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I.   List of abbreviations 
 
Ago2: Protein Argonaute 2 
APS: Ammonium Persulfate 
ASO:  AntiSense Oligonucleotide 
Ca(OAc)2: Calcium acetate 
cDNA: Complementary DNA 
cis-NAT: Cis Natural Antisense Transcripts  
d(1/?): Dilution 
dsiRNA: double-stranded break (DSB)-induced small RNAs 
DNA: Deoxyribonucleic acid 
DNase: Deoxyribonuclease 
DNEM: Dulbecco’s Modified Eagle’s Medium  
DTT: Dithiothreitol 
EDTA: Ethylene Diamine Tetraacetic Acid 
EGTA: Ethylene Glycol-bis(β-aminoethyl ether)-N,N,N′,N′-Tetraacetic Acid 
EtOH: Ethanol 
FA dye: Formaldehyde 
FBS: Fetal Bovine Serum  
GCG: Glycogen 
HEPES-KOH: 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid – potassium 
hydroxide 
hATTR: Hereditary amyloidosis transthyretin 
IVT: In Vitro Transcription 
KOAc: Potassium acetate 
LNP: Lipid Nanoparticules  
Mg(OAc)2: Magnesium acetate 
Min.: Minute(s) 
MQW: Milli Q Water (ultrapure water) 
mRNA: Messenger RNA  
miRNA: microRNA 
NaOAc: Sodium Acetate 
ncRNA: Non-Coding RNA 
O/E : OverExpression 
O/N: Overnight 
PBS: Phosphate Buffer Solution 
PCR: Polymerase Chain Reaction 
PIC: Protease Inhibitor Cocktail 
piRNA: PIWI Interacting RNA 
rasiRNA: repeat-associated small interfering RNAs 
RISC: RNA-Induced Silencing Complex 
RNA: Ribonucleic acid 
RNAi: RNA interference 
RNasin plus: Ribonuclease inhibitor plus 
rRNA: ribosomal RNA 
RT: Room Temperature (~ 25˚C) 
SAM: S-adenosyl-methionine 
SDS-PAGE: Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis 
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siRNA: Small interfering RNA 
sncRNA: small non-coding RNA  
snoRNA: small nucleolar RNAs  
T4 PNK: T4 Polynucleotide kinase 
TAE buffer: Tris base/Acetic acid/EDTA buffer 
TBE buffer: Tris/Borate/EDTA buffer 
TBS-T: Tris-buffered saline-Tween 20 
TEMED: Tetramethylethylenediamine 
TGS: TRIS-Glycine-SDS 
trans-NAT: Trans Natural Antisense Transcripts 
TRIS: tris(hydroxymethyl)aminomethane 
tRNA: Transfer RNA 
UTR: untranslated region 
UV: UltraViolet 
V: Volt 
VEGF: Vascular Endothelial Growth Factor 
(v/v): volume/volume 
(v/w): volume/weight 
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1. Overview of the RNA interference mediated gene silencing         

1.1 Discovery of RNA interference mediated gene silencing  
RNA interference (RNAi) is a general mechanism for regulating gene 

expression based on the specific sequence degradation of transcribed RNAs. The first 

evidence of this phenomenon, although it was not identified as such until several years 

later, was in the 1990s by R. Jorgensen's team during his research on Petunia's 

staining mechanisms (Napoli et al., 1990). Wishing to observe a change in the flower’s 

coloring, they introduced a second copy of the pigmentation gene into the genome of 

plant and unexpectedly obtained an extinction of the coloration (Napoli et al., 1990). 

These experiments called co-suppression revealed a widespread mechanism in plants 

involved in the protection of the genome against transposable elements and RNA 

viruses (Vaucheret and Fagard, 2001). Acting on RNAs already transcribed, this 

mechanism has been baptized "Post Transcriptional Gene Silencing" or PTGS. In the 

1990s, numerous molecular analysis carried out on C. elegans (Guo and Kemphues, 

1995) and N. crassa (Cogoni et al., 1996), harboring inactive transgenes showed that 

transcription both on the resident gene and on the transgene are still active, however 

transcripts are rapidly degraded in the cytoplasm. On February 19th, 1998, an article 

considered today as foundation of the RNAi field clearly established the suppressive 

role of small non-coding RNA molecules (Fire et al., 1998) and was rewarded eight 

years later the Nobel Prize in Physiology and Medicine. This discovery marked the 

world of experimental genetics, cell biology and more recently, medicine. A. Fire et al. 

found that the introduction of double-stranded RNA (dsRNA) into C. elegans cells can 

specifically reduce the expression of proteins by binding them to their mRNAs for 

several generations. This phenomenon of gene extinction called RNAi allowed to 

analyze and understand the function of many proteins (Fire et al., 1998). In the 

following years, many teams managed to highlight the RNAi phenomenon in other 

species such as Drosophila (Kennerdell and Carthew, 1998), Xenopus (Oelgeschlager 

et al., 2000), mouse (Svoboda et al., 2000), trypanosome (Ngô et al., 1998), planar, 

zebrafish (Zamore et al., 2000) and protists (Ruiz et al., 1998). 

As such, RNAi designates the specific regulations for gene expression directed 

by a small RNA molecule that serves as guide. These regulations can induce the 

transcription stop of the targeted gene which is the nuclear pathway of the RNAi 
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(Castel and Martienssen, 2013) or act on the mRNA level either by a mechanism of 

degradation or an inhibition of the translation. These are the pathways of post-

transcriptional gene silencing: the small interfering RNA (siRNA) pathway, the 

microRNA (miRNA) pathway (Naqvi et al., 2009) and the PIWI interacting RNA 

(piRNA) pathway (Siomi et al., 2011). 

 
 
1.2 Different types of RNA silencing pathway: How do they work? 
1.2.1 RNA silencing biogenesis summarized 
Small RNAs are non-coding dsRNAs of 20-25 nucleotides (nts) (Tomari and Zamore, 

2005). They arise from processing long precursor RNAs in the nucleus (only for 

miRNA) and / or in the cytoplasm. These RNAs act in single-stranded form by 

matching the target RNA sequence and preventing the expression of the gene in 

question either by cleaving this RNA or by inhibiting its translation into protein. This 

association with the target RNA is made through a protein complex associated with 

small RNA and involved both in its maturation and in its function (Wilson et al., 2015). 

 

1.2.2 Three distinct pathways 

Firstly, the use of RNAi in mammals were considered difficult due to the 

existence of interferon response. Indeed, in mammals the introduction of dsRNA 

induces cellular responses including the production of interferons that block protein 

synthesis independently to the sequence of antisense RNA. However, soon after the 

initial description of the interference, the presence of small RNAs of ~ 20 nucleotides 

were demonstrated in plants where co-suppression was observed (Hamilton and 

Baulcombe, 1999). The description of a specific sequence nuclease induced by 

dsRNA in Drosophila (Hammond et al, 2000) suggested small interfering RNAs can 

act as a guide to recognize target RNAs. This prompted Thomas Tuschl's team to use 

the small RNAs produced from the cleavage of long-stranded dsRNAs to induce RNA 

interference in mammals (Elbashir et al, 2001). Since then, better understanding of 

RNA interference mechanism has been made and this has become a powerful tool in 

molecular biology to "Knock Down" or silence genes to study their function. 

Soon after the siRNA discovery, it was observed they were not the only small 

RNA capable of "interference". In 2001, several teams identified another type of small 
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RNA deriving from a single-stranded precursor RNA. This contain a strongly paired 

region in secondary stem-loop structure which rise to “microRNAs”. (Lagos-Quintana 

et al, 2001). This type of regulatory RNA was observed as early as in 1993 in C. 

elegans with the characterization of the lin-4 gene product (Lee et al, 1993), Until then 

it had been assumed it was a specificity of C. elegans. Then in 2006, piRNA was 

discovered in Drosophila with function to protect the germ line against transposable 

elements (Aravin et al, 2006, Girard et al, 2006) establishing the idea that there are 

several classes of interference (Aravin et al, 2001). 

These 3 types of small regulatory RNAs differ in their biogenesis and their mode of 

action. I will further develop in detail siRNA and miRNA pathway as below.  

 

1.2.3 siRNA pathway 
As explained above, gene silencing by siRNAs was the first to be described 

(Hamilton and Baulcombe, 1999). siRNA pathway is involved in antiviral response by 

the presence of dsRNA cell-induced in the cytoplasm. Now siRNA is used as a 

molecular tool for silencing gene expression in functional studies and also in 

therapeutics. 

 

1.2.3.1 History of siRNA and Argonaute 

Same as the other small regulatory RNAs, the mechanism and function of 

siRNAs is the interaction of a protein complex and a guide to "target" mRNA. The first 

discovery made in this direction was the observation of a specific nuclease activity 

induced by the introduction of dsRNA in Drosophila (Hammond et al, 2000) which was 

named RISC for "RNA-Induced Silencing Complex". Small RNA around 20 

nucleotides had been described to interact with RISC allowing them to guide it towards 

the target mRNA. The catalytic action of this nuclease from the Argonaute family 

protein is the heart of the siRNA mechanism. The Argonaute protein was first 

demonstrated in A. thaliana in a study of a leaf-shape mutation (Bohmert et al, 1998). 

It was shown that Argonaute 1 (Ago1) protein was necessary for the co-suppression 

mechanism in A. thaliana. The gene encoding this protein was related to the C. 

elegans Rde1 ("RNAi deficient") gene.  
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Hannon's group extended these studies to Drosophila by implementing the 

Argonaute 2 protein (Ago2) in post-transcriptional silencing. Since then, Argonaute 

protein family has been proven to be found in all eukaryotes, with the exception of a 

few yeasts, including S. cerevisiae. The phylogenetic study of the Argonaute proteins 

family (Parker and Barford, 2006) shows diversity of Argonaute proteins in C. elegans 

and plants, reflecting the biological importance of this type of regulation. In mammals, 

we can count 7 to 8 Argonaute proteins that can be grouped into two subfamilies: 

Argonaute proteins 1,2,3,4 (Ago1, 2, 3 and 4) and Piwi proteins (Piwi-Like 1, 2 and 3 

in mice). The Piwi protein subfamily is absent in plants, fungi and S. pombe and 

therefore more restricted in its distribution than Argonaute subfamily proteins. They 

are generally involved in piRNA pathway which is essential for the regulation of 

transposable elements in germ line cells. 
 

1.2.3.2 Detailed biogenesis of siRNA 

RISC is organized around Argonaute protein and RNA guide. In mammals only 

Ago2 has an endonucleolytic activity that allows the cleavage of the target RNA. This 

activity is carried out by the PIWI domain of the protein as shown in the structure of P. 

furiosus Argonaute protein (Song et al, 2004). This study revealed a homology of Piwi 

domain with the catalytic domain of RNase H vertebrate retroviruses capable to 

hydrolyze the RNA strand in a double-stranded DNA: RNA. In the case of Ago2 protein, 

the hydrolysis of the targeted RNA is due to the perfect complementarity with the small 

"guide" RNA (or almost perfect, one or two mismatches outside the cleavage site can 

be tolerated).  

In siRNA-mediated gene silencing, dsRNA is often exogenous (RNA virus) or the 

consequence of an experimenter as was in the case of the experiments carried out by 

Fire and Mello (dsRNA of several hundred nucleotides). It was therefore necessary to 

describe the appearance of small RNAs of 20 nucleotides after the introduction of 

these long sequences. This step in the biogenesis of small RNAs is carried out by an 

enzyme of the family of RNase III essential for the development, Dicer (Berstein et al, 

2004). From a dsRNA template Dicer generates small RNAs of 20 nucleotides. 

All such discoveries contributed in drawing a general diagram of the siRNA 

mechanism (Figure 1). Long dsRNAs introduced into the cell (artificially or from RNA 
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virus) are supported by Dicer, which will hydrolyze them into small RNAs of around 20 

nucleotides. The last ones are then incorporated into RISC by associating them with 

Ago2 protein. In RISC, only the "guide" strand is retained. The "passenger" strand 

derived from the double strand is cleaved and dissociated from Ago2 (Matranga et al, 

2005). The choice of the guide strand is determined by several criteria including the 

stability of the pairing of small RNA ends (Noland et al, 2013). Once RISC is functional 

(after expulsion of the passenger) it can interacts with the target mRNA. It is the perfect 

complementarity between the sequence of the target mRNA and the small "guide" 

RNA that will allow the endonucleolytic cleavage by the Argonaute protein. The 

cleavage will allow the degradation of the two generated RNA fragments by the action 

of the 3'-5' and 5'-3' exonucleases which leads to a complete disappearance of the 

target RNA. Numerous studies have shown that RNAi pathway is not only specific to 

the somatic lineage (germline also have siRNAs) but is also involved in genome 

integrity by protecting against parasite DNAs such as transposons and viruses 

(Ghildiyal and Zamore, 2009). 
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Figure 1. Pathway of the siRNA processing. 
Initiation of the RNA interference by the siRNA pathway: The siRNAs, generated either by 
dicer cleavage of dsRNA into 21-nucleotide siRNAs (A) or by synthetic construction (B), are 
introduced into the cells, where they integrate into Ago2 protein forming the RNA-induced 
silencing complex (RISC). After expulsion of the passenger strand, the guide strand of siRNA 
drives RISC to the mRNA containing its complementary sequence, which triggers the 
cleavage of the target and the gene silencing. (Tuzmen et al, 2010 modified) 
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1.2.3.3 Origin of the siRNA: specific case of the endo-siRNAs 

In siRNA mediated gene silencing, dsRNA is often exogenous (Exo-siRNAs) 

and derives from viral replication intermediates or experimental introduction of long or 

small dsRNAs. However, there are also dsRNAs with endogenous origin which can 

also trigger the siRNA mechanism via endo-siRNAs. In mammals, due to the absence 

of RNA-dependent RNA polymerase, dsRNA formation is possible in three genomic 

contexts (Figure 2): 

 (1) Convergent transcription on a locus (cis-NAT) 

 (2) Interaction between two complementary sequences transcribed by different 

loci such as transposable element sequences or pseudogenes (trans-NAT) 

 (3) Formation of a loop-rod RNA structure, distinct from the miRNA precursors, 

which can derive from the inverted repetition of a sequence.  

In each of these cases, the dsRNA precursor enters in the "classical" or canonical 

siRNA mechanism by the action of the Dicer protein and allows the regulation of the 

target genes (Tam et al, 2008, Watanabe et al, 2006). The role of endo-siRNA is not 

restricted to antiviral action. A study in mouse oocytes has shown that the absence of 

Dicer and Ago2 proteins results in the de-repression of transposable elements 

(Watanabe et al, 2008). Endo-siRNAs have a redundant role in the piRNAs to protect 

germ line against transposable elements.  
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Figure 2. Potential origins of the endo-siRNA. 
Endo-siRNA can be derived from convergent transcripts covering all or some parts of a gene. 
They can also be produced from transcripts forming loop rods as is the case for microRNA 
precursors. Finally, they can be derived from a reverse transcription occurring on a 
pseudogene then forming a sense / antisense pair. In all these cases, the precursor is 
supported by Dicer, which cuts it into a 21-base pair fragment and then incorporates it into the 
RISC complex. (Siomi et al, 2011 modified) 
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1.2.4 miRNA pathway 
The regulation of microRNAs (miRNAs) differs from siRNA by the mechanism 

implemented, but also by the biogenesis of the small RNA. Indeed, unlike the siRNA 

mechanism which is triggered by the introduction of dsRNA and mainly from 

exogenous origin, the miRNA silencing involves a single-stranded endogenous 

sequence. 
 

1.2.4.1 History of miRNA pathway 

Historically, the first description of a miRNA was made by Ambros group 

showing that the lin-4 gene involved in the control of larval development in C. elegans 

does not encode any protein, but allows the accumulation of a small RNA (Lee et al, 

1993). Genetics demonstrated that lin-4 negatively regulated the expression of several 

other genes via the 3' untranslated region of their mRNA. Knowledge of the lin-4 

sequence made it possible to identify the presence of several partially complementary 

sequences in the 3 'untranslated region of target genes such as lin-14 (Lee et al, 

Wightman et al, 1993). In these studies the expression of the small RNA lin-4 has an 

impact on the amount of LIN-14 proteins without modifying the amount of mRNA.  This 

finding suggests small RNA to be transcribed by the lin-4 gene and binds the 3'UTR 

region of the messenger RNA of the lin-14 gene blocking its translation. 

Lin-4 RNA became the prototype of miRNAs (Lagos-Quintana et al, 2001). This 

is also the case of the gene let-7, another gene involved in the development of C. 

elegans which also allows the expression of a small RNA of 22 nucleotides (for the 

most abundant form) and has the same mode of action as miRNA lin-4 (Reinhart et al, 

2000). Let-7 gene homologues have been identified in humans, Drosophila and other 

animals (Pasquinelli et al, 2000). This very abundant class of small RNA is involved in 

the regulation of many cellular pathways (differentiation, proliferation, apoptosis ...) in 

many organisms. 
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1.2.4.2 Detailed biogenesis of miRNA compared to siRNA 

There are nearly 2000 genes encoding miRNAs in humans producing 

approximately 2500 mature microRNAs (miRBase database). These "miRNA" genes 

do not directly encode small RNAs but encode their precursors called pri-miRNAs (Lee 

et al, 2002). This primary transcript is in most cases a “transcript product” of the RNA 

Polymerase II and is capped and polyadenylated (Saini et al, 2007). Pri-miRNA 

sequences are also found in conventional gene sequences. Here, the sequence of the 

mRNA of the gene has the role of precursor. This case of miRNA "intronic" (misleading 

name because the sequence of the precursor miRNA is sometimes in the last exon) 

represents in average 50% of the miRNAs (Saini et al, 2007). In the case of "intron" 

miRNAs, the level of expression is often correlated with the messenger RNA host, 

indicating that the messenger RNA plays the role of pri-miRNA. Nevertheless, there 

are some cases where intern promoters of intron allows the transcription of pri-miRNA 

independent of the messenger RNA (Monteys et al, 2010). Regardless of its origin, 

pri-miRNA is a highly structured transcript that may contain one or more stem-loop 

structures ~ 70 nucleotides. Each of these stem-loops is going to be at the origin of a 

miRNA. miRNAs are often organized in clusters and thus pri-miRNAs are able to 

generate different miRNAs (Altuvia et al, 2005).  

The first step of miRNA biogenesis is the cleavage of the pri-miRNA stem-loops 

at their base by a "micro-processor". This “micro-processor” complex is composed of 

Drosha (a dsRNA specific endonuclease of the RNase III family - other member of the 

mammalian family with Dicer) and DGCR8 (or Pasha in Drosophila) protein essential 

for the stabilization of Drosha on its substrate (Denli et al, 2004, Gregory et al, 2004). 

This complex allows the cleavage at 11-nucleotide of the stem-loop base to rise the 

pre-miRNA intermediate precursor (Han et al, 2004). Activity of the micro-processor 

complex occurs in the nucleus and the pre-miRNAs thus produced are supported by 

a transport pathway to the cytoplasm associated with exportin 5 (Lund et al, 2004, Yi 

et al, 2003). Exportin 5 is a protein of the importin β family that allows transport to the 

cytoplasm via the use of RanGTP as energy. It recognizes pre-miRNAs through the 

Drosha cleavage signature that generates a protruding 3'OH end of two nucleotides 

(Okada et al, 2009). 
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Once in the cytoplasm, Dicer will cleave pre-miRNAs and produce miRNA 

duplexes ~ 20 nucleotides. In mammals there is only one protein Dicer but in 

Drosophila there are two paralogs that are specialized: Dicer 1 is specific to the cut of 

pre-miRNAs and Dicer 2 is specific to dsRNA and silencing siRNA. In mammals, there 

is no indication that miRNA duplexes are preferentially integrated with a particular 

Argonaute protein. Nevertheless in the proposed model, only Ago2 has the ability to 

eliminate the "passenger" strand by hydrolysis. Other Argonaute proteins depend on 

destabilization of the duplex due to a mismatch. In contrast to the mechanisms 

involved in siRNA, miRNA has no indication of endonucleolytic hydrolysis of the target 

mRNA by Ago2 (except for the cleavage of HOXB8 mRNA) (Yecta et al, 2004) but 

rather degradation by the normal degradation pathway after de-adenylation and decay 

of RNA (Wu et al, 2006) (Figure 3). The translation inhibition does not allow to induce 

a de-adenylation of the transcript. It is therefore necessary for the miRISC complex to 

recruit other partner proteins. Destabilization of mRNA by miRNA occurs via a 

recruitment of the CCR4 / NOT complex in miRISC (in Drosophila, Behm-Ansmant, 

2006, in mammals, Chen et al, 2009). CCR4 / NOT is a protein complex that plays a 

decisive role in the processive de-adenylation of mRNAs and therefore acts as "active" 

degradation. This de-adenylation of the message by the miRISC complex is 

accompanied by the recruitment of the DCP1 / DCP2 complex. This complex allows 

the removal of the 5' cap of the messenger RNA. The combination of these two 

complexes will then render the miRNA-targeted transcript sensitive to cellular 

exonucleases and allow its degradation (Chen et al, 2009).  

The recruitment of these protein complexes passes through the GW182 family 

proteins (TNRC6 A, B and C in humans). This family of proteins is able to interact with 

Argonaute proteins via a repeated motif rich in Glycine-Tryptophan (GW) to which they 

owe their names (Till et al, 2007). The GW182 or TNRC6 protein act as a platform for 

the recruitment of all the factors necessary for deadenylation and decay. Artificial 

tethering of GW182 in Drosophila (Behm-Ansmant et al., 2006) and in mammals (Li et 

al., 2008) have shown the importance of this protein because this anchorage allows 

the induction of a silencing similar to a miRNA but independently of Argonaute proteins 

and miRNA (Lazzaretti et al, 2009). This indicates that GW182 is sufficient to provide 

the silencing function. GW182 proteins are present in the cytoplasm both in soluble 
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form but also in aggregates of proteins with nucleic acids called P-bodies (Processing 

Bodies, according to nomenclature initially introduced in yeast (Sheth et al, 2003)). 

These structures contain the enzymes of the RNA degradation machinery such as 

Xrn1 (the 5 'exonuclease present in the cytoplasm) or DCP1 (the mRNA decheting 

enzyme) (Eystathioy et al, 2003). The presence of Argonaute proteins have also been 

demonstrated in P-bodies, suggesting a role for these structures in small RNA 

regulation (Liu et al 2005, Sen and Bau 2005). However, the presence of mammalian 

cells and flies of detectable P-bodies do not seem necessary to trigger silencing by 

siRNAs and miRNAs (Serman et al, 2007), suggesting rather a role in storage, 

recycling or assembly components of the silencing machinery (Leung and Sharp, 

2013). 
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Figure 3. Canonical pathway of the microRNA. 
miRNA genes are generally transcribed by a RNA polymerase II which produces a capped 
and polyadenylated transcript, the pri-miRNA. This pri-miRNA holding a stem-loop structures 
will be cleaved at its base by the RNase III Drosha associated with DiGeorge syndrome critical 
region 8 (DGCR8) to produce 60–70-nucleotide precursor miRNAs (pre-miRNAs). After 
exportation from the nucleus to the cytoplasm by exportin 5 (XPO5), the pre-miRNA is cut by 
Dicer a ribonuclease III to give a miRNA double strand of about 22 nucleotides. One strand of 
the mature miRNA (the guide strand in red) is loaded into the miRNA-induced silencing 
complex (miRISC) with Ago2 and allows to drive this effector complex on the target mRNAs 
by sequence complementary binding and mediates gene suppression by targeted mRNA 
degradation and translational. (Lin et al. 2015 modified)  
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2. RISC machinery, heart of the RNA silencing  
After describing two RNA silencing pathways in detail, I would like to focus on 

the heart of the RNA silencing composed with the RISC machinery in the next chapter. 

 

2.1 Composition of the RISC machinery: Ago2 core of the RISC assembly  
Proteins of the Argonaute family detailed before in this dissertation are often in 

large numbers in eukaryotic genomes. There are 26 in C. elegans, 10 in A. thaliana, 

5 in D. melanogaster and 1 in S. pombe and 8 in humans. 

Even though Ago 1–4 are capable of loading miRNAs, the activity of 

endonucleases belongs exclusively to Ago2. Although it has been shown that Ago 3 

also has a slicer activity, this activity depends on the guide RNA and that limits this 

slicer-activity (Park et al 2017). This diversity of Argonaute proteins reflects the 

complexity of RNA silencing in each organism. Despite the diversity of small RNA 

pathways in eukaryotes, all small RNAs are loaded into RISC. The structure and 

proteins involved in this complex vary by pathway and species, but it contains at least 

one Argonaute-like protein (Kuhn & Joshua-Tor 2013). dsRNA will drive Argonautes 

towards its target (a long single-stranded RNA) which will induce its degradation or 

block its translation, deadenylation or decay. Argonautes are therefore essential 

proteins for the function of RNA silencing. 

 

2.2 Architecture of Ago2 
2.2.1 Different domains of Ago2  

Argonaute proteins are characterized by four main domains:  PAZ domain, MID 

domain (in the middle), the PIWI domain and the N domain. The PAZ domain has the 

function of fixing the 3' end of the RNA, the MID domain is anchored to the 5’ 

phosphate of the guide strand and the PIWI domain has a structure close to RNase H 

and carries the function of cleaving targeted RNA, called slicing (Figure 4). 4 catalytic 

amino acids forming the DEDX motif (X being D or H) are conserved in most PIWI 

domains (Kuhn & Joshua-Tor 2013) (Schirle et al, 2012), (Nakanishi et al, 2012). 

In C. elegans, there is a third family of Argonaute proteins as far apart from 

PIWI as Ago and specific to nematodes: WAGO (Argonaute worms) (Meister 2013). 
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WAGOs are a family of 12 proteins involved in the management of secondary siRNAs 

(Yigit et al 2006, Gu et al 2009). 

 
 

 
Figure 4. Schema of Ago2 primary sequence. (Schirle et al, 2012 modified) 

 
 

2.2.2 Structure of Ago2 

 
Figure 5. Ago2 crystal structure showing the four domains.  
In red circles: PAZ (Dark blue), N (purple), PIWI (grey), MID (green). RNA guide (in red) is 
also shown and traced for nucleotides 1–8 and 21. (Schirle et al, 2012 modified) 
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2.3 The RISC assembly  

RISC assembly is divided in two major steps before the silencing of the target: 

loading and maturation. 

2.3.1 Loading RNA duplex into Ago Protein 
Dicer produces a dsRNA of 21 to 28 nts. These siRNA duplexes produced are 

later loaded into Ago with the help of Hsc70/Hsp90 chaperone machinery (Tsuboyama 

et al, 2017). In plants, HSP70/90s are necessary in vitro for the functioning of RISC 

complexes. A dimer of HSP90 can bind Ago1 (step 1) to induce a conformational 

change and allow dsRNA binding (step 2). Once Ago1 is loaded, the hydrolysis of ATP 

induces the release of HSP90 (step 3) and the return to the initial configuration of Ago1. 

This can trigger the cleavage of the passenger strand (step 4) (Iki et al, 2010). A similar 

mechanism has been described in D. melanogaster (Iwasaki et al, 2010). Finally, in 

human cell lines, HSP90 chaperone proteins are also critical to the stability of the 

RISC complex prior to siRNA loading. After treating with geldanamycin, an HSP90 

inhibitor, the abundance of miRNAs is maintained but the loading of siRNAs into Ago2 

is strongly affected (Johnston et al, 2010). Then, the strand loaded into Ago will be the 

guide strand and the other strand maintained by the pairing of bases will be the 

passenger strand. The passenger strand will be ejected later leaving the guide strand 

loaded in Ago alone.  In flies, mismatches in the miRNA precursors will induce their 

loading on specialized miRNAs Argonautes while the mismatch-free duplexes will be 

loaded into the siRNA pathway argonautes. This is the case, for example, in D. 

melanogaster where Ago1 loads miRNAs. 

 

2.3.2 Maturation selection and elimination of the passenger strand 

The main selective criteria for the guide strand (whether miRNAs or siRNAs) is 

thermodynamic. Strand of the duplex with less stable 5’ end is preferentially loaded in 

Ago proteins. Depending on where in the strand, a simple additional hydrogen bond 

is sufficient to make the guide strand and decide which siRNA strands directs RNAi 

(Schwarz et al., 2003). In addition, loading in Ago requires the guide strand 

phosphorylation (Nykanen et al, 2001). In the siRNA pathways, the separation of the 

two strands of the duplex is dependent on the endonucleolytic cleavage of the 
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passenger strand. The Piwi domain is able to cut the phosphodiester bond of the 

passenger strand of siRNAs duplexes which greatly reduces thermodynamic stability 

of the duplex and facilitates its separation (Kwak & Tomari 2012). In contrast in the 

miRNA synthesis pathways, the mismatches between the two strands prevent 

cleavage and the passenger strand is separated from the guide strand without being 

cleaved. In both cases, the N-terminal domain of Ago is particularly important in the 

separation of the two strands (Kwak & Tomari 2012) (Figure 6). In D. melanogaster, 

mammals and plants Ago2 is able to cleave the passenger strand into 9 and 12 nts 

fragments which are then removed from the RISC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Model for assembling RISC in humans. 
After loading of the siRNAs duplex into Ago, the N domain of the protein initiates duplex 
opening. The opening requires cleavage of the passenger strand. (Kwak & Tomari 2012 
modified) 
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3. siRNA and therapeutics: Where are we now? 

3.1 Application of siRNA in therapeutics 
3.1.1 siRNA as biological tool 

The number of genes in the 23 pairs of human chromosomes is estimated at 

20,000 to 30,000 (Novina and Sharp, 2004). Now, the genome is sequenced and 

decryption of these genes function is an immense task to accomplish (Harborth et al, 

2003). To this end, a number of technologies have been developed: the analysis of 

genes can be carried out by studying their expression at the cellular level under given 

conditions (proteomics, cDNA chips, etc.) or by studying the repercussion of the 

extinction of a given gene. This mode of studying the functionality of a gene is based 

on several techniques, including the "Knock Out" (KO) which consists of extinguishing 

the expression of a gene by homologous recombination. Another frequently used 

technique is to specifically direct mutations at a gene, making it possible to understand 

its role. 

By using the RNAi mechanism, we can thus study the function of the genes of 

any organism in a simpler and faster way than with the techniques employed till now. 

This was for example easily done in C. elegans by feeding it directly to bacteria 

expressing dsRNA (Timmons et al, 1998, Timmons et al, 2001) and injecting nucleic 

acids into the cavity of their body or by soaking them in a solution of these same RNAs 

(Tabara et al, 1998). Thus, 19000 genes of this worm have already been studied 

thanks to a set of 12000 dsRNA to try to apprehend the problems of obesity and aging 

(Novina and Sharp, 2004). In Drosophila, it has been studied cholesterol metabolism, 

heart formation, embryonic development and other basic cellular processes using this 

technique (Kuttenkeuler et al, 2004). 

 

3.1.2 siRNA as tool for validating therapeutic targets 
Although genomic approaches allow a gene to be associated with a disease 

phenotype (Wianny et al, 2000), these data alone cannot define the role of protein 

encoded by this gene in the pathological process. The development of KO mice is a 

good way to study the relationship between a biological gene and a disease, since KO 

phenotypes show a good correlation with drug efficacy (Zambrowicz et al, 2003).    
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However, the cost and time involved in the development of such models 

indicate the need to develop methods to validate in vitro targets before starting in vivo 

studies (Rondinome et al, 2006). Given the success of RNAi in studying gene function 

in lower eukaryotes such as C. elegans or D. melanogaster, it is not surprising that 

this approach has been adopted to analyze the function of genes, and particularly the 

validation of targets in mammalian systems (Rondinome et al, 2006). Indeed, the 

pharmaceutical industry is flooded with new genes whose functions are poorly 

understood and constitutes thousands of potential targets (Usman 2004). The use of 

the RNAi mechanism is very attractive in this context since it is fast, reproducible, 

efficient and simple to implement on cellular systems. In addition, this technique can 

be adapted to any target, knowing that a priori, only the mRNA sequence information 

is needed to design the dsRNAs. These are now easily accessible, thanks to advances 

in oligonucleotide chemistry (Usman 2004). 

 

3.1.3 siRNA: applications in therapeutics 

The growing interest of researchers for this powerful tool did not stop there. It 

plans to use RNA interference for a therapeutic purpose (Wall et al., 2003). RNA 

interference mechanism will develop treatments trying to avoid side effects. It has 

been shown that a single mismatch between the siRNA and messenger RNA 

sequences abolishes extinction (Amarziguioui et al, 2003). In addition, these 

treatments have an ease of synthesis and low dosage in comparison to therapeutic 

tools based on proteins or antibodies (Leung et al, 2005). 

 

3.1.3.1 Viral diseases 

Since RNAi appears to be an ancient anti-viral defense mechanism in insects, 

the inhibition of virus replication has been considered a good starting point for the 

evaluation of the therapeutic potential of this strategy. Viral RNAi replication has been 

demonstrated in vitro for a wide variety of viruses including RNA viruses such as HIV, 

rotavirus, respiratory syncytial virus, influenza virus, poliovirus, as well as viruses. 

DNA such as papillomavirus or herpes virus (Herpes Simplex Virus, HSV) (Golzio et 

al, 2004). The RNAi mechanism has also been shown to be effective in inhibiting 

hepatitis B and C viruses (Radhakrishnan et al, 2004). Although most of these studies 
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have been conducted in vitro, promising results have been obtained to inhibit viral 

multiplication in mice, particularly with respect to hepatitis B virus (Giladi et al, 2003), 

influenza virus (Tompkins et al, 2004) or other respiratory viruses (Bitko et al, 2005). 

 

3.1.3.2 HIV 

Among the viral diseases, there is a particular one which represents a great 

challenge for the researchers, it is the infection with HIV. Although many antiviral 

molecules have already been developed, it is commonly observed that the resistance 

of the strains to the prescribed drugs is increased (Little et al, 2002) which is why it is 

necessary to persevere in the search for new treatments. The phenomenon of RNA 

interference since its discovery brings a lot of hope. siRNAs can interfere with different 

stages of the intracellular cycle of virus replication (Kitabwalla et al, 2002). However, 

this strategy also has its limits given the behavior of the virus. Indeed, it is enough for 

a difference of one base pair between the target sequence and the siRNA to drastically 

reduce the effect, whereas the reverse transcriptase has a high error rate, estimated 

at 1/1000 per replication cycle. On another hand, there is a great diversity of 

sequences between infected individuals, so the design of efficient siRNAs is 

complicated. A more realistic approach seems to target the receptors or co-receptors 

that the virus uses for HIV infection (Kitabwalla et al, 2002). 

 

3.1.3.3 Cancers 

Cancer cells express proteins that differ qualitatively and quantitatively from 

those of normal cells, and in some cases the tumor cell may even express a protein 

that does not exist naturally in the cell. We therefore see the interest of the specific 

inhibition of target proteins in anti-cancer therapy. On another hand, the absence of 

specific miRNA has been demonstrated in carcinoma cells, implying that cancerous 

development can be stopped by introducing these missing miRNAs (Agrawal et al, 

2003). Growth and survival of tumor cells have been inhibited using RNAi to target 

several key oncogenes or tumor-promoting genes, including angiogenic and growth 

factors, or their receptor (vascular endothelial growth factor, epidermal growth factor 

receptor), human telomerases, viral oncogenes or translocated oncogenes (Friedrich 
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et al, 2004). This tumor growth inhibition potential has also been demonstrated in vivo 

(Duxbury et al, 2004). 

 

3.1.3.4 Other diseases 

The high sequence specificity of the RNAi mechanism reveals a very promising 

approach to inhibit the expression of genes responsible for neurodegenerative 

diseases, such as Alzheimer's disease, Huntington's disease or spinocerebellar ataxia, 

for which there are no treatment yet (Shankar et al 2005). Another major application 

of RNAi extinction is the treatment of age-related macular degeneration (AMD). Indeed, 

the eye is one of the most accessible and supportive tissues for local administration 

of siRNA (Usman 2004). The molecular target (the vascular endothelial growth factor 

(VEGF)) in the treatment of this disease is clinically validated for a long time. (De 

Fougerolles et al, 2007). However, all these new treatments developed above were 

just promising until the case of the hATTR proved siRNA as a new therapeutic. 

 

3.1.4 Application of siRNA: Clinical aspect 

Since its discovery in 1998 and the identification of the various elements involved, the 

field of siRNA has been booming. Given the relative youth of siRNA, there are already 

a remarkable number of in vivo studies published to describe the pre-clinical 

development of therapeutic siRNAs, or siRNA-based methods to validate therapeutic 

targets for small molecules (Behlke et 2006, Kim et al 2007). Large pharmaceutical 

companies and the academic world have hastened to exploit the prowess of siRNA to 

accelerate the discovery and validation of new drug molecules while biotechnology 

companies have preferred to place their hopes in the development of innovative 

therapeutics. This boom in siRNA has led to the creation of new “start-ups” in the field 

(Alnylam in 2002) and also changes in the orientation of certain companies previously 

specialized in ribozyme research or anti-sense strategy (Sirna Therapeutics in 2003). 

Subsequently, some large pharmaceutical companies joined biotechnology 

companies establishing collaborations for the development of new therapeutics 

(Novartis, Merck, etc.). More than 30 pharmaceutical or biotechnology companies 

declared to have an interest or programs in ongoing development of siRNA therapies. 
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(Behlke et 2006). The evolution in the development of new therapies has been rapid 

since siRNA technology has progressed. In barely 6 years, it has advanced from in 

vitro cell culture trials to the stage of human clinical trials. First clinical trial started at 

the end of 2004 to patients suffering from AMD. This rapid progression is 

unprecedented in medicine and proves the fabulous potential of RNAi in therapy. 

However, given the difficulties in developing effective transfection methods, the first 

trials mainly concerned pathologies for which administration of siRNA is possible and 

easy. Thus, there are treatments for ocular pathologies: the eye being accessible to 

local injections and respiratory pathologies: the lungs can be reached by the upper 

airways. Likewise, liver disease is subject of therapeutic trials, since it is an organ 

naturally involved in the biodistribution of siRNAs. 

The siRNA technique therefore opens up unprecedented perspectives in the field of 

specific inhibition of gene expression which can be used to develop new therapeutics 

for humans. However, there remains major obstacle to the widespread use of siRNA: 

having an effective technique for delivering siRNAs. Indeed, for therapeutic 

applications challenges are stability, biodistribution, targeting, cell penetration of 

siRNA or induction of possible side effects. This implies having recourse to suitable 

systems and the research efforts of scientists have already made it possible in order 

to develop therapeutics based on siRNA which are currently under clinical evaluation. 

For the most advanced, concerning the treatment of age-related macular degeneration, 

clinical trials are already in phase III. However, many questions remain regarding the 

use of siRNA for the treatment of human disease. Chronic diseases like hepatitis C or 

HIV require long-term treatment, and there is still not enough time to review the 

potential effects of repeated or prolonged use of siRNA on normal cell metabolism. It 

is quite conceivable that such toxic effects will not be revealed for months or even few 

years. Although it seems very promising, big pharma and startups struggles to make 

siRNA technology efficient and safe requiring numerous studies (and clinical trials) in 

order to ensure its effectiveness not only in defined applications but also its overall 

harmlessness to the body. 
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3.1.4.1 siRNA, U turn toward a revolution in therapeutic: Case of the hATTR 
 

Hereditary amyloidosis is a particularly rare and aggressive disease affecting 

about 50000 patients in the world. It is due to the accumulation in the nerves and 

organs of a mutated protein that causes loss of sensitivity and mobility, pain, digestive 

heart and sexual disorders.  The disease begins in adulthood and causes death 4 to 

10 years later. Until now, the best treatment available only allowed to curb 25% of the 

disease. For the remaining 75%, the treatments were purely symptomatic: a cane, 

orthopedic shoes or painkillers. The first drug announced in August 2018 by Alnylam 

(the American biotech who developed it); a new therapeutic class based on a natural 

mechanism silencing a harmful or disordered gene; has been approved by the 

American and European market. They named it Onpattro (patisiran from the name of 

its molecule). This medicine is prescribed to treat hereditary transthyretin amyloidosis 

(hATTR) in adults, a rare potentially life-threatening and potentially life-threatening 

genetic disorder affecting approximately 50,000 people in the world (Figure 7). The 

green light from the European Commission came less than three weeks after an initial 

authorization to market Onpattro in the United States for the same indication. Onpattro 

is based on the principle of siRNA mechanism discovered in the late 1990s. This 

mechanism already developed previously in my thesis makes it possible to prevent 

the mRNA from transmitting the order of a defective gene to produce abnormal 

proteins. 

 

 

 

 

 

 

 

 

 

 

 



  - 30 - 

 

 
 
Figure 7. mechanism of patisiran in therapeutic. 
Onpattro (Patisiran) is a small interfering RNA (siRNA) packaged in Lipid Nanoparticules 
(LNP). Patisiran’s siRNA targets the 3ʹ untranslated region (UTR) of the TTR mRNA, inhibiting 
both production of the mutant and the normal TTR. RNA interference (RNAi) silencing results 
in reductions of circulating TTR proteins, stopping deposition of TTR amyloids and slowing the 
disease progression. (Setten et al, 2019 modified) 
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3.2 Improvement of siRNA therapeutic: the use of chemical 
modifications 
 

After the success of Patisiran, Alnylam and other biotech companies around 

the world are digging the trail of this new therapeutic weapon for many other 

indications such as cancers, hepatitis B, cardiovascular, ophthalmological, renal or 

even neurodegenerative diseases like Alzheimer's. However, the cost of treatment, 

which required more than 15 years of development, has been set at $ 450,000 per 

patient per year in the United States, making it one of the most expensive treatments 

in the world. 

On this purpose, siRNA drugs still have room for improvement, particularly in 

their efficacy and stability to reduce the dosage and the cost. The key for such 

amelioration is chemical modifications of siRNAs. A good example of chemical 

modification is Patisiran where both small RNA strands are heavily but not totally 

modified with 2′-O-methylation in order to improve the stability and the silencing 

activity (Adams et al, 2018). Nevertheless, there are different patterns of strategy for 

chemical modifications and I will briefly detail them below. 

 

3.3 Different types of chemical modification 
 
Below are described the most common chemical modification used to improve siRNA: 

  

3.3.1 Phosphate backbone modifications  

The phosphates forming the backbone of the nucleic acids can undergo 

chemical modifications, in particular on the P=O double bond (Guo et al, 2010).  

Phosphorothioate: The use of sulfur to substitute the P=O bond with the P=S bond. 

Cytotoxicity was observed when P=O were largely or completely replaced by P=S in 

siRNA (Stessl et al, 2009).  

Boranophosphate: It is also possible to use boron and form P=B bonds instead of P=O 

bonds. This makes possible to significantly increase the resistance of siRNA to 

nucleases without altering its quenching power even when the bore is placed on the 

terminal phosphate or phosphates of the sense strand (Hall et al, 2004). 
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Figure 8. Phosphate backbone modifications, example with the Phosphorothioate 

(B=Base) 
 

3.3.2 Ribose modifications 
Numerous ribose modifications have been described in particular on the 2' 

carbon (Adams et al, 2018, Egli et al ,2019), normally carrying a hydroxyl group. It can 

be the following substitutions: 2'-O-methyl, 2'-halogen such as fluorine or 2'-amine. 

Hydroxyl group at 2 'can also be removed (2'-deoxy). Finally, the nucleic acid can be 

"blocked" by a 2'-O-CH 2 -4 'bridge or "unblocked" by breaking the 3'-2' bond 

 

 

 

 

 

 

 
Figure 9. Ribose modifications, example with the 2'-O-methyl and the 2'-Fluorine 
(B=Base). 

 

3.3.3 Termini 5’ and 3’ modifications 

siRNA endpoint modifications positioned at the 5’ or 3’ of the guide or the passenger 

strand involve the binding of ligands such as folate, cholesterol, biotin (vitamin B8), 

streptavidin fluorescent molecule or the modification of the phosphate. Various studies 

report that the 5 'and 3' terminal modifications of the sense or passenger strand are 

well tolerated and retain the functionality of siRNA (Bumcrot et al, 2006). For example, 

conjugation of cholesterol or folate at the 3 'end of the sense strand allows for selective 
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distribution to the liver and jejunum or cancer cells respectively (Lorenz et al., 2004, 

Guo S et al., 2006, Elkayam et al, 2016). These molecules are considered addressing 

molecules. Another chemical modification for siRNA less common is mentioned below 

for information: 

3.3.4 Nucleobase modifications 
Different groups can be added to the nucleotide bases of siRNA nucleotides to 

form 2,4-difluorotoluyl, 5-bromo-uridine, 5-iodo-uridine, 4-thiouridine, N-3-methyl-

uridine, 2,6-diaminoguanine (Parrish JZ and Xue, 2003). In C. elegans, siRNAs 

synthesized with uridines containing a C4 sulfur or C5 bromine retained their 

quenching power while C5-3-aminoally uridines deactivated them completely (Parrish 

JZ and Xue, 2003). For other groups, it appears that the modified nitrogenous bases 

are more tolerated in the sense or terminal strand than on the antisense strand in the 

central region (Parrish JZ and Xue, 2003).  

 

4. 5'-end modification of the siRNA guide strand: story of 6-(3-(2- 

carboxyethyl)phenyl)purine (6-mCEPh-purine) 
In a previous study describing the crystal structure of the MID domain of human 

Ago2, Frank et al. found that AMP and UMP bind up to 30-fold higher affinity than 

CMP or GMP in the	5’-end nucleotide binding pocket of Ago2 (Figure 10). Based on 

this finding, we hypothesized that chemically modifying the 5’ end base of the guide 

strand can be an effective strategy to increase the affinity of the siRNA duplex in 

Ago2’s pocket and lead to an enhancement of siRNA knockdown potency (Figure 11). 
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Figure 10. AMP and UMP bind with up to 30-fold higher affinity than either CMP or GMP 
in the	5’-end nucleotide binding pocket of Ago2.  
Using different monophosphate nucleotides and using Nuclear Magnetic Resonance (NMR) 
spectroscopy, it was showed UMP & AMP bind with up to 30-fold higher affinity than either 
CMP or GMP. (Frank et al, 2010 modified) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Pocket of Ago2 in the MID domain with AMP.  
Modification of the 5’ end base of the guide strand could be an effective strategy to increase 
the affinity of the siRNA duplex in Ago2’s pocket. 
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For this purpose, collaborators at Kyowa Kirin have performed an in-silico 

screening of modifications at the 5’-end base of the guide strand. This analysis 

suggested a potential usability of the empty space around the 6th position of the 

adenine nucleobase (Figure 12) which seemed to be suitable to be targeted for 

additional interaction. Based on these notions, “6-mCEPh-purine”, an adenine-derived 

nucleotide analogue bearing a hydrophobic moiety and an acidic functional group at 

the position 6 was designed to fill in the empty space (Figure 12). Strikingly, our 

collaborators have found that the “6-mCEPh-purine” compound can enhance the RNAi 

activity by ~3 fold in cultured human cells as well as in vivo mouse models.  
As developed above, it is critical to understand the precise effect of chemical 

modifications on the assembly and function of RISC to ameliorate siRNA therapeutics. 
For this purpose, my research presented below aims at deciphering which mechanistic 

step in the RNAi pathway 6-mCEPh-purine chemical modification enhances the siRNA 

potency to complete the cell-based and in vivo studies by Kyowa Kirin. 
 

Figure 12.  Design of new nucleo-based chemical modifications.  
Using Structure Based Drug Design, our collaborator Kyowa Kirin synthesized AMP 
derivatives at the position 6th to fill the empty place in the MID domain pocket expecting to 
achieve new interactions. Amongst ~ 200 different derivatives, the analogue called 6-mCEPh-
purine which hold the chemical modifications shown in red was selected. 
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III.  Results 
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1. Material preparation 
 

In order to study the mechanism of this modification properly, it was important 

to prepare all the necessary materials. These materials include three main parts with 

the cell lysate from HEK293T cells where Ago2 is overexpressed (Figure 13A). The 

target RNA cap-radiolabeled at the 5’ end for the cleavage assay (Figure 13B) and 

the five siRNA duplexes which bore different nucleotides (A, U, BrdA, 6-mCEPh-purine 

or G) at the 5′ end of the guide strand (Figure 13C). When the guide strand was 

radiolabeled at the 5’ end, the radioactivity level was sometimes slightly different 

amongst the different nucleotides but always adjusted and normalized by the addition 

of MQW. The different mobility of the nucleotides on the gel is due to the different 

chemical structure amongst them (Figure 13C). 

 
 

 
 
Figure 13. Material preparation. 
(A) Western Blot showing Ago2 O/E lysate in HEK293T cells compared to a positive and a 
negative control. (B) UREA gel showing the preparation of the target RNA used for the 
cleavage assay (the four lanes represent different samples of the same target). (C) Example 
of radioactive signal normalized amongst the different duplexes radiolabeled used (here are 
represented the duplexes radiolabeled at the guide strand). 
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2. Study of 6-mCEPh-purine modification 

2.1 The target cleavage activity is enhanced by the 6-mCEPh-purine 

modification 
As a primary point to understand how 6-mCEPh-purine modification affect the 

enhancement of the RNAi in vitro, I first wanted to perform a cleavage assay which is 

an easy well-known experiment. However, it was primordial first to set up the condition 

of this experiment to obtain the most accurate result possible. Dilution of the lysate 

was a key point (Figure 14). A 5′ cap-radiolabeled target RNA bearing a 

complementary sequence to the guide strand (Figure 14B) was prepared and added 

to the mixture. To assemble RISC, I incubated the siRNA duplex with a 5′ adenine (A) 

as guide 5′-end nucleobases (Figure 14A) in the lysate of Ago2 over-expressed in 

HEK293T cells. I then added the target RNA and examined the time courses of the 

target cleavage reaction at different dilutions. The dilution of the lysate 1/5 showed the 

best resolution (Figure 14C). Then the target cleavage assay using a series of siRNA 

duplexes bearing A, U, 6-mCEPh-purine, BrdA or G at the 5′ end of the guide strand 

(Figure 15A) was done. However, the base-pairing and the thermodynamic stability 

of the different siRNA duplexes is undeniably changed when the 5’ end of the 

nucleobase is modified. The consequence to have different siRNA duplexes with 

different 5’ end will affect which strand of the duplex is picked as guide strand in the 

incorporation of Ago2. In order to adjust and balance this effect, I decided to introduce 

a universal base called 5-nitroindole to the position 19 of the passenger strand. This 

universal base is recognized to link in front of the 5′ end of the guide strand (Loakes 

et al, 1994, Kawamata et al, 2011). Additionally, to directly monitor the cleavage, the 

target RNA which carries a sequence complementary to the guide strand of the duplex 

was 5′ cap-radiolabeled (Figure 15B). To make RISC assembly (Figure 15B), I 

incubated four different siRNA duplexes holding A, U, 6-mCEPh-purine and G at the 

5’ end of the guide in the lysate from HEK293T cells where I overexpressed Ago2. 

Next, I added the radiolabeled target RNA and monitored the reaction at different 

defined time courses. As expected, 6-mCEPh-purine exhibited a stronger signal for 

the target cleavage activity compared to the other nucleotides (Figure 15C and 15D). 
This outcome confirmed the previous results showing the efficiency of 6-mCEPh-

purine modification found in cells and in vivo by our partner Kyowa Kyrin.  
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Figure 14. Effect of the lysate dilution during the cleavage assay.  
Best resolution for a cleavage assay using the appropriate dilution (1/5) is shown here. (A)  
Duplex A (no radiolabeled) was used in this set of experiments. It bore a nucleotides A at the 
5′ end of the guide strand and 5-nitroindole at position 19 of the passenger strand. Both the 
guide and passenger strands had a 5′ monophosphate. (B) Scheme of RISC assembly and 
target cleavage. The target RNA was 5′ cap-radiolabeled. (C) A representative result of the 
target cleavage assay after different dilutions. The upper and lower bands correspond to the 
full-length and cleaved target, respectively. 
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Figure 15. The 6-mCEPh-purine modification improves the target cleavage activity. 
(A) Four siRNA duplexes used in this set of experiments. They bore different nucleotides (A, 
U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole at position 19 of 
the passenger strand. Both the guide and passenger strands had a 5′ monophosphate. (B) 
Scheme of RISC assembly and target cleavage. The target RNA was 5′ cap-radiolabeled. (C) 
A representative result of the target cleavage assay. The upper and lower bands correspond 
to the full-length and cleaved target, respectively. The decreasing amount of the target cleaved 
(112nt) is due to it degradation in the lysate with the time (D) Quantification of the target 
cleavage assay. The graphs show the average ± SD from three independent experiments. 
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2.2 Influence of the temperature on RISC formation 
 

To directly examine the effect of the 6-mCEPh-purine modification on RISC 

assembly, I radiolabeled the 5′ end of the four siRNA duplexes (Figure 16A) and 

monitored the formation of pre-Ago2-RISC and mature Ago2-RISC in Ago2-

overexpressing HEK293T cell lysate using previously established assay that utilizes 

native agarose gel electrophoresis. It has been demonstrated in these previous 

studies (Kwak et al. 2012, Kawamata et al, 2011, Yoda et al, 2010) that HEK293T cell 

lysate forms Ago-containing complexes on native agarose gels. When the Ago2 

protein is overexpressed, visible amounts of pre-RISC and mature RISC can be 

detected on these agarose gels. Here, I used this system to quantify the different 

quantities of mature RISC and pre-RISC between the nucleotides used (A, U, G or 6-

mCEPh-purine). 

 However, according to the previous result of the target cleavage assay, it was 

important to attest which temperature will be the best for the following assay. Amongst 

three different temperature chosen (Figure 16B, 16C, 16D), enhancement effect of 6-

mCEPh-purine on mature RISC formation was consistently observed in all conditions 

although the kinetics were different. Then for technical reason, to handle the different 

samples at different time courses, I decided to set up the future experiments at 25˚c 

as described in Yoda et al, 2010. 
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Figure 16. Influence of the temperature on RISC assembly (formation of pre-Ago2-
RISC and mature Ago2-RISC) in presence of target. 
(A) Three siRNA duplexes used in this set of experiments. They bore different nucleotides (A, 
6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole at position 19 of the 
passenger strand. The guide strand was radiolabeled at the 5′ monophosphate, whereas the 
passenger strand had a non-radiolabeled 5′ monophosphate. (B) A representative result of 
the native agarose gel assay at 15˚c. (C) A representative result of the native agarose gel 
assay at 25˚c. (D) A representative result of the native agarose gel assay at 37˚c. 
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2.3 Mature RISC formation is improved by 6-mCEPh-purine modification  
 

In order to dig more into the mechanistic and to inspect the 6-mCEPh-purine 

modification effect on the RISC assembly, I radiolabeled the 5′ end of the four siRNA 

duplexes at the 5’ end of the guide (Figure 17A) and observed the formation of pre-

Ago2-RISC and mature Ago2-RISC in the same lysate using HEK293T cell where 

Ago2 was overexpressed.  

To successfully accomplish this task, I used a powerful biochemical tool using 

native agarose gel electrophoresis assay which was well detailed in some previous 

study of Tomari laboratory (Kwak et al. 2012, Kawamata et al, 2011, Yoda et al, 2010). 

In this experiment, I used an uncleavable 30-nt 2′-O-methyl target which was matching 

complementary to the guide strand. This target non-radiolabeled was added in the 

reaction mix to specifically catch mature Ago2-RISC as a sharp signal in contrast to 

the target cleavage assay (Figure 17B, also see below). As presented in Figure 17C 

and D, the pre-Ago2-RISC quantity seemed to be widely similar amongst the four 

different duplexes. Oppositely, the result presented 6-mCEPh-purine in Figure 17C 

and Figure 17E, showed 6-mCEPh-purine modification noticeably arranged to 

increase the formation of mature Ago2-RISC (Figure 17C and 17E). 
This first results from the native agarose gel assay demonstrated a strong 

consistence with the previous finding of the enhancement of target cleavage activity 

(Figure 15D). 
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Figure 17. The 6-mCEPh-purine modification improves mature RISC formation. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The guide strand was radiolabeled at the 5′ 
monophosphate, whereas the passenger strand had a non-radiolabeled 5′ monophosphate. 
(B) Scheme of RISC assembly. A non-radiolabeled, uncleavable target oligonucleotide 
complementary to the guide strand was added to trap mature Ago2-RISC. (C) A representative 
result of the native agarose gel assay. (D and E) Quantification of pre-Ago2-RISC (D) and 
mature Ago2-RISC (E) formation. The quantified signals were normalized to the mature RISC 
value of 6-mCEPh-purine at 120 min. The graphs show the average ± SD from three 
independent experiments. 

A

NGAGGUAGUUGGUUGUAUAGU

UCiCUCCAUCAACCAACAUAU

Duplex B

A,U,616or G

5 -nitroindole

Radiolabeling

P
P

P

P

P

P
P

PP

0 15 30 60 90 20Time (min)
A 616 GU

1 0 15 30 60 90 201
B

0 15 30 60 90 201 0 15 30 60 90 201

Mature
Ago2-RISC

Pre-
Ago2-RISC

A,U,616or G
C

E

A

616

G

U

1.2
1.0
0.8
0.6
0.4
0.2
0

120100806040200
Time (min)

120100806040200

D

Time (min)

Pre-Ago2-RISC Mature Ago2-RISC2.0

1.5

1.0

0.5

0



  - 46 - 

2.4 6-mCEPh-purine modification slightly enhanced the guide strand 
selection 
 

Next, I wanted to know how 6-mCEPh-purine modification can increase the 

amount of mature RISC formation without probable modulation in the amount of pre-

RISC formed. 

In my previous experiment where the guide strand was radiolabeled, it was 

difficult to differentiate which strand was loaded on the pre-RISC step. Indeed, the 

passenger and guide strands cannot really be separated in the pre-RISC signal on the 

native agarose gel. As such, there is a possibility that 6-mCEPh-purine may help the 

asymmetric selection of the guide strand by fixing the orientation of the duplex loading.  

To further look into this possible hypothesis, I decided this time to radiolabel 

the passenger strand and not the guide strand in the four siRNA duplexes (Figure 
18A). I then incubated these four duplexes in the HEK293T cell lysate, which 

overexpress Ago2, and added them in to mix with a 2′-O-methyl oligonucleotide target 

complementary to the passenger strand (In the previous experiment, the target was 

complementary to the guide strand). The formation of pre-Ago2-RISC and mature 

Ago2-RISC on native agarose gel was monitored as indicated in the schema (Figure 

18B). The amount of mature RISC in this experiment where the passenger was 

radiolabeled (Figure 18C) were overall lower than those observed when the guide 

was radiolabeled (Figure 17C). Most likely due to the relatively weak thermodynamic 

stability between 5-nitroindole and the four different nucleotides (Loakes et al, 1994). 

This result suggested that the four duplexes have an asymmetry in the guide-strand 

selection. Nonetheless, 6-mCEPh-purine modification moderately but notably reduced 

the formation of passenger-derived mature RISC, compared to A, U and G (Figure 
18C and 18E), showing that 6-mCEPh-purine can further enhance the guide strand 

selection after the duplex loading. However, the difference observed did not totally 

explain the enhancement of the guide-derived mature RISC formation by the 6-

mCEPh-purine modification noticed in Figure 17C. Additionally, and for information, 

the pre-Ago2-RISC quantity seems to be widely similar among the four different 

duplexes (Figure 18C and 18D). 
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Figure 18. The guide strand selection is slightly enhanced by the 6-mCEPh-purine 
modification. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The passenger strand was radiolabeled at the 5′ 
monophosphate, whereas the guide strand had a non-radiolabeled 5′ monophosphate. (B) 
Scheme of RISC assembly. A non-radiolabeled, uncleavable target oligonucleotide 
complementary to the passenger strand was added. (C) A representative result of the native 
agarose gel assay. (D and E) Quantification of pre-Ago2-RISC (D) and mature Ago2-RISC (E) 
formation. The quantified signals were normalized to the mature Ago2-RISC value of 6-
mCEPh-purine at 120 min. The graphs show the average ± SD from three independent 
experiments. 
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2.5 6-mCEPh-purine enhances mature RISC formation independently of 
the guide strand selection 
 

The previous experiment with the passenger radiolabeled may explain the 

improvement of mature RISC formation but there is another possibility for this 

enhancement. Indeed 6-mCEPh-purine modification may improve the guide strand 

anchoring into Ago2 protein after the ejection of the passenger strand.  

To check this new hypothesis where 6-mCEPh-purine modification may 

improve the guide strand anchoring into Ago2 protein after the ejection of the 

passenger strand, I decided to change the 5′ monophosphate of the passenger strand 

to an amino linker (Figure 19A). The function of this amino linker is to block the loading 

of the passenger strand into the pocket of Ago2 protein (Chiu et al, 2002, Czauderna 

et al, 2003). Appropriately, the guide strand bearing 5′ 6-mCEPh-purine, A, U or G are 

always chosen as the guide because the orientation of the duplex loading is strictly 

determined (Figure 19B). Again, in this set of experiment, with 6-mCEPh-purine 

modification I noticed a remarkable improvement of the mature RISC formation 

compared to the other nucleotides (Figure 19C and 19E). However, the pre-RISC 

formation stayed equal among the four duplexes (Figure 19C and 19D). This new 

result indicates 6-mCEPh-purine modification can improve mature RISC formation in 

a total independence to the guide strand selection. 
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Figure 19. 6-mCEPh-purine enhances mature RISC formation independently of the 
guide strand selection. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The guide strand was radiolabeled at the 5′ 
monophosphate, whereas the passenger strand held a 5′ amino linker that fixes the loading 
orientation by blocking this strand from being anchored in the 5′ nucleotide-binding pocket of 
Ago2. (B) Scheme of RISC assembly. A non-radiolabeled, uncleavable target oligonucleotide 
was added. (C) A representative result of the native agarose gel assay. (D and E) 
Quantification of pre-Ago2-RISC (D) and mature Ago2-RISC (E) formation. The quantified 
signals were normalized to the mature Ago2-RISC value of 6-mCEPh-purine at 120 min. The 
graphs show the average ± SD from three independent experiments. 
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2.6 The duplex loading step is not affected by the different 5′-end 
nucleotides 
 

In all the previous experiment using native agarose gel, the pre-RISC signal 

was always identical among the different duplexes. Nevertheless, RISC assembly is 

a continuous process and the formation of pre-RISC is only transient. With this feature, 

it is still unsure if the 6-mCEPh-purine modification has any effect on the efficiency of 

duplex loading. To come to a specific conclusion, I decided to introduce a 2′-O-methyl 

at the position 9 of the passenger strand. This modification to this position is well 

known to stop the slicing and the ejection of the passenger strand (Myoshi et al, 2005, 

Leuschner et al, 2006) (Figure 20A and 20B) allowing me to directly observe the 

duplex loading efficiency. The data found demonstrated that pre-Ago2-RISC formation 

was equal among the four different siRNA duplexes bearing 5′ 6-mCEPh-purine, A, U 

or G (Figure 20C and 20D). Together with the previous data, this new result 

suggested 6-mCEPh-purine modification does not interact to the efficiency of siRNA 

duplex loading into Ago2 to form pre-RISC, but enhanced the mature RISC stability 

after the ejection of the passenger strand.  
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Figure 20. Efficiency of duplex loading is not affected by different 5′-end nucleobases. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The guide strand was radiolabeled at the 5′ 
monophosphate, whereas the passenger strand held a 5′ amino linker that fixes the loading 
orientation and a 2′-O-methyl modification that blocks passenger ejection. (B) Scheme of 
RISC assembly. A non-radiolabeled, uncleavable target oligonucleotide was added. (C) A 
representative result of the native agarose gel assay. (D) Quantification of pre-Ago2-RISC 
formation. The quantified signals were normalized to the pre-Ago2-RISC value of 6-mCEPh-
purine at 120 min. The graphs show the average ± SD from three independent experiments. 
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2.7 Enhanced formation of mature RISC by 6-mCEPh-purine is not 
influence by the Target. 
 

In some previous studies, it has been reported that interactions between mature 

RISC and its targets can assist destabilization of the guide strand from human Ago2-

RISC (De et al, 2013, Park et, 2017). In this set of experiment, I wanted to evaluate 

the effect of 6-mCEPh-purine modification on RISC assembly in the absence of a 

target and see if this target may have any influence. 

To detect the mature RISC formation as a sharp and consistent signal on the 

native agarose gel and to avoid any binding to heterogenous mRNAs present in the 

lysate, I continually included a complementary non-radiolabeled 30-nt 2′-O-methyl 

oligonucleotide in all sets of experiments using the native agarose gel. In the absence 

of the target, mature Ago2-RISC was detected as a smeared signal on the gel (Figure 

21A and 21B). 

To avoid this smear without adding the target, I treated HEK293T lysate 

overexpressing Ago2 with a micrococcal nuclease (MNase) to digest and remove the 

endogenous mRNAs (Svitkin et al, 2004).  

After quenching the MNase activity with EGTA, I then executed a native 

agarose gel assay with and without adding a 2′-O-methyl target oligonucleotide 

(Figure 22A, 22B, 22D). In this condition, I was able to monitor mature Ago2-RISC as 

a sharp signal from pre-Ago2-RISC without the target RNAs (Figure 22C) and with 

target as previously (Figure 22E). Again, when I compared the four different duplexes 

(Figure 23A, 23B), I observed an identical formation of pre-Ago2-RISC among the 

duplexes bearing A, U, 6-mCEPh-purine or G (Figure 23C, 23D) and a significant 

enhancement of the formation of mature Ago2-RISC with 6-mCEPh-purine (Figure 

23C, 23E). I therefore determined that the observed improvement by 6-mCEPh-purine 

of the mature RISC formation was totally independent of the presence of the target. 
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Figure 21. Effect of the MNase treatment to detect mature Ago2-RISC. 
Digestion of endogenous mRNAs by the MNase treatment allowed the detection of mature 
Ago2-RISC as a discrete signal on the native agarose gel in the absence of targets. (A) siRNA 
duplex used in this set of experiments. Only the duplex which bore  6-mCEPh-purine at the 5′ 
end of the guide strand and 5-nitroindole at position 19 of the passenger strand was used in 
this set. The guide strand was radiolabeled at the 5′ monophosphate, whereas the passenger 
strand held a 5′ amino linker that fixes the loading orientation by blocking this strand from 
being anchored in the 5′ nucleotide-binding pocket of Ago2.  
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Figure 22. Effect of the micrococcal treatment with and without target. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The guide strand was radiolabeled at the 5′ 
monophosphate, whereas the passenger strand held a 5′ amino linker that fixes the loading 
orientation. (B) Scheme of RISC assembly. The lysate was treated with MNase for the 
depletion of endogenous mRNAs, and no target was added. (C) A representative result of the 
native agarose gel assay. (D) Scheme of RISC assembly. The lysate was treated with MNase 
for the depletion of endogenous mRNAs, and target was added. (E) A representative result of 
the native agarose gel assay. 
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Figure 23. The target does not influence enhanced mature RISC formation by 6-mCEPh-
purine. 
(A) Four siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine or G) at the 5′ end of the guide strand and 5-nitroindole 
at position 19 of the passenger strand. The guide strand was radiolabeled at the 5′ 
monophosphate, whereas the passenger strand held a 5′ amino linker that fixes the loading 
orientation. (B) Scheme of RISC assembly. The lysate was treated with MNase for the 
depletion of endogenous mRNAs, and no target was added. (C) A representative result of the 
native agarose gel assay. (D and E) Quantification of pre-Ago2-RISC (D) and mature Ago2-
RISC (E) formation. The quantified signals were normalized to the mature Ago2-RISC value 
of 6-mCEPh-purine at 120 min. The graphs show the average ± SD from three independent 
experiments. 
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3. Complementary study with another modification: BrdA 
 
After the promising results of 6-mCEPh-purine modification, I next decided to check 

another modification called BrdA provided by our partner Kyowa Kirin which is also an 

AMP analogue that holds Bromine at 8th position of adenine. 

The binding mode of 8-Bromo AMP is the same as AMP, except Bromine gains new 

hydrophobic interaction with Tyr529. The effect of this 5’end substitution was 

evaluated by our partner Kyowa Kirin using an individual luciferase targeting siRNA. 

By calculating the IC50 values, BrdA substitution showed several-fold higher activity 

than others.  

 

To directly examine the effect of BrdA modification on RISC assembly, I operated on 

the same way presented in Figure 17, radiolabeling the 5′ end of the four siRNA 

duplexes (Figure 24A, 25A, 26A) and monitoring the formation of pre-Ago2-RISC and 

mature Ago2-RISC in Ago2-overexpressing HEK293T cell lysate using a native 

agarose gel electrophoresis. In this assay, a non-radiolabeled, uncleavable 30-nt 2′-

O-methyl target oligonucleotide complementary to the guide strand was included in 

the reaction mix to trap mature Ago2-RISC (Figure 24B). In another similar assay, 

target was not included (Figure 25B). As shown in Figure 23C, 23D, 24C and 24D, 

the amounts of pre-Ago2-RISC were comparable among the four different duplexes. 

In contrast, the 6-mCEPh-purine modification still promoted the formation of mature 

Ago2-RISC (Figure 24C, 24D, 25C, 25D). However, BrdA modification showed an 

unexplainable lower band that does not allow any quantification of this modification 

(Figure 24C and 25D). To check if this band was specific to Ago2 or not, I decided to 

compare the presence of BrdA with another nucleotide (here A) in presence of 

overexpressed Ago2 lysate or naïve lysate (which not overexpress Ago2) (Figure 26A 
and B). The results Figure 26C demonstrated this lower band of BrdA was not specific 

to Ago2. It was impossible in this condition to compare BrdA modification with the other 

nucleotides. 
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This data showed that BrdA-modified siRNAs can be non-specifically trapped by 

something else, which cannot be detected by conventional reporter assays. 

According to this result, the molecular platform which allowed to detect the efficiency 

of 6-mCEPh-purine modification may also detect potential “side effects” of chemical 

modifications in vitro. 

In future study, it will be interesting to analyze the unexplainable lower band present 

on the gel by mass spectroscopy in order to determine which factors trapped BrdA 

modification. 
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Figure 24. BrdA modification shows a strange lower band (target added). 
(A) Five siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine, BrdA or G) at the 5′ end of the guide strand and 5-
nitroindole at position 19 of the passenger strand. The guide strand was radiolabeled at the 
5′ monophosphate, whereas the passenger strand had a non-radiolabeled 5′ monophosphate. 
(B) Scheme of RISC assembly. A non-radiolabeled, uncleavable target oligonucleotide 
complementary to the guide strand was added to trap mature Ago2-RISC. (C) A representative 
result of the native agarose gel assay. (D) Scheme of RISC assembly. A non-radiolabeled, 
uncleavable target oligonucleotide complementary to the guide strand was added to trap 
mature Ago2-RISC. (E) A representative result of the native agarose gel assay. 
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Figure 25. BrdA modification shows a strange lower band (no target added). 
(A) Five siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A, U, 6-mCEPh-purine, BrdA or G) at the 5′ end of the guide strand and 5-
nitroindole at position 19 of the passenger strand. The guide strand was radiolabeled at the 
5′ monophosphate, whereas the passenger strand had a non-radiolabeled 5′ monophosphate. 
(B) Scheme of RISC assembly. No target oligonucleotide complementary to the guide strand 
was added. (C) A representative result of the native agarose gel assay. (D) Scheme of RISC 
assembly. A non-radiolabeled, uncleavable target oligonucleotide complementary to the guide 
strand was added to trap mature Ago2-RISC. (E) A representative result of the native agarose 
gel assay. 
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Figure 26. BrdA is not specific to Ago2. 
(A) Two siRNA duplexes used in this set of experiments. Each of them bore different 
nucleotides (A or BrdA) at the 5′ end of the guide strand and 5-nitroindole at position 19 of the 
passenger strand. The guide strand was radiolabeled at the 5′ monophosphate, whereas the 
passenger strand had a non-radiolabeled 5′ monophosphate. (B) Scheme of RISC assembly. 
No target oligonucleotide complementary to the guide strand was added. (C) A representative 
result of the native agarose gel assay. 
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IV.  Discussion 
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General Conclusion 
siRNA chemical modifications on the RNAi activity has already been developed in 

many studies (Egli et al, 2019, Setten et al, 2019, Khvorova et al, 2017). Nevertheless, 

most of these researches only evaluated the final result of the target silencing using 

luciferase reporter assays in cultured cells without describing anything about the 

mechanism.  

In my study, by using a specific approach of biochemical techniques including a target 

cleavage assay and a native agarose gel electrophoresis assay, I succeeded to 

analyze the precise mechanism of a chemical modification present at the 5′-end of the 

guide strand. Indeed, each step during Ago2-RISC assembly was monitored to 

address the primordial question on how this kind of modification is working.  

 

6-mCEPh-purine modification: the mechanism revealed 
Summary on the following schema (Figure 27); I found that the 6-mCEPh-purine 

modification improved the formation of mature RISC in two distinct ways: 

- (1) 6-mCEPh-purine improves the guide strand selection by fixing the loading 

orientation of siRNA duplexes (Figure 18). 

- (2) 6-mCEPh-purine increases the stability of mature RISC after passenger strand 

ejection (Figure 19).  

It also clarified that there is no difference for the amount of pre-Ago2-RISC formed 

(Figure 20).  Altogether these results demonstrated 6-mCEPh-purine do not have any 

effect on the efficiency of duplex loading while the orientation of the duplex in pre-

Ago2-RISC can change (Figure 18). In many studies, it has been showed that the 

loading of siRNA duplexes into Ago depends on an important initial step where the 

guide 5′ monophosphate is anchored in the 5′ nucleotide-binding pocket (Schirle et al, 

2012, Elkayam et al, 2012, Nakanishi et al, 2012, Iwasaki et al, 2015). It is reasonable 

to think that the guide 5′ nucleobase, close to the 5′ monophosphate is also anchored 

in the pocket of Ago2 at the step of duplex loading. However, the improvement in the 

formation of pre-Ago2-RISC by 6-mCEPh-purine was imperceptible and was visible 

only at mature Ago2-RISC formation step. We can easily imagine two different 

possible explanations for this observation:  
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Firstly, the “double-stranded state” of siRNA duplexes in pre-Ago2-RISC may 

have an additional anchor spot for Ago2 masking the effect of the 5′ nucleobase 

anchoring. If it is the case as it was previously shown in Drosophila Ago1, where 

preferred nucleobases (A and U) provided more prominent effect in mature Ago1-

RISC than in pre-Ago1-RISC (Kawamata et al, 2011), this anchor spot is certainly lost 

after the passenger ejection, making the 5′ nucleobase anchoring more important at 

this time.  

 Secondly and alternatively, due to some structural constraints, the 5′ 

nucleobase may not totally be anchored in the pocket of the MID domain immediately 

after the duplex loading. Certainly, the total stabilization and perfect anchoring of this 

5’ nuclobase occurs only after the ejection of the passenger strand. In both cases, 6-

mCEPh-purine modification at the 5′ nucleobase of the guide strand demonstrated the 

formation of more mature Ago2-RISC (Figure 19) which fully explains the better RNAi 

efficiency observed in vitro (Figure 15), in cells and in vivo according to our partner 

Kyowa Kirin. 

 

6-mCEPh-purine compared to other modifications for siRNA enhancement 

6-mCEPh-purine is a chemical modification at the 5’ end of the guide strand. My 

analysis in this study allowed to understand the mechanism of this modified siRNAs 

in vitro at each step during Ago2-RISC assembly which will play an important part in 

developing RNAi drugs more efficiently. However, as developed in the chapter 3.3 

Different types of chemical modification of my introduction there are different ways to 

approach chemical modification for the development of siRNA therapeutic. For 

example, the last breakthrough with Patisiran indicated for the treatment of hereditary 

transthyretin amyloidosis (hATTR) in adults exhibited different chemical modifications 

including the increasement of the 2′-O-methyl content. Below, I will discuss the 

different well-known modifications which can be simultaneously applied to siRNA to 

maximize the efficiency and compare it with 6-mCEPh-purine 5' nucleobase 

modification strategy. 

First, the ribose modifications including 2′-O-methyl or 2’F which are attractive 

and popular modifications significantly increase the resistance of siRNAs to serum 



  - 66 - 

nucleases, decrease immune stimulation and improve the binding affinity. (Cummins 

et al, 1995, Monia et al, 1996, Choung et al, 2006, Robbins et al, 2007). 

The 2'-O-methyl modification present in Patisiran is one of the most interesting 

chemical modifications. Its effects are variable according to its occurrence and its 

position within the siRNA. 2'-O-methylation of a strand decreases the probability of its 

selection as a guide strand: applied to the previously identified passenger strand, it 

reduces its probability of loading into the RISC and consequently increases the 

effectiveness of the guide (Chen PY et al, 2008). This modification also avoids a Toll-

like receptor mediated immune response (Robbins et al., 2007). 2'-O-methyl 

modification of the terminal ribose of the sense strand is often used in commercially 

available siRNAs.  

Unlike most other 2 'modifications that can only be obtained on already formed 

siRNAs, the 2'-F modification does not disrupt RNA polymerases: it is possible to 

synthesize RNAs using ribose pyrimidines 2'-F (2'-F-pyrimidine). Long dsRNAs in 

pyrimidines have been replaced by 2'-F-pyrimidines to retain the ability to be primed 

in siRNA by Dicer. In an in vivo mouse study, 2'-F-pyrimidine siRNAs showed 

extinguishing power and prolonged plasma half-life compared to unmodified siRNAs 

(Layzer et al., 2004). This, however, did not translate into increased therapeutic 

potency in the animal, partly due to other adverse pharmacological parameters. 

Another common modification of siRNA is the introduction of supplemental 

phosphorothioates, which is a modification of the phosphodiester linkages of siRNA 

(Nair et al, 2017). This modification also shows tremendous results. Indeed, a Sulfur 

with the P=S bond (phosphorothioate) which substitute the P=O bond can be used to 

increase the stability of the DNA oligonucleotides. This modification also provides an 

additional resistance and a great stability of siRNAs against nucleases (Jahns et al, 

2015). However, with ribose modifications including 2′-OMe or F the enhancement of 

the stability and the improvement of the affinity have already perfectly been achieved 

without causing any toxic effects and reduced cell growth (Harborth et al, 2003) as 

was in the case where the use of phosphorothioates modification was high. 

Other modifications with the deoxyribose have also proven to be effective. 

These siRNA hybrids have better stability and allows reduction of collateral extinctions. 

This last property is due to the relative instability of the guide-mRNA DNA-strand 
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couple compared to an equivalent guide-mRNA-RNA pair. Since the guide DNA 

supports less mismatch, it does not have the ability to extinguish mismatched mRNAs 

(Ui-Tei et al., 2008). This modification also facilitates the loading of the duplex into the 

RISC (Manoharan, 2004). This property is currently exploited today and commercial 

siRNAs often contain 3 'outgoing ends consisting of deoxyribonucleotides. However, 

these substitutions cannot be made anywhere in the double-strand: the presence of 

deoxyribonucleotides in the first two-thirds (3'-5 ') of the guide strand or at the 3' end 

of the passenger strand completely abolishes the power of extinction (Ui-Tei et al., 

2008).  

6-mCEPh-purine is a 5′ nucleobase modification. This chemical modification of the 

siRNA is less commonly used in siRNA design (Peacock et al., 2011) but 

demonstrated tremendous results as it was developed in the study lead by our partner 

Kyowa Kirin and my mechanistic investigation. Indeed, close to the 5’ phosphate, 6-

mCEPh-purine with this 5′ nucleobase modification helps to acquire more stability of 

the 5’ end of the guide into Ago2. After reviewing the most common modifications, a 

question remained: How to situate 6-mCEPh-purine with these other modifications but 

also with the 5' phosphate modification as 5'-(E)-vinylphosphonate (5'-E-VP) which 

adopt similar strategy to enhance siRNA efficiency (Lima et al, 2012, Prakash et al, 

2016, Prakash et al, 2017, Haraszti et al, 2017)? 

Essential RNA silencing requires the recognition of the 5′- phosphate of a siRNA 

guide strand by the Argonaute protein in RISC (Martinez et al, 2002). However, the 

5′- phosphate is rapidly removed by metabolic enzymes such as phosphatase for 
siRNAs introduced on an exogenous way. Efficient strategy to improve efficacy was 

to build phosphatase-resistant compounds. This chemical stabilization of the 5′-

phosphate have been accomplished with the 5'-E-VP. While 5′-E-VP is known to lead 
to a better efficiency of guide incorporation in Ago2 improving the stability, the strategy 

to stabilize the guide strand in the MID domain pocket of Ago2 does not merely depend 

on the 5’ phosphate as it was demonstrated in my study. For that its rational to rethink 

the design of siRNA by chemical modification to obtain a better efficiency of RNA 

silencing. Additionally, all the chemical modifications cited previously have pros and 

cons and further progress may be obtained with the association of all these to 
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maximize efficiency. Fine combination and good balance of these multiple available 

possibilities will help siRNA therapeutic as a future new era of medicine.  

 
Importance of my study 

As the recent first drug using siRNA as therapeutics validated on the market 

has shown, siRNA has an enormous potential to cure many diseases in a natural way. 

However, there is still room for improvement in their efficiency while reducing their 

dosage and costs (Egli et al, 2019, Setten et al, 2019, Khvorova et al, 2017).  My study 

developed in this thesis will provide a robust molecular platform to understand in vitro 

the mechanism of any chemically modified siRNAs at each step during Ago2-RISC 

assembly which will play a part to develop more efficiently RNAi drugs. Moreover, this 

molecular platform developed in my thesis may be used as a powerful tool though with 

some limitations. 
 

Limitation of my study and perspective 

A key approach to improving siRNA efficacy is chemical modifications. Through 

an in-silico screening of modifications at the 5′-end nucleobase of the guide strand, 

an adenine-derived compound called “6-mCEPh-purine” was identified to improve the 

RNAi activity in cultured human cells and in vivo mouse models. Using a series of 

biochemical approaches to evaluate the effect of the 6-mCEPh-purine modification 

quantitatively at each step in the assembly of the RNAi effector complex called RISC, 

I provided a molecular platform to further study the mechanism of chemically modified 

siRNA. Indeed, this system can be used to detect the effect of any chemical 

modifications with their combinations in order to improve the future drug development 

using RNA silencing as engine. However, there may be limitation to this molecular 

platform. 

As it was shown in this thesis with BrdA where I did not succeed in monitoring 

the effect of this modification as an unknown band appeared preventing any 

quantification in the assembly of RISC. Some chemical modification may interact with 

different other proteins and not directly with Ago2 avoiding any measurement. 

It is necessary to compare and complete in vitro finding using this molecular 

platform with in cell and in vivo study. Sometimes it can appear differently between in 
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vivo and in vitro study. If there is any discrepancy between in vitro, in cell, and in vivo 

data, that may propose a great opportunity to open new doors to science by asking 

why and where the discrepancy comes from. 

 The development of siRNA therapeutic is just starting to emerge and a good 

balance with the use of chemical modification is needed. Attesting the efficiency of 

siRNA is crucial to the further development of new medicine. The molecular platform 

developed in my thesis can be a powerful tool in accomplishing that.  
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Figure 27. A model for the molecular mechanism by which 6-mCEPh-purine enhances 
the RNAi activity.  
6-mCEPh-purine modification improves the formation of mature RISC in two different ways: 
(1) 6-mCEPh-purine helps the guide strand selection. (2) 6-mCEPh-purine increases the 
stability of mature RISC after passenger strand ejection. 
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V.   Materials and methods 
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1. HEK293T Cells culture 
HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

(Sigma) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Sigma) at 37 °C in 

5% CO2.  

 

2. HEK293T cells maintenance (detailed) 
1. Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) Fetal 

Bovine Serum (FBS) (Sigma) and 0.05% Trypsin-EDTA solution was pre-warm in a 

37°C waterbath. 

2. The old culture medium from 10 cm petri dishes containing HEK293T cells confluent 

~ 80% was removed and discarded 

3. Cells was washed one time with 1 mL of 1x PBS (pH ~ 7.4) (Phosphate Buffer 

Saline solution) previously prepared. 

4. PBS was aspirated. 

5. ~ 1 mL 0.05% Trypsin-EDTA solution was added in each 10 cm dish and moved 

slowly. 

6. Each dish was placed in the 37˚C incubator during 2-3 minutes. 

7. ~ 3 mL of new medium was directly added (Trypsin-EDTA solution effect was 

inhibited adding the medium). 

8. The detached cells was observed using a microscope (If cells are still aggregating, 

they may be detached “manually” by gentle pipetting to facilitate the dispersal). 

9. 1 mL of the medium containing the cells from step  7was added in a dish filled with 

9 mL of fresh medium. 

10. The cells was homogenized in the dish and checked with a microscope. 

11. New cultures was incubated at 37°C, 5% CO2.  
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3. Overexpression of Flag-tagged hAgo2 protein in HEK 293T cells  
HEK293T cells ~ 80% confluent were transfected with a plasmid DNA (pIRESneo-

Flag-HA-Ago2 (Meister et al., 2004) (Naruse et al., 2018) (Figure 28) utilized to 

express Flag-tagged Ago2) by using Lipofectamine 3000 transfection reagent 

(Thermo Fisher).  

On the day before the transfection, exponentially growing cells were plated into 10-cm 

dishes at a density of 1.2 × 106 cells per ml in antibiotic-free medium. The following 

day (24 h later), the cells were transfected with 10 µg per 10-cm dish plasmid DNA 

and harvested 48 h after.  
 

 
Figure 28. Overview of pIRESneo-FLAG/HA Ago2 plasmid. 

 (https://www.addgene.org/10822/) 
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4. Cell lysate preparation  
HEK293T cells grown on 10-cm dishes were washed three times with cold PBS, (pH 

~ 7.4) and collected by centrifugation at 1,000 x g for 3 min. at 4°C.  

The cell pellet was resuspended in two packed-cell volume of lysis buffer (30 mM 

HEPES-KOH (pH 7.4), 100 mM potassium acetate 2 mM magnesium acetate) 

containing 5 mM DTT and 1× EDTA-free Complete Protease Inhibitor tablets (Roche) 

and subjected to Dounce homogenization.  

Subsequently, the Lysate (cytoplasmic fraction) was clarified by centrifugation at 

17,000 x g for 30 min at 4 °C. The supernatant was flash frozen in liquid nitrogen and 

immediately stored at - 80 °C single-use aliquots. 

 
5. Western Blot and antibodies 
To attest the expression level of Flag-tagged hAgo2 protein in HEK293T cells, 

separation was processed by SDS-PAGE 8% (Table 1 and 2) in TGS buffer and 

western blotting was performed on PVDF membranes. (TGS buffer was picked to run 

the SDS-PAGE 8 % gels in denaturing conditions and to help maintain the pH and the 

temperature of the environment). 

PVDF membranes was blocked in a solution of 5% milk powder (diluted in TBS-T 

solution) and rinsed in TBST-T before antibody detection.  

The primary antibodies included polyclonal rabbit anti-FLAG (1:1,000 ; Sigma-Aldrich), 

monoclonal mouse anti- hAgo2 (1:2000; Abcam, Cambridge, UK).  

The secondary antibodies for chemiluminescent detection were horseradish 

peroxidase-conjugated goat anti-rabbit (or anti-mouse) IgG antibodies (Jackson 

ImmunoResearch, West Grove, PA, USA).  

Chemiluminescence was induced by Luminata Immobilon Forte Western HRP 

Substrate (Millipore), and the images were acquired by Amersham imager 600 (GE 

Healthcare Life Sciences). 
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Flag-HA-Ago2 
~100kDa 

        Table 1. Choice of the SDS gel percentage according the protein size. 
 
 

 
 
 
 
 
 
 
 

         
        Table 2. Composition of gel SDS-PAGE 8%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Protein size (kDa) Gel percentage (%) 
4-40 20 
12-45 15 
10-70 12.5 
15-100 10 
25-200 8 

Protogel (30%) 3.33 mL 
4x wide range 
buffer 

3.13 mL 

MQW 5.97 mL 
APS (20%) 62.5 µL 
TEMED   7.5 µL 

TOTAL 12.5 mL 
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6. Preparation of small RNA duplexes (detailed) 
Different guide and passengers (Figure 29) bearing some modifications have been 

used to make different duplexes (Figure 30) during my research.  

Small RNA duplex A holding a phosphate at the 5’ for the guide and the passenger 

were both unlabeled and annealed together for the target cleavage assay.  

Small RNA duplexes B, D and E were radiolabeled with the guide strand (i.e., a 5′- 32 

P-radiolabeled guide strand annealed to an unlabeled phosphorylated passenger-

strand). 
Duplex D and E hold supplemental modifications: Duplex D has a 5’ amino linker at 

the 5’ end of the passenger strand and duplex E has a 5’ amino linker at the 5’ end of 

the passenger strand and additionally a 2’ O-methyl at the position 9 of the passenger.  

Small RNA duplex C was radiolabeled with the passenger strand (i.e., a 5′- 32 P-

radiolabeled passenger strand annealed to an unlabeled phosphorylated guide-

strand). 

 
Preparation of small RNA duplex A phosphorylated: 
 
MQW 29.5 µL 
RNasin plus (Promega) 0.5 µL 
T4 PNK (TaKaRa) 5 µL 
10x PNK buffer (TaKaRa) 5 µL 
100 µM single-stranded small RNA  5 µL 
10 mM ATP  5 µL 

TOTAL 50 µL 
 
Table 3. Mixture to prepare small RNA duplex A phosphorylated. 
 
1. The previous reaction mixture (Table 3) was incubated for 1h at 37 ˚C. 

2. G-25 MicroSpin column have been prepared as following: 

 - Remove the bottom cap 

 - Centrifugate column 735g 1min. 

 - wash with 500 µL of MQW 

 - Centrifugate column 735g 1min. 

 - Remove MQW from the column (Repeat 3 x the two last steps) 

3. The column was changed and run through the 50 µL initial reaction mixture. 
 



  - 77 - 

4. Centrifugation 735 x g during 1min. 

5. 50 µL of MQW added in the column. 

6. Centrifugation 735 x g 1min. (total volume is now 100 µL). 

7. The radiolabeled RNA containing 100 µL of eluate was precipitated adding the 

following products (Table 4): 
 
GCG  (20mg/mL) 2 µL 
NaOAc 3M (1/10x of reaction volume) 10 µL  
EtOH 100% (3x volume) 300 µL  

 
Table 4. Ethanol precipitation of the radiolabeled RNA. 
 
8. Centrifugation at 20,000 x g for 30 min. at 4 ˚C. 

9. The supernatant was removed and the pellet was kept safe. 

10. The pellet was washed with 300 µL of Ethanol 70 % and centrifugated 20,000 x g 

for 5 min. at 4˚C. 

11. The supernatant was removed, the cap stayed open and the pellet dried for ~ 10 

min. at RT. 

12. The pellet (precipitated RNA) was dissolved in 100 µL of MQW for a final 

concentration ~ 5 µM of labeled small RNA (concentration was checked with 

NanoDrop). 

13. The duplex was prepared (or it also can be store at - 20˚C). 

14. the small RNA duplexes was annealed (200 nM). 

 
Small RNA duplex A phosphorylated on the guide and passenger strand (no 
radiolabeling): 
 
2x Lysis buffer (without DTT and PIC) 25 µL 
1 µM 32P 5’ phosphorylated guide strand 10 µL 
1 µM 32P 5’ phosphorylated passenger strand 15 µL 

TOTAL 50 µL 
 
Table 5. Annealing of guide and passenger strand (no radiolabeled) to form the duplex. 
 
 

15. The annealed mixture was incubated (Table 5) for 2-3 min. at 95˚C 

16. Closed cap was left for ~ 30 min. at RT to anneal. 

17. Final product was stored at - 20˚C 
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Preparation of small RNA duplexes C, B, D and E radiolabeled: 
 
MQW 15.1 µL 
RNasin plus (Promega) 0.5 µL 
T4 PNK (TaKaRa) 1 µL 
10x PNK buffer (TaKaRa) 2 µL 
10 µM single-stranded small RNA  1 µL 
25 µM [γ-32P]ATP (185 MBq) Perkin Elmer 0.4 µL 

TOTAL 20 µL 
 
Table 6. Small RNA 32P 5’ end radiolabeling. 
 

1. The previous reaction mixture was incubated (Table 6) for 1h at 37 ˚C. 

2. G-25 MicroSpin column was prepared as following: 

 - Remove the bottom cap 

 - Centrifugate column 735 x g 1 min. 

 - wash with 500 µL of MQW 

 - Centrifugate column 735 x g 1 min. 

 - Remove MQW from the column. (Repeat 3 x the two last steps) 

3. The solution volume was adjusted at 50 µL in the reaction mixture (add 30 µL of 

MQW). 

4. The column was changed and run through the 50 µL reaction mixture. 

5. Centrifugation 735 x g 1 min. 

6. 50 µL of MQW was added in the column. 

7. Centrifugation 735 x g 1min. (total volume is now 100 µL). 

8. The radiolabeled RNA contained in 100 µL of eluate was precipitated adding the 

following products (Table 4). 

9. Centrifugation at 20,000 x g for 30 min. at 4 ˚C. 

10. The supernatant was removed. 

11. The pellet was washed with 300 µL of Ethanol 70 % and centrifugated 20,000 x g 

for 5 min. at 4˚C. 

12. The supernatant was removed, with the cap open and the pellet was dried for ~ 

10 min. at RT. 

13. The pellet (precipitated RNA) was dissolved in 20 µL of MQW for a final 

concentration ~ 0.5 µM of labeled small RNA. 

14. The duplex was prepared (or it also can be store at - 20˚C). 
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15. Small RNA duplexes annealing (100nM) 

 
Small RNA duplex C radiolabeled with the passenger strand: 
 
2x Lysis buffer (without DTT and PIC) 25 µL 
500 nM 32P 5’ phosphorylated guide strand 15 µL 
500 nM 32P 5’-end radiolabeled passenger strand 10µL 

TOTAL 50 µL 
 
Table 7. Annealing of guide (radiolabeled) and passenger strand to form the duplex. 
 
 
Small RNA duplexes B, D and E radiolabeled with the guide strand: 
 
2x Lysis buffer (without DTT and PIC) 25 µL 
500 nM 32P 5’ phosphorylated passenger strand 15 µL 
500 nM 32P 5’-end radiolabeled guide strand 10 µL 

TOTAL 50 µL 
 
Table 8. Annealing of guide and passenger (radiolabeled) strand to form the duplex. 
 
 
16. The annealing mixture was incubated (Table 7 and 8) for 2-3min. at 95˚C 
17. Closed cap was left for ~ 30 min. at RT to anneal. 

18. Final product was stored at - 20˚C in RI room. 
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Figure 29. Synthetic small RNAs used in my study are summarized in 
this figure.  
The guide and passenger  strand of each small RNA duplex is derived from 
fly let-7 miRNA. Phosphorylated 5' ends are denoted by the letter p. 
Nitroindole universal base is noted with the letter i. 
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Figure 30. Different duplexes used during my study. 
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7. Preparation of target mRNA (detailed) 
The 182-nt target mRNA for the target cleavage assay with let-7 siRNAs was in vitro 

transcribed using T7-Scribe Standard RNA IVT Kit (Cellscript) from PCR products that 

were amplified with pGL3-basic vector (Promega) as a template. 

The following forward primer: 

(5′-GCGTAATACGACTCACTATAGTCACATCTCATCTACCTCC-3′)  

and reverse primer:  

(5′CCCATTTAGGTGACACTATAGATTTACATCGCGTGGATCTACTGGTCTGCCTA

AAGAAGGTTGAGGTAGTAGGTTGTATAGTGAAGAGAGGAGTTCATG-3′) (2) were 

used on this purpose. 

The target mRNA was gel purified (UREA gel 8%) and radiolabeled at the 5′- cap by 

guanylyl transferase and [α-32 P] GTP (3,000 Ci/mmole, Perkin Elmer) using the 

ScriptCap m7G Capping System (CELLSCRIPT)) according to the manufacturer’s 

instructions. 

 

1. The DNA fragment containing the target site complementary to the guide strand 

was amplified from pGL3 basic vector (Luciferase reporter vector) by PCR (Table 9) 
using the primer previously described and the Taq DNA polymerase KOD plus Neo 

We decided to choose this enzyme for its high accuracy and fidelity (Table 10). 
 

 KOD PLUS Neo KOD FX Neo 

Amplification + ++ 

Fidelity ++ + 
 

Table 10. Justification of PCR enzyme used. 
 
                                                     Mix (x1)                                
- MQW…………………….…...…....32 µL 
- 10x buffer………………….…….….5 µL 
- 2mM dNTP……………..….…….….5 µL 
- 25mM MgSO4……………………….3 µL 
- KOD plus………………….....….…..1 µL    
- 10µM Fw primer………….…….…1.5 µL 
- 10µM Rv primer……….…….……1.5 µL 
- Template DNA………....……...……1 µL        
  
                                                 50 µL Total           Table 9. Protocol used for the PCR 
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2. the separation of the cDNA fragments obtained was effectuated with an agarose 

gel (1%) in TAE buffer followed by an electrophoresis (100v, 30-40min). 

The EtoH precipitation to help to concentrate the PCR product separated was optional. 

After the Excision of the DNA fragments, purification with Nucleo spin clean up kit 

MACHEREY-NAGEL was managed.                 

The concentration of cDNA was measured by Nanodrop & stored @ -20˚C or followed 

by IVT. 

3. The transcription reaction was set up at RT with the T7-Scribe Standard RNA IVT 

Kit (Cellscript) (Table 11) by adding the reagents in the order indicated below: 
 
 
 
 
                
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

                    Table 11. T7-Scribe Standard RNA IVT Kit (Cellscript) 

 

After incubation for 2 hours at 37˚C, to remove the DNA template from the IVT 

reaction., we applied a DNase I treatment by adding 1 µL of DNase I. 

The reaction mixture was incubated 15 min. at 37˚C before perform the RNA 

purification. 
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4. To remove residual proteins and unincorporated NTPs from the RNA, the 

purification of the RNA was made with a UREA gel 8% (Table 12). 

 

Urea gel  8M UREA 5 x TBE 
Concentrate Diluant Buffer 

6.4 mL 11.2 mL 2 mL 
 
In last it was added:                                         Table 12. UREA gel 8% composition. 
 
      + APS…………60-80 µL  
      + TEMED……..20-30 µL  
 

A volume/volume (v/v) of 2 x sample FA dye was added to the IVT reaction mix and 

placed at 95 ˚C for 2-3 min. before been loaded in the wells.  

The gel was finally run at 500 v, 100 mA for 30 min. 

The detection of the RNA in the gel was detected by UV shadowing and cut at the 

good length. 

The band of gel containing the RNA was set in a 2 mL tube with 700 mL of 2x PK 

buffer rotating O/N. 

5. To purify the RNA, isopropanol precipitation was done 24 hours later. 

The 2 x PK buffer (containing the RNA) was transferred to a 1.5 mL tube with 700 µL 

of isopropanol (v/v) and 2 µL of GCG. 

We centrifugated at 15,000 g for 30 min. at 4 ˚C , removed the supernatant and kept 

the pellet. 

The pellet was washed with 700 µL of Ethanol 70 % and centrifugation 15,000 g for 5 

min. at 4˚C. was proceeded. 

The supernatant was removed, and the cap open, we dried the pellet for ~ 10 min. at 

RT. 

The pellet (precipitated RNA) was dissolved in 20 µL of MQW. 

The final concentration of the target RNA was checked by NanoDrop before the Cap-

radiolabeling. This process (“the capping”) helps to improve the stability of the RNA 

compared to uncapped RNA and the radiolabeling allowed us to monitor the target 

cleavage efficiency.  
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6.The ScriptCapTM m7G capping system was utilized to add a cap to the 5' terminus 

of our RNA target that has a 5'-triphosphate group obtained from the IVT reaction. 

According the cellscript protocol, a “cap” or "cap nucleotide" is a guanine (G) 

nucleoside that is linked via its 5' carbon to a triphosphate group. 

This triphosphate group is in turn, linked to the 5' carbon of the most 5' nucleotide of 

the primary mRNA transcript. 

In eukaryote organisms, the N at the position 7 of the G in the cap is methylated.  

Such a capped RNA (transcript) can be represented as shown in the (Figure 31) 
 

 

Figure 31.  Capped RNA product from a ScriptCap m G Capping (System has 
a “cap 0” structure). 

 

 

 

 

 

SAM Methylation 
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7. The following reaction mix (Table 13) was prepared and incubated at 37°C for 2 

hours. A volume/volume (v/v) of 2 x sample FA dye was added to the Cap-

radiolabeling reaction mix and placed at 95 ˚C for 2-3 min. 

 

 
Table 13. Cap-radiolabeling mixture. 
 

8. The “Cap 0” mRNA target was now ready to be purified by gel purification with a 

8% UREA gel before the isopropanol precipitation process. 

9. The final product was stocked at - 20°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNase free water 13.5 µL 
RNase inhibitor 0.5 µL 
10 x script cap buffer 2 µL 
SAM 2 mM 1 µL 
Target RNA 1 µM 1 µL 
Enzyme mix 1 µL 
+ GTP 3.3 µM (α32-P) 1 µL 

TOTAL 20 µL 
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8. Target cleavage assay (detailed) 
1. Target mRNA cleavage assays were performed in reactions mixtures preincubated 

at 25˚C during approximatively 30 min in order to assembly the RISC complex. 

The typical reaction mixture (Table 14) included:  

 - 10 µl of of lysate from HEK 293T cells expressing Flag-tagged Ago2 proteins 

 - 6µL 40× reaction mix 

 - 2 µL of Ficoll-400 (facilitate the loading of samples onto the gel) 

 - 2 µL 100 nM 5′-phosphorylated small-RNA duplexes  

2. After the addition of 2 µL ∼10 nM 32P cap-radiolabeled target mRNA, the time 

course was launched. 

 
Table 14. Target cleavage reaction mix 
 

3. At each time point desired, a fraction of 2 µL of the reaction mixture (Table 14) was 

taken and the reactions were stopped by using a shortcut method for RNA sample 

preparation (developed by Hiro-oki Iwakawa) (Table 15, 16 and Figure 32) adding 8 

µl of low salt PK solution (10x low salt PK buffer (100 mM HEPES-KOH, pH 7.4, 100 

mM EDTA and 1% [w/v] SDS) 1.25x, Proteinase K 12.5%, MQW). 

The reaction mixture was after incubated at 55˚C during 10 min.  

At the end, an equal volume of 2× formamide dye containing 25 mM EDTA and 0.1% 

SDS was added and the samples was incubated 5 min at 68˚C and placed at RT.  

4. The target substrate (182-nt) and 5′ cleavage product (112-nt) were separated on 

a 8% denaturing polyacrylamide gel.  

5. After electrophoresis, gels were placed on a whatman 3MM paper with a thin 

cellophane sheet cover and have been dried during ~ 30 min under vacuum in a gel 

dryer at ~ 80˚C. 

Lysate  10 µL 
40 x reaction mix 6 µL 
~ 100 nM small RNA duplex cold 2 µL 
15% (w/v) Ficoll-400 in 1 x lysis buffer 2 µL 
~ 10 nM mRNA target radiolabeled  2 µL 

TOTAL 22 µL 
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6. Gels have been imaged by Typhoon FLA 7000 (GE Healthcare Life Sciences) to be 

finally quantified using Multi Gauge software (Fujifilm Life Sciences). Figures were 

obtained using IgorPro (WaveMetrics). 

 

 
Table 15. Preparation of 10x low salt PK buffer 
 

 
Table 16. Preparation of Low salt PK solution  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

 
 

10 % SDS à 1 %  (d1/10) 1 mL 
0.5 M EDTA à 100 mM (d1/5) 2 mL 
1 M hepes-koh à 100 mM (d1/10) 1 mL 
MQW  6 mL 

TOTAL 10 mL 

10 x Low salt PK buffer à 1.25 x 125 µL 
Proteinase K 125 µL 
MQW 750 µL 

TOTAL 1 mL 
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Figure 32. Shortcut method for RNA sample preparation. 
 
 

A shortcut method for RNA sample preparation 

Hiro-oki Iwakawa 

 

I developed a shortcut method for RNA sample preparation before loading gel. This 

method allows us to skip ethanol precipitation in sample preparation. 

 

Materials 
 

l 10 × Low salt PK buffer: 1% SDS, 100 mM EDTA, 100 mM HEPES-KOH 

(pH7.4) 

l Proteinase K (Takara) 

l Low salt PK solution: 1.25 × Low salt PK buffer containing 12.5 % Proteinase K 

l 2 × formamide dye: 10 mM EDTA pH 8.0, 98% (w/v) deionized formamide, 

0.025% (w/v) xylene cyanol, 0.025% bromophenol blue. Store in aliquots at 

–20 °C. 

 

Methods 
1. Mix 2 µl of reaction (lysate or mixture of purified proteins and RNAs) with 8 µl of 

Low salt PK solution in a 1.5 ml centrifuge tube, and incubate at 55 °C for 10 min. 

2. Add 10 ul of 2 × formamide dye into the sample, then incubate at 68 °C for 5 min. 

3. Load 5 µl of aliquots into the well of gel. 
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9. In vitro RISC assembly assay and Native gel analysis (detailed) 
1. Before start the RISC assembly assay, native gels 1.5–2 mm thick, containing 

1.4% (w/v) agarose (Low Range Ultra Agarose, Bio-Rad Laboratories), were cast 

vertically between glass plates with 0.5-mm-thick bottom spacers (16 cm × 16 cm) 

for electrophoresis. 

2. The Lower and the upper reservoirs of the electrophoresis tank were filled with 

0.5 x TBE buffer (44.5 mM Tris, 44.5 mM Borate, 1 mM EDTA) previously cool down 

at 4˚C. 

To remove air bubbles remaining beneath the gel a syringe was used. 

To detect intermediate complexes (Pre-RISC and mature RISC) in the Ago2-RISC 

assembly pathway, reactions incubated at 25 °C consisted of (Table 17): 
 - 10 μl lysate 

 - 6 μl 40× reaction mix 

 - 2 μl 15% (w/v) Ficoll-400 in lysis buffer x1 (facilitate the loading of samples 

onto the native gel) 

 - 2 μl of ~ 50 nM small RNA duplexes with the guide strand  

 - 2 μl 50 nM 2′-O-methyl antisense oligonucleotide (ASO) 

 
Lysate 10 µL 
40× reaction mix 6 µL 
15% (w/v) Ficoll-400 in lysis buffer x1 2 µL 
~ 50 nM small RNA duplexes with the guide 
strand 

2 µL 

50 nM 2′-O-methyl antisense oligonucleotide 
(ASO) 

2 µL 

TOTAL 22 µL 
 
Table 17. RISC assembly reaction. 
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3. 2’-O-methyl ASO containing a 5-nitroindole was used as the target:  

5’mUmCmUmUmCmAmCmUmAmUmAmCmAmAmCmCmUmAmCmUmAmCmCm

UmC/5-nitroindole/mAmCmCmUmU-3’. 

4. This antisense oligonucleotide was complementary to the guide-strand sequence 

of duplex A, B, D and duplex E, except for one central mismatch.  

Preparation of the 40× reaction mix and lysis buffer (30 mM HEPES-KOH, pH 7.4, 100 

mM potassium acetate and 2 mM magnesium acetate) has been described in detail in 

materials and methods annex.  

For an alternative native gel analysis, with the Duplex C the passenger strand was 

radiolabeled instead of the guide strand. (In this configuration, the 2’-O-methyl ASO 

containing a 5-nitroindole was complementary to the passenger-strand sequence). 

5. After incubation, 1.4 µL of sample for each time point desired was loaded per 

agarose-gel well. 

6. The RISC complexes were resolved by the vertical, native 1.4% agarose gel 

electrophoresis at 355 V for 1.5 h in a 4◦C cold room with ice-cold 0.5× Tris-borate-

EDTA buffer kept cold with several ice-sticks in the vertical buffer chamber.  

7. Once electrophoresis done, agarose gel was flipped over a Hybond N+ 

membrane to prevent any smear when the gel will dry. The Hybond N+ membrane 

holding the gel was deposited on a Whatman 3MM paper and a thin cellophane 

plastic sheet was added to cover the gel. 

8. Gel was dried for~ 30 min. with a gel dryer at 80˚C under a vacuum. 

9. After been dried complexes in the gel were detected by PhosphorImager (FLA-

7000 image analyzer, Fujifilm) and quantified using Multi Gauge software (Fujifilm).  

10. For all experiments, gels shown in a single figure originated from experiments that 

were conducted at the same time and that were exposed to the same 

phosphorimaging plate. 

Data and figures were prepared using IgorPro (WaveMetrics). 
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10. Micrococcal nuclease treatment  

A RISC assembly assay was done without inclusion of the 2’-O-methyl ASO containing 

a 5-nitroindole. To exclude any possible endogenous RNA to link the radiolabeled 

guide, HEK293T lysate was treated with a Micrococcal nuclease. 

Typically for 100 µl of lysate treatment: 

- 4 µL of micrococcal nuclease diluted x 125 in naïve lysate (from 2.000.000 gel U/mL, 

NEB for a final concentration 16.000 gel U/mL) was added. (Note the naïve lysate was 

diluted 5x in lysis buffer). 

- 1 µL 100 mM Ca(OAc)2 was added for a final concentration at 1 nM and incubated 

at 25˚c for 20 min.  

- Finally, 2 µL 200 mM EGTA for a final concentration 4 nM was added to stop the 

reaction and use this lysate to launch the RISC assembly assay (without target). 
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11. Materials and methods annex 
5x Lysis buffer 

1 M HEPES-KOH pH 7.4 (final [C]= 30 mM) 150 mL  
1 M KOAc (final [C]= 100 mM) 500 mL 
1 M Mg(OAc)2 (final [C]= 2 mM) 10 mL 
MQW 340 mL 

TOTAL 1 L 
 
1x Lysis buffer 

1 M HEPES-KOH pH 7.4 (final [C]= 30 mM) 1.5 mL  
1 M KOAc (final [C]= 100 mM) 5 mL 
1 M Mg(OAc)2 (final [C]= 2 mM) 100 µL 
MQW 43.4 mL 

TOTAL 50 mL 
Optional: 
+ 1 M DTT add 250 µl for 50 mL  
+ PIC (25x) (Roche) add 1 large tablet for 50 mL 
 
40x reaction mix 

MQW 71 µL 
500 mM creatine monophosphate * 20 µL 
1 M DTT 2 µL 
40 U/µL RNasin plus 1 µL 
100 mM ATP 4 µL 
1 M KOAc 16 µL 
500 mM Mg(OAc)2 2.24 µL 
creatine phosphokinase ** 6 µL 

TOTAL 122.24 µL 
* 16.4 mg of powder diluted in 100 µL of MQW 
** 2  µL of 10 U/µL stock diluted  in 8  µL lysis buffer 1 x 
 
2x formamide loading buffer 

(w/v) deionized formamide 98 % 
EDTA pH 8.0 10 mM 
(w/v) xylene cyanol 0.025 % 
(w/v) bromophenol blue 0.025 % 

 
2x proteinase K buffer 

Tris-Cl pH 7.5 200 mM 
EDTA pH 8.0 25 mM 
Sodium chloride 300 mM 
(w/v) SDS 2 % 
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