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ABSTRACT 

 
Considerable interest has been focused on inducing RNA interference (RNAi) in neurons to 

study gene function and identify new targets for disease intervention. Although small 

interfering RNAs (siRNAs) have been used to silence genes in neurons, in vivo  delivery of 

RNAi to the central and peripheral nervous system  remains a major challenge limiting its  

applications.  

This thesis describes the development of a highly efficient method for in vivo  gene 

silencing in dorsal root ganglia (DRG) using replication -defective herpes simplex viral (HSV-

1) vectors by identifying and evaluating va rious approaches to induce RNAi, i.e.  expression 

of individual short-hairpin RNAs (shRNAs), artificial microRNAs (miRNAs) and multiple 

tandem miRNAs. Following the development of these systems, HSV-mediated delivery of 

shRNA or miRNA against reporter genes was shown to result in highly effective and specific 

silencing in neuronal and non-neuronal cells in culture and in the DRG of mice in vivo , 

including in a transgenic mouse model. Proof of concept was established by demonstrating 

in vivo  silencing of the endogenous trpv1  gene, thought to be involved  in nociception,  by 

assessing both mRNA and protein levels. These data are the first to show silencing in DRG 

neurons in vivo  by vector -mediated d elivery of shRNA and support the utility of HSV 

vectors for gene silencing in peripheral neurons and the poten tial application of this 

technology to the study  of nociceptive processes and in pain gene target validation 

studies. 

Moreover, a disabled HSV-1 vector targeting  p75, Lingo1 and NgR2, which are 

involved in myelin inhibition of axonal regeneration,  was developed and evaluated for its 

ability to promote regeneration of sensory axons into the spinal cord , following injury of 

the dorsal roots . This is the first time such an appoach to silencing multiple genes has 

been employed. Although  HSV-mediated delivery of  multiple miRNAs resulted in  highly 

effective silencing of these genes in dividing cells in culture,  while highly effective 

silencing of p75 was achieved, only modest silencing of Lingo1 and NgR2 was observed in 
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DRG neurons in vivo . Preliminary regeneratio n experiments, which were largely outside 

the scope of this thesis, were inconclusive and require more extensive study as a stand -

alone project, if the in vivo  potential of the approach developed for silencing multiple 

genes targeted at axonal regeneration  is to be further explored . 
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ABBREVIATIONS 

 
 

AAV Adeno-associated virus miRNA microRNA 

Ad Adenovirus MOI Multiplicity of infection  

AGO Argonaute  mRNA Messenger RNA 

ATP Adenosine triphosphate  natsiRNA Natural ant isense siRNA 

BGH Bovine growth hormone NgR Nogo receptor  
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CMV Cytomegalovirus IE gene promoter ORF Open reading frame 
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hcRNA Heterochromatic -associated siRNA RNA Ribonucleic acid 

HSV Herpes simplex virus RNAi RNA interference 

ICP Infected cell polypeptide  SCI Spinal cord injury  

IE gene Immediate early gene  shRNA Short-hairpin RNA 

IFN Interferon  siRNA Small-interfering RNA 

IR Inverted repeat  tasiRNA Trans-acting siRNA 
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L4- L6 Lumbar dorsal root ganglia  tncRNA Tiny-noncoding RNA 

lacZ ƀ-galactosidase tRNA Transfer RNA 

LAP Latency active  promoter  trpV1  Transient receptor potential vanilloid  

LAT Latency associated transcript  UL  US Unique short and long regions 

Lingo1 LRR and Ig domainðcontaining, Nogo 
receptorðinteracting protein  

WCm WHV mutated post -transcriptional 
regulatory element  

LV Lentivirus  WHV Woodchuck hepatitis virus  

MAG Myelin associated glycoprotein  x-gal ƀ-galactosidase stain  
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1.1  RNA INTERFERENCE 

RNA interference (RNAi) is an evolutionaril y conserved, sequence-specific,  post-

transcriptional gene silencing (PTGS) mechanism originally observed in C. elegans. Guo 

and Kemphues used antisense RNA to inhibit par-1 mRNA expression, when they discovered 

that the sense RNA strand also repressed expression of par-1 (Guo & Kemphues, 1995). 

Subsequently, Fire and Mello demonstrated in their Nobel Prize winning study  that  double-

stranded RNA (dsRNA) was the trigger of gene silencing  (Fire et al. , 1998). Thus, instead of 

antisense RNA passively initiating silencing by pairing with the  target mRNA, the presence 

of low concentrations of both sense and antisense strands in the RNA preparation was 

proposed to result in small amounts of dsRNA. It is now clear that  the RNAi pathway is one 

of many cellular res ponses to RNA induced by small dsRNA molecules, including small 

interfering RNAs (siRNAs) and microRNAs (miRNAs). Despite the field of RNAi being 

relatively young, it has already reshaped our understanding of gene regulation by 

revealing unsuspected layers of tran scriptional and post -transcriptional gene regulatory 

mechanisms. The structure, bi ogenesis and functions of siRNAs and miRNAs and the 

application of RNAi as an effective gene silencing strategy are discussed in the following  

sections of this introduction . 

 

1.1 .1  Structure &  biogenesis of small dsRNAs 

Small dsRNAs (table 1.1) are generated through distinct biogenesis pathways . Although 

siRNAs and miRNAs were initially categorised in terms of their origin,  exogenous or 

endogenous, since the discovery of endogenous siRNAs, it has become difficult to  

distinguish bet ween them. siRNAs originate from endogenous or exogenous dsRNA that may 

be hundreds or thousands of base pairs long, and have been suggested to function in  

antiviral defence, silencing  of mRNAs that are overproduced or tr anslationally aborted ,  

and guarding the genome from disruption by transgenes and transposons. Exogenous 

siRNAs are virally derived or experimentally introduced into the cytoplasm , whereas 
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endogenous siRNAs (esiRNAs) are derived from tr anscription of coding or non -coding 

genomic regions. Plant esiRNAs include natural antisense -siRNAs (natsiRNAs), trans-acting-

siRNAs (tasiRNAs) and heterochromatic -associated siRNAs (hcRNAs). natsiRNAs originate 

from convergent partially overlapping  transcripts  (Borsani et al. , 2005). tasiRNAs are 

generated from specific non -coding genomic regions. Their biogenesis is initiated by  

miRNAs that cleave the single-stranded RNA transcript to produce fragments  which serve 

as templates for dsRNA synthesis by the RNA-dependent RNA polymerase (RdRP) RDR6 

(Allen et a l. , 2005, Vazquez et al. , 2004). hcRNAs, which  have also been identified  in the 

yeast S. pombe, derive from long dsRNA precursors that are transcribed from genomic 

repeat regions. esiRNAs in C. elegans include tiny-noncoding RNAs (tncRNA), which are 

derived from non-coding,  non-conserved sequences (Ambros et al. , 2003), and secondary 

siRNAs, which originate from unprimed  RdRP synthesis of dsRNA (Pak & Fire, 2007, Sijen  et 

al. , 2007) and have been also identified in plants .  

Until recently, e siRNAs were not believed to exist in mammals and insects which lack 

RdRPs. Moreover, exposure of mammalian cells to long dsRNA results in the induction of 

the interferon  (INF) response, which leads to the general inhibition of  cellular  translation  

and was widely perceived  to preclude any roles for endogenous RNAi. However, recent 

studies have revealed diverse sources of esiRNAs in D. melanogaster (Chung et al. , 2008, 

Czech et al. , 2008, Ghildiyal  et al. , 2008, Kawamura et al. , 2008, Okamura et al. , 2008) 

and mouse oocytes (Tam et al. , 2008, Watanabe et al. , 2008). These esiRNAs are derived 

from transposable elements  (TE-siRNAs), overlapping RNAs formed by convergent or 

divergent transcription  (cis-NAT-siRNAs), antisense transcribed pseudogenes pairing with 

homologous mRNAs (trans-NAT-siRNAs), and long inverted repeat transcripts  (hpRNAs) 

(figure 1.1) . Mammalian esiRNAs outside oocytes, where long dsRNA does induce the INF 

response, remain to be identified.  
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miRNAs are endogenous, regulatory non-coding RNA molecules involved in almost every 

developmental and cellular  process investigated so far.  The first miRNA, lin -4,  was 

identified during a genetic screen  in C. elegans (Lee et al. , 1993). Cloning of the locus 

revealed that lin -4 produces a non-coding RNA that represses expression of lin -14, which is 

involved in post-embryonic development.  Mammalian miRNAs are now predicted to 

regulate approximately 30% of all protein -coding genes (Lewis et al. , 2005). Over 500 

miRNAs have been identified in humans (Landgraf et al. , 2007), and miRNAs have been 

recently implicated in the pathogenesis of human disease,  including cancer (Esquela-

Kerscher & Slack, 2006) and neurodegenerative disorders (Kim et al. , 2007, Lukiw  et al. , 

2008).  

Almost half of all known mammalian miRNAs reside within the introns of  protein -

coding genes or within either the introns or exons of non -coding genes (Rodriguez et al. , 

2004). Rarely, miRNAs lie within the exons of protein -coding mRNAs. These transcripts are 

thought to  produce either miRNA or protein from a single  mRNA molecule (Cullen, 2004). 

Some miRNAs form their own transcription unit s, whilst  others are clustered and 

transcribed as polycistronic transcripts  (Cai, 2004, He et al. , 2005). The majority of 

miRNAs are transcribed by RNA polymerase (pol) II;  although a cluster of human miRNAs 

have been recently shown to u tilize  RNA pol III for their  transcription  (Cai, 2004). The long 

primary miRNA transcript (pri -miRNA) consists of a stem of approximately 33bp, a terminal 

loop and flanking regions . In collaboration with  the dsRNA-binding protein  Pasha in flies 

and DGCR8 in humans, the RNase III enzyme Drosha selectively cleaves the pri -miRNA at a 

position approximately one helical RNA turn into the stem  to generate  a 70-100nt hairpin 

precursor miRNA (pre-miRNA) (Denli et al. , 2004, Gregory et al. , 2004, Han et al. , 2004). 

Some spliced-out introns in C. elegans , D. melanogaster and mammals correspond 

precisely to pre -miRNAs (mirtrons), thus circumventing the requirement for Drosha -

Pasha/DGCR8 (Okamura et al. , 2007, Ruby et al. , 2007). The discovery of mi trons suggests 

that any RNA, with a size comparable to a pre -miRNA and all the structural features of a 
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pre-miRNA, can be utilized by the miRNA processing machinery and potentially give rise to 

a functional miRNA. The pre-miRNA is subsequently exported to the cytoplasm by Exportin 

5/Ran-GTP (Lund et al. , 2004). Silencing of Exportin 5 by siRNA results in a reduction in 

the levels of pre -miRNA not only in the cytoplasm  but also in the nucleus, suggesting  that 

Exportin 5 may also be important for stabilizing pre -miRNA in the nucleus (Yi et al. , 2003). 

Both siRNAs and miRNAs are generated by Dicer, a cytoplasmic family of RNase III 

enzymes that cleave long dsRNA or pre-miRNA into 21-23nt dsRNA molecules with 

symmetric 2-3nt 3õ overhangs (Bernstein et al. , 2001, Hutvagner et al. , 2001, Zhang et al. , 

2002). In vertebrates , t his reaction is carried out together with TRBP (transactivating 

region (Tar) RNA-binding protein) and PACT (interferon -inducible dsRNA-dependent 

protein kinase activator), which are bot h co-factors for strand selection  (Chendrimada et 

al. , 2005, Lee et al. , 2006). In S. pombe, C. elegans and vertebrate s, only a single Dicer 

gene has been identified (Bernstein et al. , 2001, Hutvagner et al. , 2001, Knight & Bass, 

2001, Volpe et al. , 2002). In addition to two RNase III domains, mammalian Dicer has a 

PAZ domain and a C-terminal dsRNA binding domain, which recognize the 2nt 3õoverhang 

generated by Drosha and long dsRNA, respectively (Zhang et al. , 2004a). Thus, the same 

Dicer that generates si RNA can also process pre-miRNA. Additional  proteins may interact  

with Dicer to allow it to recognize different sources of dsRNA.  In D. melanogaster, two 

Dicer paralogs have been identified. Dcr-1 partners with Loquacious and is required  for 

miRNA processing, while Dcr-2 partners with R2D2 and is mainly involved in the processing 

of long dsRNA (Lee et al. , 2004). Interestingly, flies mutant in Loquacious, rather than 

R2D2, are highly depleted in esiRNAs, suggesting that a subpopulation of Dcr -2 that 

specifically recruits Loquacious may be devoted to the esiRNA pathway  (Chung et al. , 

2008, Czech et al. , 2008, Okamura et al. , 2008). It remains to be es tablished whether 

processing of esiRNAs by Dicer takes place in the cytoplasm or nucleus , but  it seems 

unlikely that the substrates for esiRNA production would be exported to the cytoplasm. In 

the plant  A. thaliana , four Dicer paralogs  have been identified . DCL1 processes miRNA 
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precursors (Park et al. , 2002, Reinhart  et al. , 2002), DCL2 is required for  production of 

natsiRNAs and siRNAs, DCL3 is involved in the production of hc RNAs, and DCL4 is required 

for the production  of tasiRNAs (Xie et al. , 2005, Xie et al. , 2004b). DCL1, DCL3 and DCL4 

are localised in the nucleus (Hiraguri  et al. , 2005, Xie et al. , 2004a), and DCL1 is 

responsible for the processing of pri -miRNA to miRNA (Kurihara & Watanabe, 2004, Papp 

et al. , 2003). DCL2 is localised in both the cytoplasm  and nucleus (Dorokhov et al. , 2006). 

Following processing by Dicer, the 3õend of plant miRNAs and siRNAs is modified by 

addition of a 2õ-O-methyl group by the  RNA methyltransferase  HEN1 (Yang et al. , 2006).  

Following unwinding of the siRNA or miRNA duplex, the strand with the 

thermodynamically less stable  5õend (Khvorova et al. , 2003, Schwarz et al. , 2003), termed 

the guide strand, is incorporated into related R NA-induced silencing complexes (RISCs), 

while the other strand, termed the  passenger strand, is degraded. Naturally occurring 

miRNAs show a strong bias for accumulating only one strand into  the RISC, and effective 

siRNA or miRNA duplexes show reduced thermodynamic stability at the 5' end of the 

antisense strand.  
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Class 
Size 
(nt)  

Precursor  
Mechanism/ 

Function  
3õend 

modifications  
Organism 

siRNA 20-23 dsRNA mRNA cleavage Unmodified 
Mammals 
C. elegans 

   
Antiviral response 

Transposon defence  
2õ-O-methylated  

Plants 
D. melanogaster 

natsiRNA 21-22 dsRNA mRNA cleavage 2õ-O-methylated  Plants 

   
Regulation of gene 

expression  
   

tasiRNA 21-22 dsRNA mRNA cleavage 2õ-O-methylated  Plants 

   
Trans-acting cleavage 
of endogenous mRNAs 

  

hcRNA 24 dsRNA 
Regulation of chromatin 

structure  
2õ-O-methylated  Plants 

   
Transcriptional gene 

silencing 
Unknown S. Pombe 

tncRNA 22 dsRNA Unknown Unknown C. elegans 

   Unknown   

Secondary 
siRNAs 

20-25 dsRNA mRNA cleavage Unmodified C. elegans 

   
Enhancement of 
primar y signal 

2õ-O-methylated  Plants 

miRNA 20-23 
Imperfect 

hairpin  

Translational 
repression/mRNA 

cleavage 
Unmodified 

Mammals 
D. melanogaster 

C. elegans 
Viruses 

   
Regulation of gene 

expression 
2õ-O-methylated  Plants 

piRNA 28-33 ssRNA mRNA cleavage 2õ-O-methylated  
Mammals 

D. melanogaster 

   
Transposon defence in 

the germ line  
  

rasiRNA 23-28 ssRNA 
Regulation of chromatin 

structure  
2õ-O-methylated  D. melanogaster 

   
Transcriptional gene 

silencing 
  

 

Table 1.1  Classes of small dsRNA molecules, their characte ristics and functions.  
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1.1.2 Gene regulation  by siRNAs and miRNAs 

Whilst siRNAs and miRNAs differ in their biogenesis, they have the same regulatory 

potential ,  depending upon the degree of complementarity to their target mRNA s 

(Hutvagner & Zamore, 2002, Mourelatos et al. , 2002). Endonucleolytic cleavage  of mRNA is 

favoured by perfect complementarity and although some mismatches can be tolerated, it 

requires base-pairing between bases 10 and 11 (Yekta et al. , 2004). Nevertheless, as 

explained in the following section, extensive base -pairing of a miRNA and its target mRNA 

is not always suffici ent to induce mRNA degradation. siRNAs generally have perfect 

complementarity to their mRNA  targets and thus, mediate silencing by mRNA degradation. 

They can, however, repress the translation or reduce the stability  of mRNAs to which they 

anneal with imperfect complementarity . Moreover,  esiRNAs have been shown to direct 

transcriptional gene silencing (TGS) through modulation of chromatin structure . Plant 

miRNAs generally base pair to their mRNA targets with nearly pe rfect complementarity 

and thus, trigger mRNA cleavage (Llave et al. , 2002, Tang et al. , 2003). Rarely, a similar 

mechanism is used by vertebrate and viral miRNAs (Davis et al. , 2005, Pfeffer  et al. , 2004, 

Sullivan et al. , 2005, Yekta et al. , 2004). Unlike plants, a nimal miRNAs generally have 

imperfect complementarity to their target mRNAs , are present in multiple copies, bind to 

sites in the 3õUTR, and direct silencing by repressing translation or reducing mRNA 

stability.  Finally, some plant miRNAs may act directly in promot ing DNA methylation (Bao 

et al. , 2004), and recent studies descr ibe a role for promoter -directed human miRNAs in 

facilitating repressive chromatin modifications and TGS  (Gonzalez et al. , 2008, Kim et al. , 

2008a). The main mechanisms of gene regulation by siRNAs and miRNAs are described in 

detail in sections 1.1.4 and  1.1.5.  

 

1.1.3  RISC complexes and Argonautes  

siRNAs and miRNAs function as components of RISCs (Hammond et al. , 2001) and 

ribonucleoprotein  complexes (miRNPs) or miRISCs (Mourelatos et al. , 2002), respectively. 
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The key and best characterized components  of the RISCs are Argonaute proteins.  Other 

RISC-associated proteins include the VIG protein, the Tudor -SN protein, Fragile X-related 

protein and several RNA helicases, whose precise role in RNAi is still largely unknown. In 

humans, miRNPs reside in cytoplasmic foci, called processing bodies (P-bodies). Assembly 

of miRNPs is accomplished by a multiprotein complex termed the miRNA RISC Loading 

Complex (miRLC), whose core components are Argonaute and Dicer. The miRLC processes 

pre-miRNA into miRNA, unwinds the miRNA duplex and after loading of th e mature miRNAs 

to Argonaute prot eins, it  disassembles result ing in the formation of the core miRNP 

(Maniataki & Mourelatos, 2005).  

Argonautes is a diverse family of proteins that can be p hylogenetically divided into  

AGO and PIWI based on similarities to Arabidopsis AGO1 and D. melanogaster PIWI proteins 

respectively, and WAGO (worm-specific Argonaute) . There are eight  Argonaute genes in 

humans: four AGO (AGO1-4) that  are expressed in various adult tissues, including t he 

nervous system, and four PIWI (PIWI1-4) that  are mainly expressed in the testis (Sasaki et 

al. , 2003). AGO proteins interact with miRNA s/ siRNAs, whereas PIWI bind a newly 

discovered class of small RNAs, known as piwi-interacting RNAs (piRNAs), which are found 

almost exclusively in the germline of mammals and insects . piRNAs, which  include repeat -

associated siRNAs (rasiRNAs) discovered in D. melanogaster, are 28-33nt long and 2õ-O-

methylated at their 3õend. piRNAs and rasiRNAs are believed to be processed from single -

stranded RNA derived from defined genomic regions and retrotransposons or other 

repetitive elements , respectively,  by a Dicer-independent mechanism that remains  largely 

unknown (Aravin et al. , 2006, Aravin  et al. , 2003, Girard  et al. , 2006, Saito et al. , 2006, 

Vagin et al. , 2006). Mammalian piRNAs are believed to play a role in  spermatogenesis and 

transposon regulation by mediating mRNA cleavage (Aravin et al. , 2007, Carmell  et al. , 

2007), whereas rasiRNAs have been suggested to regulate  heterochromatin formation  (Pal-

Bhadra et al. , 2004, Yin & Lin, 2007) .  
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Argonautes consist of a central PAZ domain and a C-terminal PIWI domain. The PAZ 

domain recognizes the single-stranded 2nt 3õoverhangs characteristic of small RNAs 

processed by Dicer and binds to them  with low affinity in a sequence-dependent manner 

(Lingel et al. , 2004, Ma et al. , 2004). The PIWI domain has an RNaseH-like fold and binds 

to the 5õend of small RNAs (Parker et al. , 2004, Song et al. , 2004a). Recent studies have 

revealed the presence of a middle domain similar to the cap -binding domain of the 

eukaryotic initiation factor  eIF4E (Kiriakidou  et al. , 2007), whose function is discussed in 

section 1.1.4.1 . 

Structural a nd biochemical studies have confirmed that Argonaute is the 

endonuclease of the RISC (Liu et al. , 2004, Rand et al. , 2004, Rivas et al. , 2005). In D. 

melanogaster and human cell lysates, Argonaute  catalyses multipl e rounds of mRNA 

cleavage, resulting in each siRNA directing the degradation of hundreds of target 

molecules (Haley & Zamore, 2004, Hutvagner & Zamore, 2002) . Efficient release of the 

fragments resulting from mRNA cleavage requires adenosine triphosphate ( ATP).  

Additional proteins  are likely to be  involved, as AGO2 alone can only direct a single round 

of mRNA cleavage (Rivas et al. , 2005). Following release of the fragments,  the 3õ fragment 

is degraded in the cytoplasm by 5õ-3õ exonuclease Xrn1, whilst  the 5õ fragment is degraded 

by the exosome via 3õ-5õ mRNA degradation. When miRNAs with perfect complementarity 

to their targets direct mRNA cleavage, a short  poly(U) tail is added to the 3' end  of the 5' 

cleavage fragment, suggesting decapping and 5õ-3õ mRNA degradation as an alternative 

route of degradation (Shen & Goodman, 2004). Certain Argonaute proteins, however, do 

not retain all the amino acids required for catalytic activity (Asp -Asp-Asp/Glu/His/Lys), 

which is referred to as slicer activity,  and thus, are unable to cleave target mRNA. 

Interestingly, the presence of an intact PIWI domain catalytic centre only partially 

explains the cleavage activity of Argonaute proteins. The human AGO3, for instance, is 

incapable of mediating mRNA cleavage despite having an intact active site, which 
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indicates that additional cofactors may be requir ed for catalytic activity (Meister et al. , 

2004).   

Most organisms examined to date contain multiple Argonaute proteins , with different 

Argonautes having specialized functions.  In humans, AGO2 is the only Argonaute protein 

with a  PIWI catalytic domain that can mediate cleavage of  target mRNA (Meister et al. , 

2004, Song et al. , 2004a). However, it has also been shown to direct translational 

repression in an engineered system (Pillai  et al. , 2004). The function of AGO1 remains to 

be determined, but AGO3 and AGO4 are likely to mediate translational repr ession. In D. 

melanogaster, both Argonaute 1 and 2 are capable of cleavage (Okamura et al. , 2004), but  

Argonaute 1 is dedicated to the miRNA pathway, whilst  Argonaute 2 mainly directs  mRNA 

cleavage (Tolia & Joshua-Tor, 2007). In C. elegans, the Argonaute pr otein RDE-1 is 

required for mRNA cleavage, but plays little or no role in miRNA function (Tabara et al. , 

2002), whereas ALG1 and 2 do not cleave mRNA, but are essential for miRNA function. 

Although t he molecular basis for the selective interaction of certain Argonaute proteins to 

specific types of small dsRNAs remains to be elucidated, the biogenesis of small dsRNAs 

has been linked to effector programming  (Förstemann et al. , 2007, Tomari  et al. , 2007). 

In D. melanogaster, the structure of small dsRNAs allows sorting of miRNAs and siRNAs into 

Argonaute 1 and 2 complexes respectively, through Dicer -Argonaute interactions.  

However, although Argonaute 1 favours binding to small dsRNAs with central mismatches, 

a large proportion of miRNA duplexes with perfect compleme ntarity  in their central region 

still enter  Argonaute 1-containing RISCs (Kawamura et al. , 2008). These studies indicate 

that a  specific miRNA that preferentially interacts with a particular Argonaute may be 

unable to direct cleavage , even if it has  perfect complementarity to its target mRNA. The 

elucidation of mammalian  small dsRNA sorting rules may therefore have important 

implications for impro ving the efficacy of experimentally induced RNAi . Finally, different 

expression patter ns and levels of Argonaute proteins may control the extent to which the 

different RNA silencing processes operate.  



29 

 

1.1.4 Mechanisms of gene regulation by  miRNAs 

Animal miRNAs, which  generally have imperfect complementarity to their target mRNAs , 

bind to sites in the 3õUTR and direct silencing by repressing translation or reducing mRNA 

stability  (figure 1.3 ). It is currently considered that the specificity of the miRNA for its 

target mRNA is primarily specified by the 5õend ôseedõ region (nucleotides 2-8 of the guide 

strand). Due to the short length of this region, miRNAs are remarkably promiscuous and it 

has been suggested that some miRNAs can target hundreds of mRNAs (Lim et al. , 2005, 

Stark et al. , 2005). Strong base pairing within the 3õend of the miRNA and its target mRNA 

is not essential for repression, but may compensate for a weaker seed region or enhance 

repression (Brennecke et al. , 2005). Bulges or mismatches must be present in the central 

region of the miRNA-mRNA duplex to prevent Ar gonaute-induced cleavage. Furthermore, 

efficient translational  repression often utilizes multiple miRNA -binding sites (Bartel & 

Chen, 2004) either because multiple RISCs act in an additive manner or to ensure at least 

one site will be occupied by RISC. Finally, sequences surrounding the miRNA-responsive 

elements contain certain features that could affect the effectiveness of silencing. AU -rich 

nucleotide composition and the relati ve position of the sites in the 3ɩUTR all have an 

impact on miRNA function (Grimson et al. , 2007).  

 

1.1.4.1  Translational Repression  

Although it is well documented that miRNAs mediat e silencing by translational repression 

(Brennecke et al. , 2003, Chen, 2004, Lee et al. , 2003, Poy et al. , 2004, Wightman et al. , 

1993), whether  repression occurs at the initiation or post -initiation step remains a matter 

of intense debate. 

There is substantial evidence to suggest that miRNAs repress translation initiation . It 

has been shown that the miRNAðRISC complex associates with the anti-translation 

initiation factor eIF6, which inhibits joining of the 60S to the 40S subunits (Chendrimada 

et al. , 2007). Depleting eIF6 in either human cells or C. elegans effectively abolishes 
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miRNA-mediated translational repression. However, in D. mel anogaster cells, depletion of 

eIF6 did not relieve silencing, indicating that in a system where there is little redundancy 

of the miRNA repression machinery, eIF6 is not fully require d (Eulalio et al. , 2008). In cap-

dependent translation, which is the major mode of translation initiation, the 5õ m7G cap 

is recognized by the cap -binding protein  eIF4E. Several studies have concluded that the 

m7G cap is essential for translational repression  and that miRNAs may cause an m7G cap-

dependent impediment to the recruitment of the 80S ribosomes to mRNA (Humphreys et 

al. , 2005, Mathonnet  et al. , 2007, Pillai  et al. , 2005, Thermann & Hentze, 2007, Wakiyama  

et al. , 2007). Moreover,  it has been demonstrated  that mutations in t he AGO2 central 

domain, which is similar to the cap -binding domain of eFI4E, abolishes the ability of AGO2 

to repress translation when tethe red to the mRNA 3õUTR (Kiriakidou  et al. , 2007). It has 

been therefore proposed  that AGO2 competes with eI F4E for m7G cap binding and thus,  

prevents translation of capped mRNAs, which accumulate in P -bodies (figure 1.2 c). 

Finally,  let -7 miRNA-mediated translational repression was recapitulated in two different 

cell -free systems established with extracts prepar ed f rom mouse cells (Mathonnet et al. , 

2007) or human HEK293F cells over-expressing miRNA pathway components (Wakiyama et 

al. , 2007). In these systems, the polyA tail and 5'-cap were both required for  translational 

repression, suggesting that let -7 represses translation by impairing the synergistic 

enhancement of transl ation by the 5' -cap and 3' polyA tail.  

Other studies have suggested that tra nslational repression occurs at the post -

initiation step.  In contrast to the study by  Humphreys et al.  (2005), which  demonstrated 

that replacing the cap structure with an internal ribosome entry site (IRES) impairs miRNA-

mediated repression, Petersen et al .  demonstrated that  cap-independent translation 

initiated through an IRES was repressed by miRNA (Petersen et al. , 2006). Moreover, 

sucrose gradient sedimentation analysis  in C. elegans has revealed that lin -28 and lin-14 

mRNAs are associated with poly ribosomes capable of e longation in vitro  (Olsen & Ambros, 

1999, Seggerson et al. , 2002). Consistent with these observations, several recent studies  
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have reported similar findings that mi RNAs and their targets co-sediment with polysomes 

engaged in active translation elongation based upon their sensitivity to puromycin 

treatment  (Maroney et al. , 2006, Nottrott  et al. , 2006, Petersen et al. , 2006). In the study 

by Nottrott et al.  (2006), nascent polypeptides could not be detected by 

immunoprecip itation and the authors suggested  the existence of a co -translational protein 

degradation mechanism (figure 1.2 b).  This would resemble the situation in yeast, in 

which many proteins undergo massive co-translational degradation without reaching a 

mature size (Turner & Varshavsky, 2000).  However, targeting reporter proteins to the 

endoplasmic reticulum did not prevent repression mediated by either endogenous miRNAs 

or tethe ring of AGO2 to the mRNA 3ɩ UTR (Pillai  et al. , 2005). If nascent proteins were 

degraded in the cytosol, co -translational insertion into the endoplasmic reticulum lumen 

would be expected to protect them, at least in part, f rom proteolysis. Moreover, 

proteasome inhibitors had no effect on miRNA -mediated repression and pulse-labelling 

experiments failed to detect either full -length or  nascent polypeptides (Petersen et al. , 

2006, Pillai  et al. , 2005). Instead, Petersen et al.  proposed a ribosome drop-off model, in 

which premature termination o f translation accounts for the absence of protein 

production  (figure 1.2 a). Alternatively, the lack of nascent polypeptides may be due to 

repression at translation initiation.  Finally,  although some studies have assumed that the 

co-sedimentation of miRNA complexes with polysomes indicates that these complexes 

contain ribosomes, Thermann and Hentze (2007) have recently demonstrated that miRNA -

mRNPs co-sedimented with polysomes are not necessarily being translated. These  heavy 

RNP particles, termed pseudo -polysomes, were found to be insensitive to puromycin and 

thus, not actively elongating ribosomes.  

Furthermore , recent studies  have indicate d that tran slational repression by miRNAs 

can be reversed in response to certain stimuli .  When human hepatoma cells are subjected 

to amino acid starvation or other types of stress, CAT -1 mRNA that is repressed by miR-122 

is released from P-bodies and recruited to pol ysomes through a mechanism that involves 
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binding of HuR (an AU-rich-element -binding embryonic lethal abnormal visio n (ELAV) 

family protein)  to the 3ɩ UTR of CAT-1 mRNA (Bhattacharyya et al. , 2006). Moreover, 

reporter  genes controlled by let -7 miRNA and containing HuR-binding sites are upregulated 

in the same way in stressed HeLa cells. In cultured rat hippocampal neurons, miR-134, 

which is present at dendritic spines, negatively regulates translation of an mRNA encoding 

a protein kinase (Limk1) that is important for spine d evelopment  (Schratt  et al. , 2006). 

Treatment of cells with brain -derived neurotrophic factor (BDNF) stimulates Limk1 

synthesis by relieving the miR-134 inhibition of Lim1 mRNA. The above data indicate that P 

bodies can also act as storage sites for mRNAs inhibited by miRNAs. 

Finally, p erhaps the most interesting  development regarding miRNA-mediated  

translational regulation has been the finding that  it  oscillate s between repression and 

activation in coordination with  the cell c ycle (Vasudevan & Steitz, 2008, Vasudevan et al. , 

2007). Cell cycle arrest  activates translation of  mRNAs bearing AU-rich elements (AREs) in 

their 3ɩ UTR (Wilusz et al. , 2001). This activation was found to be  mediated by the 

recruitment of AGO2 and the fragile X mental re tardation -like protein 1 (FXR1P) to the 

AREs (Vasudevan & Steitz, 2007). Vasudevan and colleagues (2007) subsequently 

demonstrated  that miRNA369-3, which contains two seed regions for the tumou r necrosis 

factor -Ɯ (TNF-Ɯ) ARE, is specifically increased in cells fol lowing cell cycle arr est and 

recruits the AGO2-FXR1P complex to the TNF-Ɯ ARE to activate translation . Importantly, it  

was also demonstrated that  let -7 induces translation upregulation of tar get mRNA on cell 

cycle arrest  through miRNA target sites in the 3õUTR, while  it  represses translation in 

proliferating cells. The authors proposed that protein changes within the miRNP may 

result in this dual mo de of regulation . Thus, t he oscillation betwe en activation and 

repression does not appear to be restricted to  miRNAs targeting ARE sites. However, 

whether it applies to  all miRNAs remains to be determined . 

Although the precise mechanism by which miRNAs affect translation remains to be 

elucidated, it would appear from the available data that two distinct modes of 



33 

 

translational repression exist. It cannot be excluded  that miRNAs modulate protein 

synthesis through many different routes, including repression at both the initiation and 

post-initiation step s of translation. The factors that determine the  mechanisms by which 

miRNAs silence their targets remain unclear . The choice may depend on the specific 

miRNA, specific mRNA targets or specific tissue and cell types, as well as proteins that 

interact with m iRNPs. Recently, Kong et al.  have suggested that that the mode of 

translational repression may be dependent upon the promoter from which the target 

mRNA is transcribed (Kong et al. , 2008). 
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1.1.4.2  miRNA-induced mRNA degradation  

Although early studies in C. elegans indicate d that miRNAs reduce protein levels  without 

affecting  mRNA levels (Olsen & Ambros, 1999, Wightman et al. , 1993), it has since been 

demonstrated that miRNAs can also induce degradation of  their mRNA targets (Bagga et 

al. , 2005, Behm-Ansmant et al. , 2006, Giraldez  et al. , 2006, Jing et al. , 2005, Lim et al. , 

2005, Wu et al. , 2006). Unlike mRNA degradation mediated by siRNAs or miRNAs with 

perfect complementarity to their target mRNAs , miRNA-induced mRNA degradation is not 

slicer-dependent. Most miRNA-mRNA sites required for  endonucleolytic cleavage contain 

mismatches and none of the intermediates arising from slicer activ ity have been identified 

(Bagga et al. , 2005, Jing et al. , 2005)).  Instead, i t has been suggested that miRNAs induce 

mRNA degradation by promot ing deadenylation , which is the gradual shortening of the 

polyA tail,  followed by  decapping, which is the removal of the mRNA cap structure .  

Bagga and colleagues (2005) demonstrated in C. elegans that knockdown of Xrn1p, 

the enzyme required  for m RNA degradation following decapping, resulted in attenuated 

silencing caused by let -7 and lin-4 miRNAs, and detected  intermediates consistent with 5õ-

3õ exonucleolytic mRNA degradation. Moreover, recent studies in D. melanogaster (Behm-

Ansmant et al. , 2006), zebrafish embryos (Giraldez  et al. , 2006) and human cells (Wu et 

al. , 2006) have revealed that mRNAs targeted by miRNAs for degradation undergo prior 

deadenylation. Importantly , mammalian Argonaute proteins, miRNAs and their mRNA 

targets co-localize to P -bodies, which are  sites for mRNA degradation and contain  amongst 

other components,  the decapping DCP1:DCP2 complex, the CAF1:CCR4:NOT deadenylase 

complex and GW182 (Jakymiw et al. , 2005, Liu  et al. , 2004, Meister  et al. , 2004, Pillai  et 

al. , 2005, Sen & Blau, 2005). This evidence has led to a model in which miRNAs sequester 

targets mRNAs to P-bodies and GW182 interacts with Argonaute s to recruit  deadenylases 

and decapping enzymes, leading to mRNA degradation. Nevertheless,  P-bodies are not 

absolutely required for miRNA function, as depletion  of Lsm1 or GW182 in human and D. 

melanogaster cells, which causes loss of P-bodies and disperses Argonaute proteins 
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throughout the cell, does not affect miRNA function (Chu & Rana, 2006, Eulalio et al. , 

2008).  

It would appear that miRNAs silence genes primarily by inhibiting protein synthesis 

and that mRNA degradation is a consequence of this primary event (Chendrimada et al. , 

2007, Mathonnet et al. , 2007). However, mRNAs that cannot be translated are still subject 

to deadenylation  and deadenylation still occurs  in mRNAs when miRNA translational  

repression has been blocked (Wakiyama et al. , 2007, Wu et al. , 2006). These studies have 

suggested that d eadenylation is a cause rather than  a consequence of miRNA-mediated 

translational repression, particularly a t the initiation step.  Although deadenylation does 

not necessarily lead to mRNA decapping and degradation and may represent one 

mechanism to repress translation  of target mRNAs, it does not fully account for 

translational repression  (Behm-Ansmant et al. , 2006, Wu et al. , 2006). It has been 

suggested that when deadenylation is impaired, an alternative mechanism  which may 

inhibit translation initiation , such as decapping, may be activated to bypass the 

require ment for  deadenylation (Eulalio et al. , 2007). Thus, miRNAs may downregulate 

their targets by repressing translation, or inducing translation -dependent or independent 

mRNA degradation. The factors that determine the mechanism of miRNA silencing  that 

occurs in individual cases remain to be determined.  

 

 

 

 

 

 

 

 

 



37 

 

 

 

 

 



38 

 

1.1.5  Mechanisms of gene regulation by  siRNAs 

tasiRNAs (figure 1. 4), natsiRNAs and most viral-derived siRNAs (figure 1. 6) guide mRNA 

degradation, whereas hcRNAs play a role in heterochromatin regulati on (figure 1.5) . 

Genetic studies suggest that tasiRNAs may mediate  cleavage of target  mRNAs that are 

different from the sequences from which the tasiRNAs  originate, playing a crucial role in 

plant development (Adenot et al. , 2006, Fahlgren et al. , 2006). The function of tnc RNAs in 

C. elegans remains to be determined , whereas secondary siRNAs are beli eved to support 

the primary siRNA signal.  Although t he functions of animal esiRNAs remain largely 

unknown, they have been suggested to play a role analogous to piRNAs in suppressing the 

expression of mobile genetic elements in  both germ and somatic cells (Chung et al. , 2008, 

Watanabe et al. , 2008). Moreover, they seem to regulate the expression of specific mRNAs 

and may also be involved in heterochromatin formation  (Czech et al. , 2008, Okamura et 

al. , 2008, Tam et al. , 2008).   

 

1.1.5.1 siRNA-mediated  transcriptional gene silencing   

Studies in  S. pombe and plants have revealed that siRNAs can direct both transcriptional 

and post-transcriptional gene silencing. In S. pombe, hcRNAs are incorporated into RITS, a 

RISC-like complex  that contain s amongst other proteins Ago1 and the chromodomain 

protein Chp1 (figure 1. 5). The RITS complex pairs with the nascent transcript repeat 

sequences and directs modification of histones to promo te the formation of repressive 

heterochromatin o n DNA by a mechanism that is largely unknown (Bühler et al. , 2006, 

Noma et al. , 2004, Verdel  et al. , 2004, Volpe et al. , 2002). It has been demonstrated that 

DNA methylation in plants can be induced by mi RNA wit h extensive complementarity 

exclusively to the corresponding spliced transcript, suggesting that RNA ðDNA base-pairing 

is not required  (Bao et al. , 2004). Plant hcRNAs, however, whose biogenesis requires RNA 

polymerase V, have been suggested to interact directly with the targ et enhancer region  to 

induce RNA-directed DNA methylation  (Daxinger et al. , 2009).  



39 

 

In S. pombe, hcRNAs correspond to repeat sequences that flank the centromeres, the 

sites of attachment of chromosomes to the spindle during cell division  (Reinhart & Bartel, 

2002). These sequences are normally embedded in heterochromatin that is important for 

centromere function. Mutations in components of the RNAi pathway disrupt this 

heterochromatin and lead to defects in chromosome segregation  (Hall et al. , 2003, Volpe 

et al. , 2002). Chicken and mouse cells lacking Dicer also fail to assemble silent 

heterochromatin at their centromeres  (Fukagawa et al. , 2004, Kanellopoulou  et al. , 2005). 

Thus, esiRNAs may have a conserved role in the maintenance of pericentromeric hetero -

chromatin. Moreover, they may be involved in the regulation of  invasive genetic elements , 

such as retrotransposons, which are subject to RNAi-mediated transcriptional silencing in 

both fission yeast and plants  (Hamilton  et al. , 2002, Schramke & Allshire, 2003), and in 

transcriptional control of endogenous gene expression. A role for siRNAs in transcriptional 

gene regulation is supported by the discovery in plants  that e ndogenous miRNAs direct 

methylation of a family of genes involved in leaf development (Bao et al. , 2004).  
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1.1. 5.2  Secondary siRNAs 

Recent studies in C. elegans and plants indicate that experimentally induced RNAi by 

introducing either longer dsRNA (Pak & Fire, 2007) or a miRNA-like transgene (Sijen et al. , 

2007) generates two distinct siRNA populations that form during primary and secondary 

phases (figure 1.6 ). Primary siRNAs arise directly from t rigger RNA molecules, whereas 

secondary siRNAs require  RdRPs. Although it remains to be determined how secondary 

siRNAs are formed, it is unlikely that RdRPs synthesizes them by priming off of primary 

siRNAs. Strong evidence comes from the fact that secondary siRNAs are perfectly 

complementary to the target mRNA even when given a mismatched primary siRNA as a 

trigger (Sijen et al. , 2007). The role of secondary siRNAs in endogenous regulation and 

exogenous RNAi-induced silencing remain to be elucidated. In pla nts, secondary siRNAs 

from exogenous siRNA or natsiRNA are believed to support the primary siRNA signal  by 

inducing mRNA cleavage, whereas secondary siRNAs from hcRNA are believed to induce 

unidirectional spreading of DNA methylation  (Daxinger et al. , 2009). In C. elegans, primary 

siRNAs interact with Argonaute RDE-1, whereas secondary siRNAs, which  have a 5õ-

triphosphate, have been suggested to associate with SAGO-1 and SAGO-2 Argonautes, 

which are members of the WAGO family and lack residues essential for endonuclease 

activity (Pak & Fire, 2007, Yigit  et al. , 2006). Secondary siRNAs may therefore induce 

indirect mRNA destabilization or transcriptional gene silencing, rather than direct target 

cleavage. It has been proposed that if RDE-1 was allowed to interact with secondary 

siRNAs, RdRP amplification of siRNA production could spread into non-targeted, essential 

genes resulting in unwanted off -target effects. Hence, specialization of Argonaute 

proteins may allow C. elegans to restrict a potent, amplified RNAi response to specific 

target loci.  
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1.1.6  Silencing in m ammalian cells  

The discovery that RNAi operates in mammalian cells (Elbashir et al. , 2001) generated 

great excitement re garding potential applications in functional genomics  and target 

validation , as well as harnessing RNAi as a therapeutic strategy to silence disease-causing 

genes. Whereas effective silencing in C. elegans and D. melanogaster can be achieved 

using long dsRNAs (Caplen et al. , 2000, Fire  et al. , 1998), in mammalian systems, dsRNA of 

>30bp induces the INF response, which leads to non-specific translational inhibition and 

RNA degradation (figure 1. 7). INF induces activation  of RNA-dependent protein kinase 

(PKR) and 2õ, 5õ-oligoadenylate synthetase ,  which regulate  protein synthesis via 

phosphorylation of the  Ɯ-subunit of the eukaryotic initiation factor 2 Ɯ (eIF2Ɯ) and RNA 

degradation via activation of  RNase L, respectively  (Sledz & Williams, 2004, Stark et al. , 

1998). Instead, RNAi in mammalian cells can be induced by the int roduction of syn thetic 

siRNAs and by plasmid or viral vector systems that express shor t -hairpin RNA (shRNA) or 

artificial miRNA . Target gene expression in culture can be reduced by as much as a ten -

fold  and the high degree of RNAi specificity  has enabled the silencing of mutant genes 

with single nucleotide  mutations , without affecting the expression of  the wild -type 

alleles. However, two main chall enges remain for the successful and safe application of 

RNAi in vivo ; the  design of siRNA/shRNA molecules so as to achieve optimal silencing with 

minimal off -target effects , and efficient delivery to target tissues. 
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1.1 .6.1  Silencing by synthetic si RNA 

Ever since Tuschl and colleagues demonstrated that  efficient  gene silencing can be 

achieved by delivery  of siRNAs to the cytoplasm o f mammalian cells , chemically or 

enzymatically synthesised siRNAs have become a powerful tool for modulating  gene 

expression. Enzymatically synthesised siRNAs are generated through processing of in vitro  

transcribed dsRNA into a pool of siRNAs (d-siRNA) by a recombinant  Dicer (Myers and 

Ferrell, 2005, Myers & Ferrell, 2005) . This approach eliminates the need to i dentify an 

individual effective siRNAs and is cost effective  and relatively quick . However, 

unprocessed long dsRNA may activate the INF response and thus, gel purification of 21 ð

23nt long siRNAs from unprocessed long dsRNAs and partially processed products is 

required . Moreover, competition from less effective siRNAs in a pool may  reduce the 

overall silencing efficacy  and it is  more difficult to verify phenotypes arising from 

knockdown of target gene expression compared to when one optimal siRNA of known 

sequence is used. 

Chemically synthesised siRNAs represent the gold standard for RNAi applications, but 

are considerably more expensive than enzymatically generated siRNAs. Provided some 

basic design rules are adhered to, synthetic siRNAs are well tolerated both in vitro  and in 

vivo. Conventionally designed siRNAs are 21nt long with symmetric 2nt 3õoverhangs 

(Elbashir et al. , 2001). However, 21-25nt duplexes with 2nt 3õoverhangs (Caplen et al. , 

2001, Elbashir et al. , 2002) and 21-29nt duplexes wit h blunt ends, symmetric or 

asymmetric 2nt overhangs have been shown to induce effective silencing (Kim et al. , 

2005). Longer siRNAs are processed by Dicer that is believed to  be important for efficient 

incorporation into the RISC, but may yield multiple 21nt long siRNAs with variable activity . 

Moreover, long siRNAs (>23nt) are more li kely to induce the INF response, and different 

cell types  have been shown to manifest drastically different cell viability and IFN 

responses to long siRNAs, suggesting that the dsRNA length threshold varies considerably 

amongst cell types (Reynolds et al. , 2006). Moreover, 5ɩ-UGUGU-3ɩ motifs  can induce the 
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INF response and the release of inflammatory cytokines through interaction with specific 

toll -like r eceptors (Judge et al. , 2005) and are therefore  avoided, unless activation of an 

immune response together with siRNA-mediated gene silencing is desirable, such as in the 

treatment of viral infections and tumours.  Modifications, such as locked nucleic acid (LNA) 

modifications,  which add a methylene linkage between the 2ɩ and 4ɩ positions of the 

ribose, and 2ɩ-O-methyl  modifications into the sugar structure of selected nucleotides can 

abrogate the immunostimulatory activity of siRNA s (Hornung et al. , 2005, Judge et al. , 

2005). However, depending on their  extent and location , these modifications  can also 

reduce or completely  block the gene silencing activity of siRNAs  and thus, exten sive 

modifications are not desirable . 

Different siRNAs against a target gene often manifest a spectrum of potency and may 

non-specifically target unrelated genes to which they anneal with  partial complementary , 

termed off -target effects  (Jackson et al. , 2003). Computational tools have been developed 

to increase the likelihood of selecting effective siRNAs and reduce potential off -target 

effects.  Alternatively, validated  siRNAs are commercially available and tested siRNA 

sequences can be obtained from the  literature . Nevertheless, experimental validation is 

necessary to confirm the potency and specificity of the selected siRNAs. Reporter -based 

assays, which allow the target gene to be  fused to a reporter gene and expressed from a 

plasmid vector, have been developed for  rapid validation of siRNA sequences. Although 

downregulation of reporter activity correlates well with knockdown of target gene 

expression, it is necessary to test  pre-validated siRNAs for their ability to silence 

endogenous gene expression.  

Candidate siRNAs are often designed to target the coding sequence of the target 

gene that is  generally better characterised than the 3õ or 5õ UTR. Moreover, siRNAs may 

be designed to target orthologs in more than one species or multiple s plice variants of the 

target gene. Algorithms select candidate siRNA sequences based on the sequence and 

thermodynamic properties of functional siRNAs and in most cases, a genome -wide BLAST 
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search is automatically performed to  identify potential similariti es to other mRNAs that 

may be unintentionally targeted. Considerations in the design of siRNAs include strand bias  

(AU rich 5õend on the guide strand  for sequence asymmetry), siRNA stability (low to 

medium GC content and low stability at positions 9 -11 of the guide strand) , absence of 

internal repeats,  the accessibility of the mRNA target site,  which requires prediction of 

mRNA secondary structure, and specificity  (Chalk et al. , 2004, Khvorova et al. , 2003, Luo 

& Chang, 2004, Reynolds et al. , 2004). In addition to siRNA design, the success of RNAi-

mediated gene silencing is also dependent on target gene expression and protein turnover.  

Off-target effects may be caused by perfect complementarity between the central 

region of over half of  the siRNA sequence and anywhere within the mRNA sequence, or by 

perfect complementarity  between 6-7nt in  the siRNA guide strand seed region and the 

3õUTR of the mRNA (Birmingham et al. , 2006, Jackson et al. , 2003, Jackson et al. , 2006b, 

Lim et al. , 2005) (figure 1. 8). In the latter cas e, siRNAs mimic miRNAs and mediate 

silencing by repressing translational  and/or reducing mRNA stability . Although specificity 

can be enhanced by sequence asymmetry, introducing mismatches  in the guide strand to 

the 3õUTR of undesired target mRNAs, 2ɩ-O-methyl  modifications  in the seed region, and 

asymmetric 5õ-O-methylation  of siRNA duplexes, off -target effects cannot be completely 

eliminated  (Holen et al. , 2005, Jackson et al. , 2003, Jackson et al. , 2006a, Jackson et al. , 

2006b, Lin et al. , 2005). Delivery of a low dose of siRNA (Ò20nM) and co-delivery of 

multiple siRNAs against a single target are effective strategies to  minimise off -target 

effects  (Semizarov et al. , 2003).    
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Silencing by  synthetic siRNAs is transient lasting  for 3-7 days in dividing cells and up to 

several weeks in terminally differentiated cells , such as macrophages and neurons 

(Bartlett & Davis, 2006) . Eventually siRNAs are diluted or degraded and thus, repeated 

administra tion is necessary to achieve a persistent effect. This is due to mammalian 

systems lacking RdRPs, which  use the guide strand of the siRNA as a template to generate 

more siRNA duplexes, thus amplifying the silencing effe ct (Dillin, 2003) . Moreover, siRNA 

duplexes are polyanionic macromolecules and their uptake by mam malian cells is 

generally poor.  Transfection or electroporation of synthetic siRNAs is currently the most 

convenient method for silencing genes in mammalian cell cultures , where long-term 

inhibition of gene expression is not generally required.  The most commonly used 

transfection  reagents are cationic lipids , although cationic polymers  and cationic cell 

penetrating peptides  have also been used deliver siRNA in culture. A common property of 

these delivery  agents, which  aim to enhance cellular accumulation of siRNA molecules and 

facilitate release from endosomes, is their net positive charge that facilitates complex 

formation with the siRNA and  interaction with the negatively charged cell membrane.  

However, it has been demonstrated that transfection reagents induce changes in gene 

expression, which may impact on siRNA activity and specificity  (Hollins et al. , 2007). 

Toxicogenomic studies in A431 human epithelial cells revealed that the common ly used 

cationic lipids Lipofectin and Lipofectamine  (Invitrogen)  affect the expression of numerous 

genes involved in cell proliferation, differentiation and apoptosis thus, altering the 

expression profile of the cell and potentially interfering with the d esired genotypes or 

phenotypes (Omidi et al. , 2003). 

In vivo, the main challenge is efficient delivery of siRNAs to target tissues. 

Hydrodynamic delivery (high -pressure intravenous injection) is the most common method 

used for systemic siRNA delivery to organs such as liver and kidney, but is not appropriate 

for clinical applications  (Song et al. , 2003). Delivery to localised regions , such as local 

tumours, eye, brain, spinal cord  and mucus membranes, can be achieved by topical 
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delivery  or direct injection of siRNAs . However, many tissues can only be reached by 

systemic administration of siRNAs in the bloodstream. Naked siRNAs have a very short half-

life in blo od (5-60min) due to rapid filtration by the kidney , uptake by phagocytes and 

degradation by serum nucleases. Moreover, egress from the bloodstream and across the 

vascular endothelium poses an additional challenge, as molecules larger than 5nm do not 

readil y cross the endothelium. A variety of strategies have been employed to incr ease 

siRNA stability and facilitate siRNA delivery to specific cell types. Chemical modifications 

improve resistance to nucleases, coupling siRNAs to peptides or cationic polymers 

facilitate transport across the cell membrane, encasing them into nanoparticles or 

liposomes limit renal filtration , and linking them to cell surface receptor ligands target 

siRNAs to specific cell types.  

Chemical modifications of the phosphorothioate linka ge (backbone phosphate group 

O Ÿ S) or the boranophosphate linkage (backbone phosphate group O Ÿ BH3) are 

considered a simple and effective method to increase the nuclease resistance of siRNAs 

(Amarzguioui et al. , 2003, Braasch et al. , 2004, Hall  et al. , 2004). Modification s of the 2ɩ-

hydroxyl group of the pentone sugar, such as 2ɩ-O-methyl, 2ɩ-O-(2-methoxyethyl) and  2ɩ-

deoxy-2ɩfloro,  and LNA modifications, can also increase stability  without  affect ing the 

silencing activity of siRNAs (Blidner, 2007, Dowler  et al. , 2006, Elmén et al. , 2005, Prakash 

et al. , 2005). Strand bias can be influenced by chemical modifications or conjugation of 

siRNA and thus, either the 3ɩ- or 5ɩ-ter minus of the sense strand is generally used.  

Several small molecules and peptides have been linked to siRNAs. Most conjugates 

employ acid-cleavable and reducible bonds, such as Ɲ-thio -propionate and disulfide 

linkages, which are cleaved in the acidic endo some compartments and the reductive 

cytosolic space, respectively, to facilitate release of intact siRNAs inside the cells. 

Cholesterol-conjugated siRNAs, which demonstrate  improved stability  compared to naked 

siRNAs, have been administered intravenously to silence apolipoprotein B  (ApoB) in the 

mouse liver and consequently reduce cholesterol l evels, without inducing an immune 
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response or any significant  off -target effects  (Soutschek et al. , 2004). Cholesterol-

conjugated siRNAs linked to high-density lipoprotein (HDL) demonstrated five times more 

effective silencing of ApoB compared to unbound cholesterol -conjugated siRNAs through 

binding to the HDL receptor in the liver  (Wolfrum  et al. , 2007). Amongst cell penetrating 

peptides, the HIV -1 trans-activator protein (TAT), Penetratin and Transportan have been 

most commonly used to deliver siRNAs. Penetratin co njugated siRNAs were used to silence 

target genes, incl uding superoxide dismutase, in primary neuronal cel ls without any signs 

of toxicity  (Davidson et al. , 2004). However, a recent study has demonstrated that 

intrathecal delivery of siRNAs conjugate d to Penetratin , unlike  delivery of siRNAs 

conjugated to  TAT or cholesterol ,  induces an immune response in mice  and that  siRNAs 

conjugated to cell penetrating peptides exhibit similar stability to naked siRNAs  (Moschos 

et al. , 2007). Finally, cell -specific ligands, such as antibodi es, aptamers, vitamins and 

hormones, have been linked to siRNAs and facilitate  delivery to target tissues and cellular 

uptake by receptor -mediated endocytosis.  Vitamin E-conjugated 27/29nt siRNAs with 2õ-O-

methyl and phosphorothioate linkage modifications reduced ApoB levels in the liver 

without inducing the INF response. Release of Vitamin E is facilitated through processing 

of the 27/29nt siRNA into 21nt siRNAs by Dicer (Nishina et al. , 2008). 

Cationic peptides with a n Arginine stretch can also serve as siRNA delivery vehicles. 

Peptide-siRNA complexes are formed through electrostatic interactions between the 

positively charged peptide and negatively charged siRNA. Delivery of siRNA against 

vascular endothelial growth act or (VEGF) using a cholesteryl oligoarginine peptide (Chol-

9R) effectively inhibited tumour growth in colon adenocarcinoma (Kim et al. , 2006b). 

Moreover, the cationic polypeptide p rotamine, which was linked to the C-terminus of the  

antigen-binding region (Fab or scFv) of an antibody against the HIV-1 envelope protein 

gp160 or the hormone receptor ERBB2, has been used to target siRNAs to HIV-infected 

cells and breast cancer cells, respectively (Song et al. , 2005).    
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Cationic polymers bind to siRNAs and condense them into nanoparticles, which  

demonstrate reduced renal excretion and efficient delivery into cells . Amongst cationic 

polymers, cyclodextrin,  polyethyleimine (PEI)  and atelocollagen  have been most 

commonly used to deliver siRNA (Ge et al. , 2004, Urban-Klein et al. , 2004). Intranasal 

administration of siRNAs complexed to PEI inhibited pulmonary influenza infection  (Ge et 

al. , 2004) and atelocollagen ha s been used to deliver siRNAs against VEGF to various 

tumour models systemically and locally (Minakuchi et al. , 2004, Takeshita et al. , 2005). 

However, whilst  cyclodextrin and atelocollagen are  well tolerated  (Heidel et al. , 2007), 

the use of PEI in vivo  is hindered by its non-specific toxicity .  

Polyethylene glycol (PEG) is a hydrophilic non -ionic polymer. PEG-siRNA conjugates 

can be complexed with cationic polymers  or peptides to form colloidal nanoparticl es (Kim 

et al. , 2006a). PEG-siRNA complexed with a cationic polymer forms a neutralised core 

surrounded by the PEG hydrophilic segments, which improve solubility . PEG-conjugation 

also increases siRNA stability, controls particle size , and prevents particle aggregation in 

the presence of serum. Moreover, PEG reduces the immunogenicity of the cationic 

polymer and uptake by phagocytes (Martina et al. , 2007). PEG-siRNAs complexed with PEI 

or a cationic fusogenic peptide  (KALA) have successfully silenced VEGF in tumour cells. 

PEG-siRNA/PEI has also reduced tumour size follo wing local or intravenous administration  

in mice  (Kim et al. , 2008b, Lee et al. , 2007).  

DOTAP (N-[1-(2,3-dioleoyloxy)] -N,N,N-trimethyl ammonium propane) and 

Oligofectamine (Invitrogen) were some of the first catio nic lipid formulations to be used 

for in vivo  deli very of siRNA and effective silencing of tumour necrosis factor receptor 

(TNF-R) and Ɲ-catenin in mice (Sørensen et al. , 2003, Verma et al. , 2003). More recently, 

intra -vaginal delivery of siRNA against herpes simplex virus 2 (HSV-2) using Oligofectamine 

protected against lethal inf ection for up to 9 days (Palliser et  al. , 2006). Liposomes consist 

of a lipid bilayer that forms a sphere with  an aqueous core in which siRNAs are encased. 

Cationic liposomes (SNALPs) stabilised by PEG are a clinically approved delivery system 
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and have been successfully used to deliver siRNAs to mice and non-human primates 

(Morrissey et al. , 2005, Zimmermann  et al. , 2006). Moreover, Geisbert and colleagues 

demonstrated that SNALP-mediated delivery of siRNA can protect  guinea pigs against a 

lethal Ebola virus, whereas siRNAs delivered by PEI conferred partial protection  from 

death (Geisbert et al. , 2006). However, cationic lipids have been shown to induce an 

immune response, in addition to potentially increasing off -target effects, as discussed 

earlier.  Injection of siRNAs complexed with cationic lipids induced a potent cytokine 

response in mice that was debilitating to the organism, whilst injection of naked siRNAs or 

siRNAs conjugated to cholesterol had no significant effect on immune system activation 

(Heidel et al. , 2004, Hornung et al. , 2005, Judge et a l. , 2005, Ma et al. , 2005, Soutschek 

et al. , 2004). Recently, PEG stabilised nanoparticles consisting of cationic lipids  (DOTAP 

and cholesterol)  and protamine, were  used to deliver siRNAs without inducing an immune 

response. A ligand was attached to PEG t o facilitate targeting to t umour cells (Li & Huang, 

2006). Moreover, Sato and colleagues used Vitamin A-coupled liposomes to deliver siRNA 

against gp46 to hepatic cells and prolong survival of rats with lethal live r cirrhosis without 

inducing an immune response or any significant off -target effects (Sato et al. , 2008).  
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Material  Target  Target  Route Animal  Ref 

siRNA conjugates     

Cholesterol  Liver ApoB Intravenous Mouse Soutschek et al. , 2003 

HDL-Chol Liver ApoB Intravenous Mouse Wolfrum et al. , 2007 

Vitamin E  Liver ApoB Intravenous Mouse Nishina et al. , 2008 

Cell-penetrating peptides     

TAT Lung p38 MAP kinase Intrathecal  Mouse Moschos et al. , 2007 

Penetratin  Lung p38 MAP kinase Intrathecal  Mouse Moschos et al. , 2007 

Cationic peptides     

Chol-9R Tumour VEGF Intravenous Mouse Kim at el., 2006  

Protamine -F105P HIV- infected cells  gag Intravenous Mouse Song et al. , 2005 

Cationic polymers      

PEI Lung 
respiratory 

syncytial vi rus 
Intranasal Mouse Ge et al. , 2004 

PEI Tumour c-erbB2/neu  Intraperitoneal  Mouse 
Urban-Klein et al. , 

2005 

Atelocollagen  Tumours VEGF 
Intravenous 

Intratumoural  
Mouse 

Takeshita et al. , 2005 
Minakuchi et al. , 2004 

PEGylated PEI Tumours VEGF 
Intravenous 

Intratumoural  
Mouse 

Lee et al. , 2007; Kim 
et al. , 2008 

Cationic lipids and Liposomes      

Oligofectamine  Vagina HSV-2 Intravaginal  Mouse Palliser et al. , 2006 

SNALP Ebola-infected cells  Polymerase L Intravenous 
Guinea 

pig 
Geisbert et al. , 2006 

SNALP Liver 
Hepatitis B 

virus 
Intravenous Mouse 

Morrissey et al. , 
2005  

SNALP Liver ApoB Intravenous Monkey 
Zimmermann et al. , 

2006 

LipoTrust  Liver gp46 Intravenous Rat Sato et al. , 2008 

 

Table 1.2  In vivo delivery of synthetic siRNA 
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Despite the problems associated with the in vivo  delivery of synthetic siRNAs,  

several clinical trials are ongoing or planned for taking siRNA into the clinic. Advanced 

clinical trials for the treatment of age -related macular degeneration, which is a leading 

cause of blindness, and respiratory syncytial virus (RSV), which is a major cause of 

respiratory illness in children and infants, involve local delivery of naked siRNAs against 

VEGF and RSV nucleocapsid N gene to the eye and lung, respectively. These trials have 

reported that the  siRNA doses used were well tolerated, with  no adverse systemic effects. 

Phase I clinical trials for the treatment of hepatitis B and solid tumours involve systemic 

delivery of siRNAs using a cationic lipid and cyclodextrin decorated with a tumour specific 

ligand respectively, but results from these trials await publication. It has to be noted that 

a recent study has called into question the siRNA anti -angiogenic effect  reported in the 

clinical trials for age -related macular degeneration by demonstrating tha t non-specific 

stimulation of Toll -like receptor 3 can reduce angiogenesis by downregulation of VEGF 

(Kleinman et al. , 2008).  

 

1.1.6.2  Silencing by  expression of shRNA/miRNA 

In addition to introducing  synthetic siRNA into t he cytoplasm, silencing  triggers can be 

expressed from vectors using either pol II or pol III  promoters. The most commonly used 

approach involves transcription of  sense and antisense 19-29bp long sequences connected 

by a loop of unpaired nucleotides  (figure 1.9a) .  Expression under the control of a pol III 

promoter, such as the U6 snRNA or the H1 RNase P RNA promoter,  results in the formation 

of a stable hairpin  with  a 3-4nt 3õoverhang from the RNA pol III transcription termination  

that  resembles an endogenous pre-miRNA (Lee et al. , 2002, Paul et al. , 2002, Yu et al. , 

2002). Following expression in the nucleus,  shRNAs are exported to the cytoplasm  by 

Exportin 5 and are processed by Dicer to generate functional siRNAs. A variation on this 

theme uses a pol III-based tandem system to transcribe independently both sense and 

antisense strands, which following annealing of both strands, compose the siRNA duplex. 
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Nevertheless, it has been shown that tandem -type vectors present less silencing activity 

than hairpin -type vectors (Miyagishi et al. , 2004).  

The conversion of active  siRNA sequences into shRNAs can be problematic , as siRNAs 

do not require further processing and transport. As with the design of siRNAs, 

computational tools have been developed  to increase the likelihood of selecting effective 

shRNA sequences and reduce potential off-target effects.  Considerations in the design of 

shRNAs include, in addition to those  discussed for siRNAs, no more than three consecutive 

U nucleotides anywhere with in the hairpin or loop sequence  as RNA pol III terminates at 

four or more Ts, five Ts at the 3ɩ end for efficient termination, and a G or A at position 1 

of the hairpin for efficient RNA pol III transcription initiation. Another important factor is 

the size and sequence of the loop, which is important for  successful export of pre -miRNA 

or shRNA from the nucleus (Brummelkamp et al. , 2002, Zeng & Cullen, 2003). A few 

artificial loops have been successfully tested , including the 5ɩ-TTCAAGAGA-3õ loop (Pekarik 

et al. , 2003). Loops derived from naturally occurring miRNAs, such as the human miR-30 

5ɩ-CUGUGAAGCCACAGAUGGG-3ɩ and human miR-23 5ɩ-CTTCCTGTCA-3ɩ loops, have been 

shown to further  enhance the potency  of shRNAs (Boden et al. , 2004, Xia et al. , 2004). 

Screening of multiple shRNA sequences is required in order to identify constructs that 

produce effective knockdown . 

Pol II promoter s, such as the cytomegalovirus immediate early (CMV IE) gene 

promoter,  have also been used to express shRNA (Gou et al. , 2004, Xia et al. , 2004, Xia et 

al. , 2002). Some of the restrictions for expression of a functional shRNA includ e 

elimination of  5' overhang sequences and the use of a minimal poly A signal. There are 

several advantages to the use of pol II promoters , including tissue -specific  and inducible 

transcription  of shRNA. Although it is clear that functi onal siRNAs can be produced from 

pol II systems, given the requirement for a polyA signal at the 3' en d of the tran scriptional 

units, it remains unclear  how the shRNAs are produced and which transport system is used 

to export them to the cytoplasm. More recently , Scherer and colleagues created tRNAð
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shRNA chimeras that use the endogenous tRNA 3õ-end processing endonuclease to release 

shRNAs that are subsequently processed into siRNAs. This system was shown to produce 

excellent strand selectivity  (Scherer et al. , 2007). 

As the understanding of miRNA biogenesis advanced, new generation RNAi triggers 

were developed (figure 1.9b) . Artificial miRNAs, also known as shRNAmir, have been most 

commonly modelled on the well -characterised human miRNA, miR-30 (Boden et al. , 2004, 

Zeng & Cullen, 2003, Zeng et al. , 2002). However,  vectors based on miR-155 and miR-26a, 

have also been described (Chung et al. , 2006, McManus et al. , 2002). The stem of t he pri -

miRNA, which  is expressed using either pol III or pol II promoters , can be replaced with 

shRNA sequences against different target genes, without affecting  normal miRNA 

maturati on. The DroshaðDGCR8 complex excises the engineered stemðloops to generate  

intermediates that resem ble endogenous pre-miRNAs, which are subsequently exported to 

the cytoplasm and processed by Dicer into func tional miRNAs. These artificial miRNAs, 

which have perfect complementarity to their mRNA targets,  have been demonstrated to 

mediate silencing by mRNA endonucleolytic cleavage rather than translational repression 

(Boden et al. , 2004, Chung et al. , 2006, Zeng et al. , 2002). The use of artificial miRNAs  

has become a very attractive alternative to the expression of shRNA (Boudreau et al. , 

2008a, Silva et al. , 2005). Artificial miRNAs are amenable t o pol II transcription  and 

polycistronic strategies, which allow  delivery of multiple shRNA sequences simultaneously 

and co-expression of a reporter gene or a biologically active protein together with the 

shRNA (Chung et al. , 2006). Expression of shRNA and artificial miRNA  is discussed in more 

detail in chapter  3 of this thesis.   

Several reversible and irreversible conditional systems have been d eveloped for 

expression of shRNA from pol III or pol II promoters. Reversible  inducible  expression of 

shRNA has been most commonly achieved using deoxycycline-controlled cassettes  (Chen et 

al. , 2003, Hosono et al. , 2004, Matsukura et al. , 2003, van de Wetering  et al. , 2003). The 

E. coli Tet operator sequence ( tet O), which is placed downstream of the TATA box, binds 
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to the tetracycline repressor (TetR) and represses shRNA expression. In the presence of 

deoxycycline, TetR no longer binds to tet O and expression of shRNA is initiated. However, 

insertion of the tet O sequence into the pol lll promoter results in weak expression of 

shRNA in the presence of deoxycycline, and this system does not guarantee complete 

repression of shRNA expression in the absence of the drug. To overcome these limitations, 

TetR has been fused to the Krüppel-associated box (KRAB) domain that is found in many 

zinc finger proteins and can silence promoters within 3kb of its binding site by inducing 

heterochromatin formation. This system, in which the tet O sequence was placed upstream 

of the H1 promoter, has allowed silencing of target genes with high efficiency in the 

presence of deoxycycline and suppression of shRNA expression in the presence of Tet R-

KRAB wit hout any significant leakiness (Wiznerowicz & Trono, 2003) . Conditional 

expression of artificial miRNA  has also been achieved using a tet O-CMV pol II promoter 

(Dickins et al. , 2005). Ir reversible  inducible  expression of shRNA has been demonstrated 

using Cre-mediated recombination. The U6-shRNA cassette has been inserted between two  

LoxP sequences. Following  Cre-mediated recombination , the shRNA expression cassette is 

excised resulting in termination of knockdown. Alternatively,  the TATA box of the U6 

promoter has been replaced with a mutated LoxP -TATA site. The second LoxP-TATA site 

was inserted upstream of the shRNA. A sequence was inserted between the two LoxP sites 

to prevent transcription of shRNA. Following  Cre-recombination, the inhibitory sequence is 

excised and the functional TATA box is restored  (Tiscornia et al. , 2004, Ventura  et al. , 

2004). 
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