backbone modifications available to improve the stability and nuclease 

resistance of double-stranded RNA within living cells. Oligonucleotides entirely 

consisting of the 2’-O-methyl modified versions have been shown to inhibit RNAi 

function by acting as target for and irreversibly bind to the antisense-containing 

RISC. This occupation of the RNAi-mediating complexes prevents them from 

attaching to their actual targets (Hutvágner et al., 2004). One possibility would be to 

modify selected positions within the stem region of the RNA beacon with this type of 

nucleotide analogue. The advantage with this procedure would be to stabilize the 

RNA beacon towards nuclear degradation if that is reason for the observed Cy5-

signalling in our experiments. The key issue would of course be to stabilize the 

molecule enough to not be degraded by cellular endonuclease and exonuclease 

activity but not so much that miRNAs targeting the RNA beacon-loop would be 

prevented from unwinding the stem. 
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CONCLUDING REMARKS 
 

The discovery of RNAi as a naturally occurring mechanism for controlling gene 

expression provided a powerful tool for functional genomic studies and has 

dramatically increased our knowledge of gene regulation. In addition to this, the 

ability of mimicking this native process is promising for future therapeutic 

applications. The first enthusiastic years after the original breakthrough were 

followed by some alarming setbacks when it was revealed that the specificity of the 

effector molecules was not as good as first anticipated. Furthermore, the transition 

from cell culture-based systems to in vivo-applications progressed in a relatively 

slow pace. Researchers came across similar obstacles as encountered for the 

preceding usage of DNA-mediated antisense.  

 

With our research we have tried to contribute to the general understanding of the 

underlying mechanisms of DNA-mediated antisense and RNA-mediated RNAi. The 

results from paper I provided a detailed analysis of the kinetic actions of siRNA-

mediated gene silencing in rat PC12 cells. The selected siRNA caused complete 

degradation of its target mRNA by using very low concentration of effector 

molecules. Full knockdown effect was observed already after 12 hours and was 

shown to be sustained for at least 94 hours. Furthermore, we investigated the role of 

the rat GERp95 protein in PC12 cells. By targeting the expression of this protein by 

siRNA-mediated RNAi, we could see that the subsequent knockdown of the 

endogenously expressed NPY was greatly impaired. We thereby established the 

function of GERp95 as being part of the RNAi pathway in rat PC12 cells and the 

necessity of this protein for optimal gene silencing. In paper II we examined the 

targeting process of DNA-mediated antisense. We observed a time-dependent 

accumulation of a stable 3’ fragment of the target mRNA resulting from antisense-

mediated cleavage by the endonuclease RNase H. From these results we could 

conclude that RNase H-dependent mRNA targeting does not always result in 

complete degradation and that DNA-mediated antisense is a complex process with 

various regulatory pathways.  
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To examine the mechanistic actions of siRNAs with various characteristics and 

chemical modifications from a immuno-stimulatory point of view, we monitored the 

putative up-regulation of the ISGs IFN-β and OAS2 in paper III. Our research 

showed that the IFN-β responsive pathways in human HeLa and MCF-7 cell lines 

were not triggered by transfection with chemically synthesized siRNAs with LNA-

modified nucleotides. The lack of phosphorylation of eIF2α when transfecting with 

enzymatically synthesized siRNAs that cause up-regulation of IFN-β, suggests that 

these immuno-responsive pathways act independently of each other. Later findings 

have since then revealed that there are other anti-viral responses in the cell that can 

be triggered by siRNAs. The TLRs is a set of receptors that activate a cytokine-

regulated inflammatory response caused by endosomal compartmentalization of 

siRNAs. This response was shown to be an event depending on distinct features of 

siRNA sequence-composition.  

 

To further investigate the siRNA specificity, we deployed a high-throughput method 

to facilitate large-scale analysis of siRNA target specificity. A surprisingly high 

amount of siRNA target sites with various combinations of double-nucleotide 

mismatches were substantially degraded by the corresponding siRNA. Additionally, 

we showed on differences in knockdown efficiency depending on whether the point-

mutations were inserted into the siRNA target site or the siRNA itself. This data 

confirmed the usefulness of using the siQuant reporter construct as an effective tool 

for examination of siRNA target specificity. Finally, some preliminary results 

investigate a putative novel method for microscopical detection of miRNA and 

visualization of miRNA-driven actions within a cell. The initial results point at 

difficulties in maintaining intracellular stability for this RNA beacon but with proper 

modifications of the nucleotide backbone, it might become an elegant tool for 

miRNA detection.  

 

Summarizing, the results presented in this thesis has contributed to the general 

understanding of post-transcriptional gene silencing in mammalian cells by 

investigating different aspects of DNA-mediated antisense and RNAi. More 
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specifically, by the identification of stable degradation products as a result of 

antisense recruitment of RNase H, we have verified the importance of using multiple 

detection methods when examining knockdown efficiency on mRNA level. We have 

also strengthened the advantages of using LNA-modified siRNAs in terms of 

avoiding the activation of IFN-β dependent anti-viral response. Finally, in terms of 

siRNA specificity, our data further stresses the need for careful sequence analysis of 

siRNA/miRNA to avoid off-target effects, before any attempts on using them as 

therapeutic agents can be made. 
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POPULÄRVETENSKAPLIGT PERSPEKTIV 
 

En människa består av miljarder olika celler som alla innehåller en egen uppsättning 

av vår arvsmassa – det mänskliga genomet. Arvsmassan består av ca 20 000 – 25 000 

proteinkodande gener som ligger till grunden för utvecklingen av vår biologiska 

karaktär. Generna överförs från generation till generation och består av 

sammanlänkade nukleinsyror i form av dubbelsträngat DNA. ”Det centrala dogmat” 

ligger till grund för alla processer av biologisk karaktär och innebär att DNA-

molekyler som befinner sig i cellkärnan, kopieras till ett budbärar-RNA (mRNA) 

som är enkelsträngat. Det i sin tur transporteras ut till cellens cytoplasma och 

ansvarar där för nybildning av proteiner. Proteinerna är uppbyggda av aminosyror 

och de tar hand om alla vitala processer i levande organismer. 

 

Sedan 2003, då kartläggningen av det mänskliga genomet blev slutfört, har man fått 

tillgång till ett enormt material med sekvensbestämd information av olika gener. Ett 

stort behov av att funktionsbestämma dessa gener har därmed uppkommit. För att 

vidare utforska hur de bidrar till en komplett organism med specialiserade vävnader 

och organ, används ett antal metoder för att påverka dess uttryck. Ett mycket vanligt 

förfaringssätt att påverka en gens uttryck är att tysta ner den. För att tysta ner en gen 

kan man använda dess budbärar-RNA som måltavla. Genom att avlägsna en gens 

budbärar-RNA hindras också dess motsvarande protein från att bildas. Resultatet kan 

studeras på olika nivåer och ger användbar information om en gens funktion genom 

att studera vad som händer när den inte uttrycks. Detta fenomen kallas för att påverka 

geners uttryck på en post-transkriptionell nivå. 

 

Två av de metoder som används för denna funktion kallas antisens och RNA-

interferens (RNAi). Molekylärbiologisk forskning utförs ofta med hälp av 

experiment i cellkulturer och för antisens-tekninken används en liten enkelsträngad 

DNA-molekyl som motsvarar en del av sekvensen för det mRNA som man vill göra 

sig av med. När denna DNA-molekyl förs in i cellerna binder den  till mRNA-

molekylen vilket i sin tur rekryterar ett antal proteiner som ser till att mRNA bryts 
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ner. Den andra tekniken – RNAi – upptäcktes i slutet av 90-talet av 2006 års 

Nobelpristagare Craig Mello och Andrew Fire. RNAi är från början en naturlig 

mekanism som använder sig av små dubbelsträngade RNA-molekyler som kallas 

mikro-RNA (miRNA). Dessa miRNA medverkar i ett antal processer som ger ett 

liknande resultat som antisens. Naturligt RNAi svarar för ett stort antal funktioner i 

olika celltyper. Förutom huvuduppgiften att reglera genuttrycket i olika cellstadier, 

kan denna mekanism motverka virusangrepp och skadliga effekter orsakade av sk 

”hoppande gener” – transposoner. För molekylärbiologisk forskning kan man 

utnyttja detta fenomen genom att tillverka syntetiska små RNA-molekyler (siRNA) 

som imiterar miRNA att utföra RNAi. SiRNA-molekylen utformas så att det riktar 

sig mot just den gen du vill inaktivera. Många sjukdomstillstånd orskaras av ett 

överuttryck av vissa gener. Detta har lett till stora förhoppningar om att på 

medicinskt vis kunna använda siRNA för att stänga av sjukdomsalstrande gener i 

celler för bl a cancer, virusangrepp och hjärt- och kärlsjukdomar.  

 

Idag testas flera potentiella läkemedel som är baserade på antisens och RNAi. Det 

första antisens-baserade läkemedlet blev godkänt för behandling 1998. Inga RNAi-

baserade läkemedel har godkänts ännu men tekniken i sig är relativt nyupptäckt och 

detta innebär att det finns mycket kvar att lära. Förmodligen kommer det dröja 

ytterligare ett antal år innan tekniken får sin verkliga genomslagskraft som 

terapeutiskt alternativ. Vissa problem för båda ovanstående tekniker har påträffats 

vad gäller identifiering av verksamma RNA-/DNA-molekyler. Utöver detta har det 

visats att siRNA kan stimulera till en anti-inflammatorisk reaktion och därmed 

orsaka oönskade effekter hos värdcellen. Andra studier har visat på skillnader i 

specificitet för olika siRNA, vilket innebär att andra gener än dem man vill inaktivera 

också kan påverkas. Det övergripande syftet med studierna i denna avhandling har 

varit att öka förståelsen för och studera hur antisens och RNAi fungerar som 

mediatorer av post-transkriptionell genreglering. En ökad kunskap om deras 

respektive mekanismer kommer förhoppningsvis utöka dess användbarhet som 

forskningsredskap och underlätta för framtida användning som verksamma 

läkemedel.  



Cecilia Dahlgren 

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mechanistic characterization of post-transcriptional gene silencing 

53 

ACKNOWLEDGEMENTS 
 

There are many of you who have contributed to my wellbeing and advances during 
the years of Ph D studies and I wish to thank you for your inspiration and help: 
 
Supervisors: 
Zicai Liang – for always having a technical suggestion to the laboratory obstacles I 
encountered during the final work, for giving me the opportunity to visit your lab in 
Beijing and for inspiration regarding the possibilities of commercializing science. 
Claes Wahlestedt – for taking me on in the first place, for help and support and 
letting me work within such an interesting and fast evolving research field and for 
showing the importance of collaborations. 
Gunnar Norstedt, my stand-in supervisor at MMK – for all your good advice, for 
listening and always taking the time. Also for help during the writing of this thesis. 
Håkan Thonberg, my co-supervisor during the time at CGB – thank you for 
guidance in everyday research life, for always helping out and for sharing the passion 
for good ale. 
 
Friends and colleagues at Karolinska Institutet 
CGB: Camilla Schéele, my long-time room mate – for friendship and sharing the 
roller-coaster first years with everything there was. Hong-Yan Zhang – for all the 
help, especially at CMM when I got back from my maternity leave, for delicious hot-
pot meals and Beijing shopping excursions, Joakim Elmén – for leading the way 
and making me believe I could also finish some day, Therese Andersson, Kairi 
Tammoja & Ola Larsson – for good times in and outside the lab, Sussie Stier & 
Ruben Isacson – you left the ship but sailed again ☺, Liam Good – for your help 
during half-time seminar and later guest appearances at CGB/CMB, Jamie 
Timmons – for the effort of rescuing us all, Alistair Chalk – for the great time-
saving tools you created for me and fun times at both CGB and CMM, Anna 
Birgersdotter – OK, you did not belong to CGB but your guest appearances were 
numerous and mood raising & Vivian – you will be an expert support for your Ph D-
student other half. 
 
Gitt Elsén – for all your help during the years and enlightening chit-chats about 
departmental events, , Zdravko, Brittis, Elizabeth & Björn Andersson – for help 
with administrative and student oriented matters. 
 
CMM: members of the Norstedt group, Yin-Choy Chuan – for not letting anything 
pass by and for the comforting feeling of knowing that no matter what time of the 
day, I will not be alone in the lab, Louisa Cheung – for sharing the mind-wrecking 
process of passing the gate keepers with me, Carolina Gustavsson – for the west 
coast attitude you bring into the building, Irina Holodnuka – for aquarium company 
and keeping track on everything, Petra Tollet-Egnell, John Flanagan, Roxanna 
Martinez & Ola Nilsson – so much competence in one room, thank you for laughter 
in the corridors, chocolate experiments & sharing of house-buying agonies, Amilcar 



Cecilia Dahlgren 

54 

Flores – the ghost who finally appeared ;-), Anenisia Andrade – for the  happy 
spirit, Diego Iglesias – for being such a nice room mate, Maria Grahn – for the 
opportunity of supervising your graduate work, nice company and secrets about 
firemen and cats… your presence taught me a lot too, Jin, Mathias, Faheem, 
Fahad, & Kamil. Thank you all for welcoming me into your group! 
 
Members of neighboring groups in the L5:02/L8:01 corridors: Emma Flordal 
Thelander – for making me believe that you can actually pull this off with a two-
year-old in the house, for showing that Ph D afterlife does not necessarily have to 
include pipets, for thesis layout inspiration and for thinking I am normal ;-), Agneta 
Gunnar – for making Nanodropping less boring, Selim Sengul– for all your help 
and for preventing me from killing the Pyrosequencing machine, Anna-Maria & 
Anestis, my partners in milk – for nice lunch talks and sharing the need for decent 
coffee, Janos & Jia Jing – for helpful advice during the dissertation process, Sofia, 
the American immigrant – the fikapauses were never the same after you left. 
 
Helena Nässén, Christina Bremer, Yvonne Stridsberg & Christina Bark – for all 
your help with administrative and postgraduate issues during and after my transition 
to MMK. 
 
 
Peking University, Beijing 
Thanks to the Nucleic Acid Technology Laboratory in Beijing for the great 
experience I had there this spring. Especially Wei Na (Lemon), Fan and Huang for 
taking your time helping me in the lab and for showing me around the Campus area, 
and Quan for making me see other things than the lab. Also Erik, for the nice talks 
when I was feeling tiny in China and for sharing experiences of being a Swedish Ph 
D student in Beijing. Good luck to you!  
 
Friends & favors  
Lisa, my globe-trotter attaché – for being the best of friends, for sharing my passion 
for ice dance (watching, that is), I am so glad you will be back in Sweden again and 
hope you will stay in Täby for a while now… & Thomas, for being so genuinely 
nice and for midnight pep-(g)talks, Johanna, my oldest but not scrappiest friend – I 
am glad you are back in Sweden too and even better – in Stockholm, thank you for 
making me a little bit crazy some times & John, Kattis – my fashion show 
companion, Torkel – for numerous skiing occasions worth remembering, Fia & 
Andreas – for friendship and gastronomical highlights, Hanna & Adam – for being 
such a warm family and for not giving up on us, we will meet again… , Jimmy – for 
inspirational discussions and musical digressions. And anyone else I might have 
forgotten. 
 
Ewa & Emilia, my dear neighbors – for being such good friends to us and Tova-
lova, and Emma, Kourosh & Sixten – you too, I will miss you all when we move 
but I hope we can keep in touch – it is after all not that far…  
 



Mechanistic characterization of post-transcriptional gene silencing 

55 

Linda P, my hairdresser – for covering my grey hairs, SR Metropol – thank you for 
the music and company during otherwise lonely lab work.  
 
Family 
My west coast parents-in-law: Françoise, for culinary excellence, inspiring cultural 
curiosity and for teaching Tova French & Lennart – for being my external mentor 
and all the helpful talks of science and business. Thank you both for fantastic New 
York Christmases and for short notice turn outs to Stockholm to help us in daily life. 
Christopher, my brother-in-law – for memorable musical moments and for making 
us sleep well – insured – during the night, Linda – for creating the beautiful 
invitation cards & Selma – Tova’s favorite girl cousin ☺.  
 
My dear grandmothers who are no longer in life but both contributed to my being 
and career path in your own special way. Mormor Karin – for always answering all 
my questions as a child and for embracing everything extraordinary in life & farmor 
Anna-Stina – for your genuine kindness and the inspiration for choice of academic 
studies. 
 
My parents Christina – for always wanting what’s best for me & Johan – for your 
generosity and for making me see the world, thanks for your efforts of memorizing 
all institutional three-letter word combinations I have passed by during the years. I 
am endlessly in debt to you for all your help with Tova during the past year, without 
you there probably would not have been a book until next year. My sister Louise – 
for always having someone to talk to and for at least trying to read my research 
articles, Johan – for being so nice and fun all the time, my Godson Ludvig – I think 
you might become a scientist too one day & Vilgot, Carl Johan, my guitar hero little 
brother although you are not so little anymore – you are already far more ambitious 
and talented than I ever was! Titti – for the benefit of having an extra grandmother, 
for always thinking of us and for being so generous. Being a Molin girl is getting 
exposed to constant dissertation but also to endless enthusiasm and openhandedness. 
I am so grateful for being part of this family and for having you so close in distance! 
 
In order of appearance: Staffan, my loving husband – you complete me in 
everything I am not. I would have missed out on so much adrenaline, endorphin and 
good wine in life if it wasn’t for you. Thank you for your love and support during 
this intensive period and for you patience and positive encouragements in times 
when you really should have told me to shut up. Imoya, my blue Burmese – for 
inspiration of seizing the moment and enjoying the good things in life (when you are 
not a total disaster). Tova – my little star and princess. Du är min älskling och jag är 
ledsen att jag spenderat så lite tid med dig det senaste. Du har lärt mig så mycket om 
livet och varje människa borde få ynnesten att komma hem till en sån rolig, tokig, 
glad, arg och känslofull person som du varje dag.  
 



Cecilia Dahlgren 

56 

REFERENCES 
 
Aderem A, Ulevitch RJ. 2000. Toll-like receptors in the induction of the innate immune response. 

Nature 406:782-787. 
 
Allawi HT, Dong F, Ip HS, Neri BP, Lyamichev VI. 2001. Mapping of RNA accessible sites by 

extrension of random oligonucleotide libraries with reverse transcriptase. RNA 7:314-327. 
 
Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, Ruvkun G, Tuschl T. 2003. A uniform 

system for microRNA annotation. RNA 9:277-279. 
 
Andersen M, Howard KA, Paludan S, Besenbacher F, Kjems J. 2007. Delivery of siRNA from 

lyophilized polymeric surfaces. Biomaterials 29:506-512. 
 
Armant MA, Fenton MJ. 2002. Toll-like receptors: a family of pattern-recognition receptors in 

mammals. Genome Biology 3:3011.3011-3011.3016. 
 
Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116:281-297. 
 
Bernstein E, Caudy AA, Hammond SM, Hannon GJ. 2001. Role for a bidendate ribonuclease in the 

initiation step of RNA interference. Nature 409:363-366. 
 
Bitko V, Musiyenko A, Shulyayeva O, Barik S. 2004. Inhibition of respiratory viruses by nasally 

administered siRNA. Nature Medicine 11:50-55. 
 
Braasch DA, Paroo Z, Constantinescu A, Ren G, Öz OK, Mason RP, Corey DR. 2004. Biodistribution 

of phosphodiester and phosphorothioate siRNA Bioorganic & Medicinal Chemistry Letters  
14:1139-1143. 

 
Bramsen J, Laursen MB, Damgaard CK, Lena SW, Babu R, Wengel J, Kjems J. 2007. Improved 

silencing properties using small internally segmented interfering RNAs. Nucleic Acids 
Research 35:5886-5897. 

 
Brennecke J, Hipfner DR, Stark A, Russel RB, Cohen SM. 2003. bantam encodes a developmentally 

regulated microRNA that controls cell proliferations and regulates the proapoptotic gene hid 
in Drosophila. Cell 113:25-36. 

 
Caplen NJ, Fleenor J, Fire A, Morgan RA. 2000. dsRNA-mediated gene silencing in cultured 

Drosophila cells: a tissue culture model for the analysis of RNA interference. Gene 252:95-
105. 

 
Caplen NJ, Parrish S, Imani F, Fire A, Morgan RA. 2001. Specific inhibition of gene expression by 

small double-stranded RNAs in invertebrate and vertebrate systems. Proceedings of the 
National Academy of Sciences of the United States of America 98:9742-9747. 

 
Chawla-Sarkar M, Lindner DJ, Liu Y-F, Williams BRG, Sen GC, Silverman RH, Borden EC. 2003. 

Apoptosis and interferons: Role f interferon-stimulated genes as mediators of apoptosis. 
Apoptosis 8:237-249. 

 
Cogoni C, Macino G. 1999. Homology-dependent gene silencing in plants and fungi: a number of 

variations on the same theme. Current Opinion in Microbiology 2:657-662. 



Mechanistic characterization of post-transcriptional gene silencing 

57 

Czauderna F, Fechtner M, Aygün H, Arnold W, Klippel A, Giese K, Kaufmann J. 2003. Functional 
studies of the PI(3)-kinase signalling pathway employing synthetic and expressed siRNA. 
Nucleic Acids Research 31:670-682. 

 
Dagle JM, Walder JA, Weeks DL. 1990. Targeted degradation of mRNA in Xenopus oocytes and 

embryos directed by modified oligonucleotides: studies of An2 and cyclin in embryogenesis. 
Nucleic Acids Research 18:4751-4757. 

 
De Fougerolles A, Vornlocher H-P. 2007. Interfering with disease: a progress report on siRNA-based 

therapeutics. Nature reviews drug discovery 6:443-453. 
 
Denli AM, Tops BBJ, Plasterk RHA, Ketting RF, Hannon GJ. 2004. Processing of primary 

microRNAs by the microprocessor complex Nautre 432:231-235. 
 
Doench JG, Petersen CP, Sharp PA. 2003. siRNAs can function as miRNAs. Genes & Development 

17:438-442. 
 
Doench JG, Sharp PA. 2004. Specificity of microRNA target selection in translational repression. 

Genes & Development 18:504-511. 
 
Du Q, Thonberg H, Wang J, Wahlestedt C, Liang Z. 2004. A systematic analysis of the silencing 

effects of an active siRNA at all single-nucleotide mismatched target sites. Nucleic Acids 
Research 33:1671-1677. 

 
Elbashir SM, Lendeckel W, Tuschl T. 2001a. RNA interference is mediated by 21- and 22-nucleotide 

RNAs. Genes & Development 15:188-200. 
 
Elbashir SM, Matrinez J, Patkaniowska A, Lendeckel W, Tuschl T. 2001b. Functional anatomy of 

siRNAs for mediating efficient RNAi in Drosophila melanogaster embryo lysate. The EMBO 
Journal 20:6877-6888. 

 
Elmén J, Tonberg H, Ljungberg K, Frieden M, Westergaard M, Xu Y, Wahren B, Liang Z, Ørum H, 

Koch T, Wahlestedt C. 2005. Locked nucleic acid (LNA) mediated improvements in siRNA 
stability and functionality. Nucleic Acids Research 439-447. 

 
Elouahabi A, Ruysschaert J-M. 2005. Formation and intracellular trafficking of lipoplexes and 

polyplexes. Molecular Therapy 11:336- 347. 
 
Fedorov Y, Anderson EM, Birmingham A, Reynolds A, Karpilow J, Robinson K, Leake D, Marshall 

W, Khvorova A. 2006. Off-target effects by siRNA can induce toxic phenotype. RNA 
12:1188-1196. 

 
Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998. Potent and specific genetic 

interference by double-stranded RNA in Caenorhabditis elegans. Nature 391:806-811. 
 
Geary RS, Henry SP, GRillone LR. 2002. Fomivirsen: clinical pharmacology and potential drug 

interactions. Clinical Pharmacokinetics 41:255-260. 
 
Gregory RI, Yan K-p, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, Shiekhattar R. 2004. The 

microprocessor complex mediates the genesis of microRNAs. Nature 432:235-240. 
 
Griffiths-Jones S. 2004. The microRNA registry. Nucleic Acids Research 32:D109-D111. 
 
Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. 2006. miRBase: miRNA 

sequences, targets and gene nomenclature. Nucleic Acids Research 34:D140-D144. 
 



Cecilia Dahlgren 

58 

Grimm D, Kay MA. 2006. Therapeutic short hairpin RNA expression in the liver: viral targets and 
vectors. Gene Therapy 13:563-575. 

 
Grishok A, Pasquinelli AE, Conte D, Li N, Parrish S, Ha I, Baillie DL, Fire A, Ruvkun G, Mello CC. 

2001. Genes and mechanisms related to RNA interference regulate expression of the small 
temporal RNAs that control C elegans developmental timing. Cell 16:23-34. 

 
Haley B, Zamore PD. 2004. Kinetic analysis of the RNAi enzyme complex. Nature structural & 

molecular biology 11:599-606. 
 
Hamilton AJ, Baulcombe DC. 1999. A species of small antisense RNA in posttranscriptional gene 

silencing in plants. Science 286:950-952. 
 
Hammond SM, Bernstein E, Beach D, Hannon GJ. 2000. An RNA-directed nuclease mediates post-

transcriptional gene silencing in Drosophila cells. Nature 404:293-296. 
 
Harborth J, Elbashir SM, Vandenburgh K, Manninga H, Scaringe S, Weber K, Tuschl T. 2003. 

Sequence, Chemical, and Structural Variation of Small Interfering RNAs and Short Hairpin 
RNAs and the Effect on Mammalian Gene Silencing. Antisense and Nucleic Acid Drug 
Development 13:83-105. 

 
Ho SP, Bao Y, Lesher T, Malhotra R, Ma LY, Fluharty SJ, Sakai RR. 1998. Mapping of RNA 

accessible sites for antisense expreiments with oligonucleotide libraries. Nature 
Biotechnology 16:59-63. 

 
Holen T, Amarzguioui M, Babaie E, Prydz H. 2003. Similar behaviour of single-strand and double-

strand siRNAs suggests they act through a common RNAi pathway. Nucleic Acids Research 
31:2401-2407. 

 
Holt JT, Redner RL, Nienhuis AW. 1988. An oligomer complementary to c-myc mRNA inhibits 

proliferation of HL-60 promyelocytic cells and induces differentiation. Molecular and 
Cellular Biology 8:963-973. 

 
Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M, Uematsu S, Noronha A, 

Manoharan M, Akira S, de Fougerolles A, Endres S, Hartmann G. 2005. Sequence-specific 
potent induction of IFN-a by short interfering RNA in plasmacytoid dendritic cells through 
TLR7. Nature Medicine 11:263-270. 

 
Humphreys DT, Westman BJ, martin DIK, Preiss T. 2005. MicroRNAs control translation initiation 

by inhibiting eukaryotic initiation factor 4E/cap and pyly(A) tail function. Proceedings of the 
National Academy of Sciences of the United States of America 102:16961-16966. 

 
Huppi K, Martin SE, Caplen NJ. 2004. Defining and assaying RNAi in mammalian cells. Molecular 

Cell 17:1-10. 
 
Huppi K, Martin SE, Caplen NJ. 2005. Defining and assaying RNAi in mammalian cells. Molecular 

Cell 17:1-10. 
 
Hutvágner G, McLachlan J, Pasquinelli AE, Bálint É, Tuschl T, Zamore PD. 2001. A cellular function 

for the RNA-interference enzyme Dicer in the maturation of the let-7 small temporal RNA. 
Science 293:834-838. 

 
Hutvágner G, Simard MJ, Mello CC, Zamore PD. 2004. Sequence-Specific Inhibition of Small RNA 

Function. Plos Genetics 2:E98. 
 



Mechanistic characterization of post-transcriptional gene silencing 

59 

Hutvágner G, Zamore PD. 2002. A microRNA in a multiple turnover RNAi enzyme complex Science 
297:2056-2060. 

 
Jackson AL, Bartz SR, Schelter J, Kobayashi SV, Burchard J, Mao M, Li B, Cavet G, Linsley PS. 

2003. Expression profiling reveals off-target gene regulation by RNAi. Nature Biotechnology 
21:635-637. 

 
Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, Lim L, Linsley PS. 2006. Widespread 

siRNA "off-target" transcript silencing mediated by seed region sequence complementarity. 
RNA 12:1179-1187. 

 
Judge A, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan I. 2005. Sequence-dependent 

stimulation of the mammalian innate immune response by synthetic siRNA. Nature 
Biotechnology 23:457-462. 

 
Kawasaki H, Suyama E, Iyo M, Taira K. 2003. siRNAs generated by recombinant human Dicer 

induce specific and significant but target site-independent gene silencing in human cells. 
Nucleic Acids Research 31:981–987. 

 
Ketting RF, Fischer SEJ, Bernstein E, Sijen T, Hannon GJ. 2001. Dicer functions in RNA interference 

and in synthesis of small RNA involved in developmental timing of C. elegans. Genes & 
Development 15:2654-2659. 

 
Khvorova A, Reynolds A, Jayasena SD. 2003. Functional sirNAs and miRNAs exhibit strand bias. 

Cell 115:209-216. 
 
Kim D-H, Longo M, Han Y, Lundberg P, Cantin E, Rossi JJ. 2004. Interferon induction by siRNAs 

and ssRNAs synthesized by phage polymerase. Nature Biotechnology 22:321-325. 
 
Knight SW, Bass BL. 2001. A role for the RNase III enzyme DCR-1 in RNA interference and germ 

line development in Caenorhabditis elegans. Science 293:2269-2271. 
 
Krichevsky AM, King KS, Donahue CP, Hrapko K, Kosik KS. 2003. A microRNA array reveals 

extensive regulation of microRNas during brain development. RNA 10:1274-1281. 
 
Kumar M, Carmichael GG. 1998. Antisense RNA: function and fate of duplex RNA in cells of higher 

eukaryotes. Microbiology and molecular biology reviews 62:1415-1434. 
 
Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T. 2002. Identification of 

tissue-specific microRNAs from mouse. Current Biology 12:735-739. 
 
Lai EC. 2002. Micro RNAs are complementary to 3' UTR sequence motifs that mediate negative post-

transcriptional regulation. Nauture Genetics 30:363-364. 
 
Leaman DW. 2005. 2-5A antisense treatment of respiratory syncytial virus Current Opinion in 

Pharmacology 5:502-507. 
 
Lee-Huang S, Lin JJ, Kung HF, Huan PL, Lee L, Huang PL. 1993. The 3' flanking region of the 

human erythropoietin-encoding gene contains nitrogen-regulatory/oxygen-sensing consensus 
sequences and tissue-specific transcriptional regulatory elements. Gene 137:203-210. 

 
Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Rådmark O, Kim S, Kim VN. 2003. 

The nuclear RNase III Drosha initiates microRNA processing. Nature 425:415-419. 
 
Levin AA. 1999. A review of issues in the pharmacokinetics and toxicolgy of phosphorothioate 

antisense oligonucleotides. Biochimica et Biophysica Acta 1489:69-84. 



Cecilia Dahlgren 

60 

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing , often flanked by adenosines, 
indicates that thousands of human genes are microRNA targets. Cell 120:15-20. 

 
Lewis BP, Shih I-h, Jones-Rhoades, Bartel B, Burge CB. 2003. Prediction of mammalian microRNA 

targetes. Cell 15:787-798. 
 
Lewis DL, Hagstrom JE, Loomis AG, Wolff JA, Herweijer H. 2002. Efficient delivery of siRNA for 

inhibition of gene expression in postnatal mice. Nature Genetics 32:107-108. 
 
Liu J, Carmell MA, Rivas FV, Marsden CG, Thomson MJ, Song J-J, Hammond SM, Joshua-Tor L, 

Hannon GJ. 2004. Argonaute2 is the catalytic engine of mammalian RNAi. Science 
305:1437-1441. 

 
Martin SE, Caplen NJ. 2006. Mismatched siRNAs downregulate mRNAs as a function of target site 

location. FEBS Letters 580:3694-3698. 
 
Martinez J, Patkaniowska A, Urlaub H, Lührmann, Tuschl T. 2002. Single-stranded antisense siRNAs 

guide target RNA cleavage in RNAi. Cell 110:563-574. 
 
Matveeva O, Felden B, Audlin S, Gestland RF, Atkins JF. 1997. A rapid in vitro method for obtaining 

RNA accessibility patterns for complementary DNA probes: correlation with an intracellular 
pattern and known RNA structures. Nucleic Acids Research 25:5010-5016. 

 
Medzhitov R, Preston-Hurlburt P, Janeway CA. 1997. A human homologue of the Drosophila Toll 

protein signals activation of adaptive immunity. Nature 388:394-397. 
 
Meister G, Landthaler M, Patkaniowska A, Dorsett Y, Teng G, Tuschl T. 2004. Human Argonaute2 

mediates RNA cleavage targeted by miRNAs and siRNAs. Molecular Cell 15:185-197. 
 
Minshull J, Hunt T. 1986. The use of single-stranded DNA and RNase H to promote quantitative 

"hybrid arrest of translation" of mRNA/DNA hybrids in reticulocyte lysate cell-free 
translations. Nucleic Acids Research 14:6433-6451. 

 
Monia BP, Lesnik EA, Gonzalez C, Lima WF, McGee L, Guinosso CJ, Kawasaki AM, Cook DP, 

Freier SM. 1993. Evaluation of 2'-modified oligonucleotides containing 2'-deoxy gaps as 
antisense inhibitors of gene expression. Journal of Biological Chemistry 268:14514-14522. 

 
Morrissey DV, Lockridge J, A, Shaw L, Blanchard K, Jensen K, Breen W, Hartsough K, Machemer L, 

Radka S, Jadhav V, Vaish N, Zinnen S, Vargeese C, Bowman K, Shaffer CS, Jeffs LB, Judge 
A, MacLachlan I, Polinsky B. 2005. Potent and persistent in vivo anti-HBV activity of 
chemically modified siRNAs. Nature Biotechnology 23:1002-1007. 

 
Myers JW, Jones JT, Ferrell JE, Jr. 2003. Recombinant Dicer efficiently converts large dsRNAs into 

siRNAs suitable for gene silencing. Nature Biotechnology 21:324–328. 
 
Nature F. 2001. The human genome. Nature 409:745-964. 
 
Ngô H, Tschudi C, Gull K, Ullu E. 1998. Double-stranded RNA induces mRNA degradation in 

Trypanosoma brucei. Proceedings of the National Academy of Sciences of the United States 
of America 95:14687-14692. 

 
Okamura K, Ishizuka A, Siomi H, Siomi MC. 2004. Distinct roles for Argonaute proteins in small 

RNA-directed RNA cleavage pathways. Genes & Development 18:1655-1666. 
 



Mechanistic characterization of post-transcriptional gene silencing 

61 

Olsen PH, Ambros V. 1999. The lin-4 regulatory RNA controls developmental timing in 
Caenorhabditis elegans by blocking LIN-14 protein synthesis after the initiation of 
translation. Developmental Biology 216:671-680. 

 
Parrish S, Fleenor J, Xu S, Mello CC, Fire A. 2000. Functional Anatomy of a dsRNA Trigger 

Differential Requirement for the Two Trigger Strands in RNA Interference Molecular Cell 
6:1077-1087. 

 
Pfeffer S, Zavolan M, Grässer FA, Chien M, Russo JJ, Ju J, John B, Enright AJ, Marks D, Sander C, 

Tuschl T. 2004. Identification of virus-encoded microRNAs. Science 304:734-736. 
 
Pillai R, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, Bertrand E, Filipowicz W. 

2005. Inhibition of translational initiation by let-7 microRNa in human cells. Science 
309:1573-1576. 

 
Pusch O, Boden D, Sibermann R, Lee F, Tucker L, Ramratnam B. 2003. Nucleotide sequence 

homology requirements of specific short hairpin RNA. Nucleic Acids Research 31:6444-
6449. 

 
Reich S, Fosnot J, Kuroki A, Tang W, qiangyang Y, Maguire AM, Bennett J, Tolentino MJ. 2003. 

Small interfering RNA (siRNA) targeting VEGF effectively inhibits ocular 
neovascularization in a mouse model. Molecular vision 9:210-216. 

 
Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR, Ruvkun G. 

1999. The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis 
elegans. Nature 403. 

 
Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, Horvitz HR, Ruvkun G. 

2000. The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis 
elegans. Nature 403. 

 
Samuel CE. 2001. Antiviral actions of interferons. Clinical Microbiology Reviews 14:778-809. 
 
Saxena S, Jónsson ZO. 2003. Small RNAs with imperfect match to endogenous mRNA repress 

translation. Implications for off-target activity of small inhibitory RNA in mammalian cells. 
Journal of Biological Chemistry 278:44312-44319. 

 
Schwarz DS, Hutvágner G, Du T, Xu Z, Aronin N, Zamore PD. 2003. Asymmetry in the Assembly of 

the RNAi Enzyme Complex. Cell 115:199-208. 
 
Seggerson K, Tang L, Moss EG. 2001. Two genetic circuits repress the Caenorhabditis elegans 

heterochronic gene lin-28 after translation initiation. Developmental Biology 243:215-225. 
 
Silva JM, Sachidanandam R, Hannon GJ. 2003. Free energy lights the path toward more effective 

RNAi. Nature Genetics 35:303-305. 
 
Sioud M. 2005. Induction of Inflammatory Cytokines and Interferon Responses by Double-stranded 

and Single-stranded siRNAs is Sequence-dependent and Requires Endosomal Localization. 
Journal of Molecular Biology 348:1079-1090. 

 
Sioud M. 2006. Single-stranded small interfering RNA are more immunostimulatory than their 

double-stranded counterparts: A central role for 2-hydroxyl uridines in immune responses. 
European Journal of Immunology 36:1222-1230. 

 



Cecilia Dahlgren 

62 

Sioud M, Furset G, Cekaite L. 2007. Suppression of immunostimulatory siRNA-driven innate immune 
activation by 2′-modified RNAs Biochemical and Biophysical Research Communications 
361:122-126. 

 
Sledz CA, Holko M, de Veer MJ, Silverman RH, Williams BRG. 2003. Activation of the interferon 

system by short-interfering RNAs. Nature Biotechnology 5:834-839. 
 
Song E, Lee S-K, Dykxhoorn DM, Novina C, Zhang D, Crawford K, Cernyk J, Sharp PA, Lieberman 

J, Manjunath N, Shankar P. 2003. Sustained Small Interfering RNA-Mediated Human 
Immunodeficiency Virus Type 1 Inhibition in Primary Macrophages. Journal of virology 
77:7174-7181. 

 
Song E, Zhu P, Lee S-K, Chowdhury D, Kussman S, Dykxhoorn DM, Feng Y, Palliser D, Weiner DB, 

Shankar P, Marasco WA, Lieberman J. 2005. Antibody mediated in vivo delivery of small 
interfering RNAs via cell-surface receptors. Nature Biotechnology 23:709-717. 

 
Soutschek J, Akinc A, Bramlage B, Charisse k, Constien R, Donoghue M, Elbashir SM, Geick A, 

Hadwiger P, Harborth J, John M, Kesavan V, Lavine G, Pandey RK, Racie T, Rajeev KG, 
Röhl I, Toudjarska I, Wang G, Wuschko S, Bumcrot D, Koteliansky V, Limmer S, 
Manoharan M, Vornlocher H-P. 2004. Therapeutic silencing of an endogenous gene by 
systemic administration of modified siRNAs. Nature 432:173-178 

 
Srivastava SP, Kumar KU, Kaufman RJ. 1998. Phosphorylation of eukaryotic translation factor 2 

mediates apoptosis in response to activation of the double-stranded 
 
RNA-dependent protein kinase. Journal of Biological Chemistry 273:2416–2423. Stark A, Brennecke 

J, Russel RB, Cohen SM. 2003. Identification of Drosophila microRNA targets. Plos 
Genetics 1:e60. 

 
Sullivan CS, Grundhoff AT, Tevethia S, Pipas JM, Ganem D. 2005. SV40-encoded microRNAs 

regulate viral gene expression and reduce susceptibility to cytotoxic T cells. Nature 435:682-
686. 

 
Wahlestedt C, Salmi P, Good L, Kela J, Johnsson T, Hökfelt T, Broberger C, Porreca F, Lai J, Ren K, 

Ossipov M, Koshkin A, Jakobsen N, Skouv J, Oerum H, Havsteen Jacobsen M, Wengel J. 
2000. Potent and nontoxic antisense oligonucleotides containing locked nucleic acids. 
Proceedings of the National Academy of Sciences of the United States of America 97:5633–
5638. 

 
Ventura A, Meissner A, Dillon CP, McManus MT, Sharp PA, Parijs LV, Jaenisch R, Tyler J. 2004. 

Cre-lox-regulated conditional RNA interference from transgenes. Proceedings of the 
National Academy of Sciences of the United States of America 101:10380-10385. 

 
Vickers TA, Koo S, Bennett CF, Crooke ST, Dean NM, Baker BF. 2002. Efficient reduction of target 

RNAs by small interfering RNA and RNase H-dependent antisense agents. The Journal of 
Biological Chemistry 278:7108-7118. 

 
Wickstrom E. 1986. Oligodeoxynucleotide stability in subcellular extracts and culture media. Journal 

of Biochemical and Biophysical Methods 13:97-102. 
 
Wickstrom EL, Bacon TA, Gonzalez A, Freeman DL, Lyman GH, Wickstrom E. 1988. Human 

promyelocytic leukemia HL-60 cell proliferation and c-myc protein expression are inhibited 
by an antisense pentadecadeoxynucleotide targeted against c-myc mRNA. Proceedings of the 
National Academy of Sciences of the United States of America 85:1028-1032. 

 



Mechanistic characterization of post-transcriptional gene silencing 

63 

Yang S, Tutton S, Pierce E, Yoon K. 2001. Specific Double-Stranded RNA Interference in 
Undifferentiated Mouse Embryonic Stem Cells. Molecular and Cellular Biology 21:7807–
7816. 

 
Yi R, Qin Y, Macara IG, Cullen BR. 2003. Exportin-5 mediates the nuclear export of pre-microRNAs 

and short hairpin RNAs. Genes & Development 17:3011-3016. 
 
Zamecnik PC, Stephenson ML. 1978. Inhibition fo Rous sarcoma virus replication and cell 

transformation by a specific oligodeoxynucleotide. Proceedings of the National Academy of 
Sciences of the United States of America 75:280-284. 

 
Zeng Y, Cullen BR. 2002. RNA interference in human cells is restricted to the cytoplasm. RNA 8:855-

860. 
 
Zeng Y, Yi R, Cullen BR. 2003. MicroRNAs and small interfering RNAs can inhibit mRNA 

expression by similar mechanisms. Proceedings of the National Academy of Sciences of the 
United States of America 100:9779-9784. 

 
Zhang H-YZ, Mao J, Zhou D, Xu Y, Thonberg H, Liang Z, Wahlestedt C. 2003. mRNA accessible 

site tagging (MAST): a novel high throughput method for selecting effective antisense 
oligonucleotides. Nucleic Acids Research 31:1-9. 

 
Zhang H, Kolb FA, Jaskiewicz L, Westhof E, Filipowicz W. 2004. Single processing center models 

for human Dicer and bacterial RNase III. Cell 118:56-68. 
 
Zhou A, Hassel BA, Silverman RH. 1993. Expression cloning of a 2-5A-dependent RNAse: A 

uniquely regulated mediator of interferon action. Cell 72:753765. 
 
 


	LIST OF ABBREVIATIONS
	GENERAL INTRODUCTION TO THE THESIS
	BACKGROUND
	DNA-MEDIATED ANTISENSE
	Nucleotide analogues
	Accessibility

	RNA INTERFERENCE
	RNAi mechanism  
	Exogenously delivered RNA effectors
	Endogenously expressed RNA effectors
	Silencing potency
	Delivery
	Design

	Specificity
	Anti-viral responses
	Off-target effects

	Nucleotide analogues
	In vivo and therapeutics
	Delivery
	Overall process
	RNAi in clinical studies


	AS-ODN VS. siRNA
	Similarities


	AIMS
	RESULTS AND DISCUSSION
	PAPER I
	Investigation of GERp95 function in rat PC12 cells

	PAPER II
	mRNA target degradation by DNA-mediated gene silencing

	PAPER III
	siRNA-mediated activation of anti-viral responses

	PAPER IV
	siRNA target specificity

	PRELIMINARY RESULTS
	Intracellular actions of miRNA-mediated RNAi
	Methods
	Results and discussion



	CONCLUDING REMARKS
	POPULÄRVETENSKAPLIGT PERSPEKTIV
	ACKNOWLEDGEMENTS
	REFERENCES

