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Suzanne
Samenvatting

In Caenorhabditis elegans zijn RNA interferentie en de microRNA cascade gerelateerd, maar functioneel anders. Zo zijn de Argonaute eiwitten en de mechanismen van gen silencing verschillend. ALG-1 en ALG-2 zijn Argonautes die voornamelijk functioneren in de microRNA cascade terwijl RDE-1 de Argonaute is die vereist is voor RNA interferentie. In beide cascades is een klieving van een voorloper door DCR-1 nodig voor de biogenese van dubbel strengs RNA van 20-23 nucleotiden. De kleine RNA duplexen, die door Dicer geprocessed zijn lijken in beide cascades gelijk, maar worden in andere Argonautes geladen en medieëren gen silencing via verschillende mechanismen. Het enige duidelijke verschil in de structuur van de micro- en small interfering RNA duplexen is de hoeveelheid complemen-tariteit in de duplexen: microRNA duplexen bevatten altijd meerdere mismatchen, terwijl de small interfering RNA duplexen perfect complementair zijn. Wij stellen als hypothese dat dit verschil in complementariteit de oorzaak is dat de verschillende duplexen aan verschillende Argonautes binden. Om deze hypothese te testen hebben we verschillende versies gemaakt van een small interfering RNA die tot expressie komt in een microRNA voorloper. Deze small interfering RNA (22siRNA) leidt tot de silencing van het unc-22 gen. In tegenstelling tot de 22siRNA die volledig complementair is, hebben deze aangepaste versies mismatchen in de RNA duplex en/of tussen de guide strand en het messenger RNA van het unc-22 gen. Om het laden van Argonautes in vivo te analyseren, is de formatie van de RNA-Argonaute complexen bestudeerd met Fast Protein Liquid Chromatography. We ontdekten dat duplexen die volledig complementair zijn in dezelfde fracties aanwezig zijn als RDE-1. Dit in tegenstelling tot duplexen met een 3-nucleotide uitstulping in dezelfde fracties aanwezig zijn als ALG-1. Ten tweede hebben we ook de aan- of afwezigheid van het unc-22 fenotype geanalyseerd. We ontdekten dat het fenotype niet geïnduceerd wordt; 1) in wormen met een rde-1 mutatie (wat bewijst dat het fenotype veroorzaakt wordt via RNA interferentie), 2) wanneer een 3-nucleotide uitstulping in de guide strand een juiste binding met het messenger RNA voorkomt en 3) wanneer een 3-nucleotide uitstulping aanwezig is aan één van de uiteinden van de passenger strand.

Summary 

In Caenorhabditis elegans, RNA interference and the microRNA pathway are related, but functionally distinct pathways, with different Argonaute proteins and different mechanisms of gene silencing. ALG-1 and ALG-2 are Argonautes which function primarily in the microRNA pathway while RDE-1 is the Argonaute that is required for RNA interference. Both pathways require cleavage of a precursor by DCR-1 for the biogenesis of 20-23 nucleotide double stranded RNAs. These Dicer-processed small RNA duplexes appear in both pathways very similar, but are loaded in different Argonautes, thereby mediating gene silencing via different mechanisms. The only obvious distinction, in structure, between the micro- and small interfering RNA duplexes is the amount of complementarity within the duplexes: microRNA duplexes always contain several mismatches, while small interfering RNA duplexes are perfectly complementary. We hypothesized that this difference in the amount of complementarity causes the different duplexes to bind to different Argonautes. To test this hypothesis, we made different modified versions of an small interfering RNA (22siRNA), that targets the unc-22 gene and is expressed of a microRNA-derived precursor. In contrast to the 22siRNA duplex that is fully complementary, these modified versions carry mismatches within the RNA duplex or/and between the guide strand and the messenger RNA of the target unc-22 gene. To analyse Argonaute loading in vivo, small RNA-Argonaute complex formation was assessed by Fast Protein Liquid Cromatography. We discovered that duplexes with perfect complementarity within the duplex cofractionate with RDE-1, while duplexes with a 3-nucleotide bulge cofractionate with ALG-1. Secondly, we analysed the presence or absence of the unc-22 phenotype. We discovered that the phenotype is not induced; 1) in an rde-1 mutant background proving that the phenotype is caused via RNA interference, 2) when a 3-nucleotide bulge in the guide strand prevents the proper binding with the messenger RNA and 3) when a 3-nucleotide bulge is present in either of the two ends of the passenger strand.

List of abbreviations 

Ago

Argonaute

ALG

(plant)Argonaute-Like Gene
C. elegans
Caenorhabditis elegans

DCR-1 
C. elegans Dicer

DDE

triad of the acidic amino acids: aspartate - aspartate - glutamate
DDH

triad of the acidic amino acids: aspartate - aspartate - histidine

DNA

DeoxyriboNucleic Acid
dsRNA
double-stranded RNA

FPLC

Fast Protein Liquid Cromatography
HA tag

protein-tag derived of the influenza hemagglutinin protein 
LB agar
Luria Broth agar 

miRISC
microRNA-Induced Silencing Complex

miRNA
microRNA or the guide strand of a microRNA duplex 

miRNA*
the passenger strand of a microRNA duplex

mRNA

messenger RNA

NGM

Nematode Growth Medium
PAZ

PIWI/Argonaute/Zwille

PIWI

P-element Induced WImpy testis

RDE

RNAi-defective
RdRP

RNA directed RNA Polymerase

RISC

RNA-Induced Silencing Complex

RNA

RiboNucleic Acid
RNAi

RNA interference
RNase

ribonuclease
RT

Reverse Transcription or Reverse Transcriptase

siRNA

small interfering RNA

tncRNA
tiny non-coding RNA

UTR

UnTranslated Region
wt

wild type 
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1 Introduction 

This report describes research done on small double stranded RNA molecules and the pathways in which they function. Two of these pathways are RNA interference (RNAi) and the microRNA (miRNA) pathway which are involved in post-transcriptional gene silencing. This research is done in an in vivo Caenorhabditis elegans model. The influence of different kinds of small RNAs on gene expression has only recently been discovered and research is focused on applications of this knowledge as well as at the basic mechanisms of the pathways themselves. The research in this report focuses on one specific step; the binding of dsRNA to an Argonaute protein. The conclusions of this study will give more insight, not only into this specific step of the small RNA pathways in C. elegans, but also in other organisms because the pathways are highly conserved throughout the animal kingdom.

Understanding the mechanism of these small RNA pathways is important for several reasons; 1) small RNAs are essential for life, 2) they are important regulators of gene expression, development and tissue maintenance and 3) because small RNAs are widely used as tools in biological and medical research. Examples of medical use of small RNAs are: slowing down HIV by silencing essential HIV genes 1, 2, stopping tumour growth by local silencing of oncogenes 3,4, but also creating agricultural products that no longer cause allergies by silencing specifically the allergens 5. Small RNAs are also used in research as a tool to silence genes post-transcriptionaly, without interfering with the genome. They can for instance be used for genome wide screens. By systemically knocking down each gene separately and analysing a selected phenotype, the effects of all genes on that phenotype can be tested.

Insides given by the conclusions of this report hopefully lead not only to more knowledge on the mechanisms of small RNA pathways but also provide clues to ways of improving the usefulness of small RNA applications. 

1.1 C. elegans 
Caenorhabditis elegans is a small (about 1 mm) soil nematode commonly found in many parts of the world. It feeds primarily on bacteria and reproduces with a life cycle of about three days. The two sexes, hermaphrodites and males, are very alike in the different larva stages but differ in appearance as adults. Hermaphrodites produce both oocytes and sperm and can reproduce by self-fertilization. Males, which arise spontaneously at low frequency by loss of one of the two X chromosomes by nondisjunction at meiosis, only produce sperm and can fertilize hermaphrodites. 

C. elegans is a simple organism, both anatomically and genetically. An adult C. elegans has a small number of somatic nuclei, only 959 for hermaphrodites and 1031 for males. The haploid genome is about 8 x 107 nucleotides in size, that is around half that of Drosophila melanogaster. 

C. elegans is extensively used as an experimental system for many biological studies, especially in molecular and developmental biology. The key attributes of C. elegans as a model organism are its simplicity, transparency, ease of cultivation in the laboratory, convenience of manipulation, short life cycle, suitability for genetic analysis, and small genome size. 6
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Figure 1: C. elegans in different stages of developments. (magnification: 50x) 

1.2 Small RNAs in C. elegans  
Small RNAs (19-30 nucleotides in length) form a large family of regulatory molecules that are involved in several distinct silencing mechanisms. Best understood are silencing mechanisms that occur at the post-transcriptional level and induce down-regulation of mRNAs by endonucleolytic cleavage or transcriptional repression. 

Biogenesis of most classes of small RNAs starts with double-stranded RNA (dsRNA) precursors and involves dsRNA-specific RNase III-type enzymes. Mature small RNAs associate with Argonaute family proteins to induce the silencing process. 7,8
Classes of small RNAs are distinguished by their origin or their Argonaute association. Two major classes of small regulatory RNAs are microRNAs (miRNAs) and small interfering RNAs (siRNAs), which are discussed below. For specific features and functions of these small regulatory RNAs see also table 1. Other classes of small RNAs in C. elegans are tncRNAs (tiny non-coding RNAs), 21U RNAs 9 and endogenous siRNAs 10, all with poorly understood function and biogenesis. 

Two other RNA silencing mechanisms in C. elegans that have overlap with the miRNA- and siRNA pathways are transposon silencing and co-suppression. 

Transposon silencing is the mechanism by which C. elegans inhibits the mobility of transposable elements. In a genome wide RNAi screen it was discovered that many RNAi deficient worms also exhibit an unusual mobilization of transposons. 11 Subsequently, several genes have been discovered that are necessary for both transposon silencing and RNAi. However, other genes, when mutated, cause a defect in only RNAi or transposon silencing, indicating that the mechanisms are related, but not identical. 

Co-suppression occurs when transgenic copies of a gene are introduced into the genome. This may result in the reduced expression of both the transgene as the endogenous gene, leading to a phenotype that is consistent with a loss-of-function phenotype of the endogenous gene. It was discovered that mutants of C. elegans that are defective in both RNAi and transposons silencing are also defective in co-suppression. But mutations that only interfere with RNAi or transposon silencing have no effect on co-suppression. 12 This shows that, despite similarities with RNAi, there is a different pathway underlying co-suppression. 

Table 1: Selective overview of features and function of si- and miRNAs. nt = nucleotide
	
	Features
	Function

	siRNA 
	Source:
	dsRNA of exogenous origin
	· Antiviral defence mechanisms 13, 14
· Protection of the genome against selfish genetic elements such as retrotransposons and repetitive sequences 15

	
	Length:
	~21/22 nt 
	· 

	
	Argonaute

in C. elegans:
	RDE-1 
	· 

	miRNA 
	Source:
	dsRNA region of a hair-pin precursor
	· Tissue growth 16
· Developmental timing 16
· Apoptosis 16
· Cell proliferation 16
· Fat metabolism 17
· Neuronal patterning 18 
· Control of hematopoiesis 19
· Tumorgenesis 20
· Suppressing 21 or enhancing 22 levels of viral RNA 

	
	Length:
	~21/22 nt 
	· 

	
	Argonaute

in C. elegans:
	ALG-1 and ALG-2 
	· 


1.3 Argonaute proteins

Argonaute (Ago) proteins play a central role in various small RNA pathways.

An Argonaute protein forms the key component of the so-called RNA-induced silencing complex (RISC) that contains a small RNA and is the effector complex of the silencing processes induced by the small RNAs. 23, 8
Argonaute proteins are highly basic proteins of ~100 kDa that are defined by two domains: the PAZ and PIWI domains. The PAZ (PIWI/Argonaute/Zwille) domain interacts with the 3’ end of the small RNA. The PIWI (P-element Induced WImpy testis) domain exhibits structural homology to RNase H endonucleases and interacts with the 5’ end of the small RNA. 24, 25 See figure 2. RNase H contains a triad of acidic amino acids, DDE (aspartate - aspartate - glutamate), involved in the catalysis. A related set of amino acids, DDH (aspartate - aspartate - histidine), is conserved in several eukaryotic Argonautes. This DDH motif is proven to function in the degradation of mRNA in flies, humans and yeast. 26, 27, 28 Most eukaryotes contain several different Argonautes, each with a specialized function. The C. elegans genome contains 27 genes encoding Argonaute proteins, for many of which the function is still unknown. Best studied are ALG-1 and ALG-2 ((plant)Argonaute-Like Gene), which function primarily in miRNA pathway, and RDE-1 (RNAi-defective), which is required for RNAi. 
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Figure 2: Figure of an examplementary Argonaute showing the different domains among which the PAZ (red) and PIWI (purple). (A) Crystal structure of a Pyrococcus furiosus Argonaute. 29 (B) A schematic model depicting how an Argonaute binds to an mRNA (red strand) and a small RNA (green strand). (C) Schematic diagram of the domains of a Pyrococcus furiosus Argonaute. 29    

1.4 RNAi in C. elegans 

In 1990 the surprising discovery was made that adding copies of a gene to a genome does not give rise to more mRNA and protein but instead induces suppression of homologous sequences in plants. 30 In 1992 it was discovered that transgenic plants carrying a viral gene were resistant against that virus. It was observed that this process was working via RNA. 31 In 1995 it was found that injecting double-stranded RNA causes dramatic sequence specific down regulation of gene expression in the C. elegans germline. 32 Andy Fire, Craig Mello and their colleagues studied this new phenomenon in C. elegans and characterized it as RNAi. 33 For this research Fire and Mello received the Nobel Prize of Physiology or Medicine in 2006. Currently, RNAi is one of the most widely used tools in cell biology.
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The core mechanism of RNAi is relatively simple. The text below and figure 3 review the current view on RNAi in C. elegans. Exogenously provided dsRNA is cleaved into primary small interfering RNAs (siRNAs) of approximately 21 nucleotides by the RNase III enzyme Dicer (DCR-1). 34 The primary siRNA duplexes bind to DCR-1 and RDE-4 35 and are subsequentially incorporated into RISC. In this complex an Argonaute protein is present (RDE-1 in the case of siRNAs). 11 The guide strand of the primary siRNA remains bound to RDE-1 while the passenger strand is discarded. 

RISC binds to the coding region of a mRNA that contains a region which is complementary to the primary siRNA. 

Although RDE-1 contains the conserved DDH motif required for mRNA cleavage, it is unknown if such a cleavage occurs during this stage of the siRNA pathway. 26
Figure 3: Schematic representa-tion of siRNA biogenesis, RISC formation and creating of secondary siRNAs leading to degradation of mRNA. For details see text.
The binding of the RISC to the target mRNA leads to the unprimed formation of secondary siRNAs by an RNA directed RNA Polymerase (RdRP). 36 These secondary siRNAs are bound by secondary Argonautes, SAGO-1, SAGO-2 or PPW-1, and lead, in a yet to be revealed way, to the degradation of mRNA. 24

1.5 miRNA in C. elegans 
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miRNAs are endogenous small RNAs that play important regulatory roles by down-regulating target mRNAs via translational repression or degradation of the mRNA. lin-4 was the first miRNA to be discovered. The lin-4 gene, known to control the timing of C. elegans larval development, does not code for a protein, but in stead leads to the production of a pair of small RNAs. 37 These small RNAs reduced the amount of the LIN-14 protein without noticeable changes in the levels of the lin-14 mRNA. lin-4 was discovered as the first of an abundant class of small RNAs that is still expanding. Of the thousands miRNAs in total 132 have been described for C. elegans so far, many of which are highly conserved, often to the nucleotide, throughout the animal kingdom. The functions of miRNAs, as described in table 1, are diverse and influence some of the most basic mechanisms of life.

Figure 4: Schematic representation of miRNA biogenesis and miRISC formation leading to gene silencing. For details see text. 

The biogenesis of miRNAs starts with the transcription of a miRNA gene, which leads to a complexly folded pri-miRNA. See figure 4. This pri-miRNA is cleaved by Drosha, an RNase III family member, into smaller stem-loop-structures called pre-miRNAs. 38 These pre-miRNAs are actively transported from the nucleus to the cytoplasm by the export receptor Exportin-5 and the cofactor Ran-GTP. 39, 40 In the cytoplasm, pre-miRNAs are further processed, by DCR-1 (Dicer), into mature miRNA duplexes. 34 This duplex is loaded into a microRNA-induced silencing complex (miRISC), the effector complex of the miRNA pathway. In C. elegans, the Argonaute proteins ALG-1 and ALG-2 form the key components of miRISC. 41 The guide strand of this duplex (miRNA) remains bound to the Argonaute while the passenger strand (miRNA*) is discarded. 

The miRISC binds to the 3’-untranslated region (3’ UTR) of an mRNA. There is no requirement for base pairing over the full length of the miRNA, but a rather strict requirement for base pairing within the 5’ seed region. This seed region is defined as nucleotides 2 to 7 or 8 of the mature miRNA. 42 This binding causes the silencing of the mRNA by either of two posttranscriptional mechanisms: degradation of mRNA after deadenylation or translational repression. 

1.6 Hypothesis

In C. elegans, RNAi and the miRNA pathway are clearly related, but functionally distinct mechanisms, with different Argonaute proteins and different mechanisms of silencing for the two pathways. However, both pathways require cleavage of a precursor by DCR-1 for the biogenesis of the mature 21-nucleotide RNAs. The Dicer-processed small RNA duplexes appear very similar, but are loaded in different Argonautes, thereby functioning in different pathways. It is unknown how these duplexes are distinguished and how differential loading is achieved. 

Recently, the lab has generated nematode strains that express a single siRNA from a miRNA-derived precursor. 36 Part of the let-7 (LEThal) gene was replaced with a sequence that leads to a siRNA that is complementary to the C. elegans muscle gene unc-22 (UNCoordinated). Transgenic expression of this modified let-7 gene leads to silencing of the unc-22 gene (50% reduced mRNA levels), which gives the worms a twitching phenotype that is easily distinguishable by eye. Biogenesis of this siRNA duplex, termed 22siRNA is identical to that of a miRNA. The sequences of the precursors of the endogenous let-7 and the modified 22siRNA are given in figure 5. Because this siRNA is processed from a miRNA-like transcript, it is surprising that target silencing is dependent on RNAi, and not on the miRNA pathway, as silencing requires RDE-1 and RDE-4, and not ALG-1 or ALG-2. It remained unclear which features directed this RNA duplex into the siRNA pathway instead of the miRNA pathway. 
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Figure 5: The sequence of the precursors of let-7 and 22siRNA showing the differences that cause 22siRNA to be perfectly complementary to unc-22.  

The RNA duplexes that are formed by dicing in both pathways are very similar: they consist of 22 nucleotide, have a 3’ 2 nucleotide overhang, a 5’ monophosphate and 2’,3’ hydroxy termini. The only obvious distinction in structure between the mi- and siRNA duplexes is the amount of complementarity within the duplexes. miRNA duplexes always contain several mismatches, while siRNA duplexes are perfectly complementary. We hypothesize that this difference in the amount of complementarity within the duplexes is what causes the different duplexes to bind to different Argonautes. See figure 6 for a schematic depiction. 
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Figure 6: Schematic depiction of the hypothesis that the difference in the amount of complementarity within duplexes is what causes the different duplexes to bind to different Argonautes.

To test this hypothesis, we made different modified versions of 22siRNA. In contrast to the 22siRNA duplex that is fully complementary, these modified versions carry mismatches within the RNA duplex or/and between the guide strand and the mRNA of the target unc-22 gene. The new small RNA-expressing transgenes were transformed into C. elegans, and the resulting transgenic nematode strains were analysed. First, the binding of the transgenic small artificial RNAs to different sized protein complexes is analysed by Fast Protein Liquid Cromatography (FPLC). Because miRNA-complexes and siRNA-complexes differ in size, this distribution indicates into which of the two Argonautes, RDE-1 or ALG-1, the RNA duplex has been loaded.

Secondly, we analyse the phenotype. As readout for triggering the RNAi pathway, we use the twitching phenotype that results from silencing of the unc-22 gene. By analysing the phenotype we can determine if the RNAi pathway is able to use the RNA duplex to causes silencing. It is already known that the amount of complementarity between the guide strand of a RNA duplex and the mRNA of the target gene affects the ability of the duplex to cause mRNA cleavage. 43 A 3-nucleotide bulge (3 mismatches in a row) between the guide strand of a modified 22siRNA and the unc-22 mRNA will interfere with the binding in such a degree that the unc-22 gene is no longer silenced. 36  
RNA duplexes are generated in the transgenic nematode strains by Dicer cleavage of the hairpin precursors that are transcribed from the si/miRNA transgenes. See figure 7 for an overview of the various used small RNA duplexes. In ‘gs mm 10-12’ the nucleotides 10 to 12 (counting from the 5’ end) of the guide strand were changed (in comparison to 22siRNA) to create a 3-nucleotide bulge. This 3-nucleotide bulge also exists when binding to the mRNA of the target unc-22 gene. We tested if a 3-nucleotide bulge would disrupt complementarity with the duplex sufficiently to cause the RNA duplex to be loaded on ALG-1 instead of RDE-1. In the ‘balanced mm’ the guide strand is the same as in the ‘gs mm 10-12’, but three nucleotides of the passenger strand have been changed accordingly to make the duplex fully complementary again. Although the duplex is fully complementary, the 3-nucleotide bulge relative to the target unc-22 gene remains. With this construct we studied the effects of the 3-nucleotide bulge in respect to the unc-22 gene separately of the disrupted complementarity within the bulge. In ‘ps mm 9-11’, ‘ps mm 3-5’ and ‘ps mm 15-17’ three nucleotides were changed in different parts of the passenger strand, thereby changing the complementarity within the RNA duplex, but maintaining the perfect complementarity between the guide strand and the mRNA of the target unc-22 gene. With these constructs we studied the effects of the place of the 3-nucleotide bulge within the duplex. In ‘ps mm 10-11’ and ‘ps mm 10’ two or one nucleotides were changed in the passenger strand. We tested if these smaller bulges had the same effects as the 3-nucleotide bulge. For specific details on the small RNA-expressing constructs see materials and methods.

Figure 7: Overview of the RNA duplexes that are generated by Dicer cleavage of the hairpin precursors transcribed from the si/miRNA transgenes. 

gs = guide strand

ps = passenger strand

mm = mismatch 

Numbers stand for nucleotides counting 
from ‘ 5 end. 

When the hypothesis is correct transgenic lines with the duplexes with full complementarity or just one mismatch will most likely be loaded on RDE-1 while duplexes with two mismatches or more are loaded on ALG-1. As for the phenotype we expect that constructs whose guide strand are perfectly complementary to the mRNA of the unc-22 gene, like 22siRNA, will most likely have a twitching phenotype. We anticipate that a 3-nucleotide bulge between the guide strand and the mRNA of the unc-22 gene is enough to prevent a twitching phenotype, while mismatches in the passenger strand have no effect.

2 Materials and Methods

2.1 Nematode strains and transgenic lines 

C. elegans nematodes were propagated and maintained by standard protocols. 44 The Bristol strain N2 was used as standard wild type strain. An overview of all used strains is given in table 2. 

Worms used for FPLC and primer extension analysis were first grown on Nematode Growth Medium (NGM) plates with a lawn of Escherichia coli OP50 to near starvation, then they were transferred to eggplates. These plates can sustain many more worms than NGM plates because a mixture of egg yolks, LB (Luria Broth) agar and E. coli OP50 provide a thicker layer of food than a normal OP50 lawn. 45 When the eggplates were filled with worms, the worms were harvested, cleaned in a 30% sucrose solution, frozen in FPLC buffer (see below) in liquid nitrogen and stored at -80°C. 

Wormlines were crossed by placing two hermaphrodites of one line on a 6 cm NGM plate with six to ten males of the other line. After two days the males were removed. Successful crosses are easily recognized by the presents of 50% males in the F1 offspring. Heterozygous F1 hermaphrodites were singled, if possible by a distinct phenotype like twitching. F2 progeny were singled to find the double homozygous (1 in 16). The presents of the desired properties were checked by PCR, sequencing or offspring genotype. See table 3 for primers. 

Transgenic lines were generated by microinjection 46 or standard ballistic transformation in unc-119 (dp38) worms 45. Selected constructs were crossed into worms with an rde-1 mutant background and/or HA tagged RDE-1 or ALG-1. 35, 41

Table 3: Overview of primers used to check crosses. 

	Check presents of 
	Primer name
	Sequence

	Construct
	let-7 fw EcoNot
	aaagaattcgcggccgcattctagatgag

	
	M13 fw+ 
	gtaaaacgacggccagtg

	HA-RDE-1
	rde1 fw1
	ctcttctggcaacatcttcg

	
	rde1 rev1
	cgataggtaagtatcattgtg

	HA-ALG-1
	FS_Haalg1 rev 
	tagtctggtacgtcgtatgg

	
	FS_alg1 s1 fwd 
	tcacacgaacaacctgtcgg

	rde-1
	rde-1 s4
	ctgcgagttcctgaatcgtttc

	
	rde-1 s15 
	cgttctgtcaatctcgacctg


Table 2: An overview of all used strains. wt = wild type

	RNA duplex 
	Background
	Strains

	22siRNA
	wt
	NL3714, NL3715 

	
	rde-1
	NL5376

	
	HA::RDE-1, rde-1
	NL5393, NL5214

	gs mm 10-12
	wt 
	NL3716

	
	rde-1
	NL5398

	
	HA::RDE-1, rde-1
	NL5213

	
	HA::ALG-1
	NL5224

	balanced mm 
	wt 
	NL3720, NL5222, NL5223, NL5236, NL5230

	
	rde-1
	NL5240

	ps mm 9-11 
	wt 
	NL5232, NL5216, NL5217, NL5218, NL5219, NL5233, NL5238

	
	rde-1
	NL5220, NL5221

	
	HA::RDE-1, rde-1
	NL5212

	ps mm 3-5 
	wt 
	NL5224, NL5235, NL5228, NL5215, NL5225, NL5229, NL5239

	
	rde-1
	NL5226, NL5231

	ps mm 15-17 
	wt 
	NL5241

	
	rde-1 
	NL5242

	ps mm 10
	wt 
	NL5243

	
	rde-1 
	NL5244

	ps mm 10-11
	wt 
	NL5245

	
	rde-1 
	NL5246


2.2 Constructs

Small RNA expression constructs were made using the unc-119 rescue vector pRP2512. 45 A dpy-30 promoter (nucleotide –727 to –1 of dpy-30 ATG in genomic sequence) is driving the let-7 miRNA sequence (nucleotide X:14744399 to X:14743431 of genomic position). Part of the let-7 sequence is replaced by a fragment DNA encoding for a RNA duplex. Cloning of these constructs happened in two steps. The fragment, with BamHI-BstBI overhangs, was made by annealing two oligos and was ligated first into BamHI/BstBI-ligated pBlueScript (Stratagene, The Netherlands). The formed constructs were heat shocked into E. coli DH5( and checked by PCR and sequencing. The correct constructs were digested with NotI and SacI and the fragment encoding for the RNA duplex were ligated into NotI/SacI-ligated pRP2512. These constructs were also heat shock into E. coli DH5( and checked by PCR and sequencing. To create constructs leading to different duplexes different oligos where used. An overview of these oligos is given in table 4.  

For constructs with HA::RDE-1 and HA::ALG-1 see Tabara et al. 2002 35 and Tops et al. 2006 41 respectively.

Table 4: An overview of the used forward oligos. In bold is the guide strand. In red highlighted are the nucleotides that have been changed in comparison to the 22siRNA to create bulges.
	RNA duplex 
	Forward oligo

	22siRNA
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCACTGGAACCTCACCGGAGACAGAACTCTT

	gs mm 10-12
	gatcCGGTGAGGTTCCCAAGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCACTGGAACCTCACCGGAGACAGAACTCTT

	balanced mm 
	gatcCGGTGAGGTTCCCAAGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCTTGGGAACCTCACCGGAGACAGAACTCTT

	ps mm 9-11 
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCTTGGGAACCTCACCGGAGACAGAACTCTT

	ps mm 3-5 
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCAAAAGTCACTGGAACCTCACCGGAGACAGAACTCTT

	ps mm 15-17 
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCACTGGATGGTCACCGGAGACAGAACTCTT

	ps mm 10
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCAGTGGAACCTCACCGGAGACAGAACTCTT

	ps mm 10-11
	gatcCGGTGAGGTTCCAGTGACAAATGCAGGAATATTACcacc-

ggtgCATTTGTCAGAGGAACCTCACCGGAGACAGAACTCTT


2.3 Fast Protein Liquid Cromatography

The distribution of RNA over different sized protein complexes of all small RNA-expressing constructs was tested. Fast Protein Liquid Cromatography (FPLC) is a form of column chromatography used to separate or purify proteins from complex mixtures. Because particles of different sizes will elute though the stationary phase at different rates this results in separation of the protein complexes on size. Worm extracts were prepared in FPLC buffer (150 mM NaCl, 10 mM TrisHCl pH 7.5, 5 mM MgCl2, 2 mM CaCl2, 0.2% NP-40 substitute, 5% glycerol, 5 mM DTT and 1 tablet complete mini EDTA-free protease inhibitor cocktail (Roche, The Netherlands) per 10 ml buffer) and size fractionated in 500 (l fractions using a superdex200 column (GE healthcare, Belgium) according to Caudy et al., 2003. 47
2.4 Artificial RNA detection
RNA from FPLC fractions and unprocessed worm extracts was isolated using Trizol (Invitrogen, Belgium) according to manufacturers protocol. Primer extensions were used to detect specifically the artificial RNA that is processed from the inserted constructs. During primer extension radioactively labelled short antisense oligos are added to the total RNA isolated from the FPLC fractions. When complementary artificial RNA is present it anneals to the 18-nucleotide oligos. Reverse transcription (RT) is used to extend the oligos that are annealed to the 22-nucleotide artificial RNA by 4 nucleotides. Unbound oligos remain 18 nucleotides in length. After the RT reaction the oligos are separated on size by gel electrophoresis and the gel is scanned for radioactivity. When complementary RNA is not present, only an 18-nucleotide band of unbound oligos is visible. Samples with complementary artificial RNA give, in addition to this band, a 22-nucleotide band of extended oligos. 

Primer extension reactions were performed using 0.3 (l (200U/(l) M-MLV-Reverse transcriptase (RT) (Promega, The Netherlands) and a 5’ end-labelled, G25-column (GE Healthcare, Belgium) purified specific oligos (5’tgcatttgtcactggaac3’ for guide strands of 22siRNA, ‘ps mm 9-11’, ‘ps mm 3-5’, ‘ps mm 15-17’, ‘ps mm 10’ and ‘ps mm 10-11’; 5’tgcatttgtcttgggaac3’ for guide strands of ‘gs mm 10-12’ and ‘balanced mm’). RNA and oligo were denatured at 83(C for 5 min and annealed at 48(C for 5 min after which RT-containing reaction mixture was added and the reaction mixture incubated for 2 h at 48(C. After denaturation at 99(C for 3 min, samples were analysed on 15% acryl-ureum gels using standard procedures. 

3 Results

3.1 Argonaute association 

Transgenic lines were analysed on their binding to different sized protein complexes, likely reflecting their Argonaute association. RDE-1 is present in only a small number of fractions around 160 kDa while ALG-1 is much more widely distributed in higher fractions around 300 kDa. See figure 8 for the size distribution of RDE-1 and ALG-1 as well as an overview of the results of the FPLC and primer extensions. 22siRNA and ‘balanced mm’ show a 22-nucleotide band in a small number of fractions around 160 kDa, showing that the artificial RNA is present in these fractions. RNA of ‘gs mm 10-12’, ‘ps mm 9-11’ and ‘ps mm 3-5’ is present in bigger protein complexes with broader size distribution. 

Size distribution of small RNAs isolated from worm lines that carry an rde-1 mutation have been analysed as well. See figure 9 for an overview of the results. Artificial RNA of 22siRNA in an rde-1 mutant background is present in protein complexes that are much larger than in a wild type background as described before by Sijen et al., 2007. 36 The other tested lines (‘gs mm 10-12’, ‘ps mm 9-11’ and ‘ps mm 3-5’) do not show any differences in comparison to the wild type. 

3.2 Phenotype

The transgenic lines were also analysed on the presents or absence of the unc-22 phenotype. To achieve twitching, a small RNA has to be directed into the RNAi pathway and be perfectly complementary to the target mRNA. See table 5 for an overview of the results.

22siRNA, ‘ps mm 10-11’ and ‘ps mm 10’ give a twitching phenotype while ‘gs mm 10-12’ and ‘balanced mm’ have a wild type phenotype. This means that a 3-nucleotide bulge in the guide strand prevents a twitching phenotype even when associated with RDE-1 (in the case of ‘balanced mm’). Remarkably enough, despite the fact that it has a miRNA-like distribution, ‘ps mm 9-11’ has as a twitching phenotype. To our surprise ‘ps mm 3-5’ and ‘ps mm 15-17’ also have a wild type phenotype, although they only contain mismatches in the passenger strand. 

HA tagged RDE-1 rescues the rde-1 mutant phenotype.
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Figure 8: Overview of results of primer extensions. HA-tagged Argonautes were detected by western blotting. (36 and unpublished data of Florian A. Steiner) Protein complexes from worm extracts were separated on size by FPLC and artificial RNA of the constructs was visualised by primer extensions.  
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Figure 9: Overview of results of primer extensions in wild type and rde-1 mutant worms. Protein complexes from worm extracts were separated on size by FPLC and artificial RNA of the constructs was visualised by primer extensions.

Table 5: Overview of the results of the phenotypic analysis. 

	RNA duplex 
	Background
	Twitching

phenotype

	22siRNA
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	wt
	Yes

	
	
	rde-1
	No

	
	
	HA::RDE-1, rde-1
	Yes

	gs mm 10-12
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	wt
	No

	
	
	rde-1
	No

	
	
	HA::RDE-1, rde-1
	No

	
	
	HA::ALG-1
	No

	balanced mm 
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	wt
	No

	
	
	rde-1
	No

	ps mm 9-11 
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	wt
	Yes

	
	
	rde-1
	No

	
	
	HA::RDE-1, rde-1
	Yes

	ps mm 3-5 
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	wt
	No

	
	
	rde-1
	No

	ps mm 15-17 
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	wt
	No

	
	
	rde-1
	No

	ps mm 10
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	wt
	Yes

	
	
	rde-1
	No

	ps mm 10-11
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	rde-1
	No


4 Discussion and conclusions

4.1 Constructs and transgenic lines

All constructs and transgenic lines were confirmed with PCR and sequencing.

4.2 Argonaute association  

Argonaute loading of the RNA duplexes that are transcript from the small RNA expressing constructs is tested by FPLC and primer extensions. Artificial RNA of 22siRNA and ‘balanced mm’, constructs with perfect complementarity in the duplex, is present in the same narrow peak of small-protein-complex-fractions as RDE-1. This indicates that the duplexes of these constructs are loaded into RDE-1. 

This in comparison to ‘gs mm 10-12’, ‘ps mm 9-11’ and ‘ps mm 3-5’, all with a 3-nucleotide bulge, whose RNA is present in bigger, more variable sized, protein complexes very much like the natural miRNA let-7. Not surprisingly, these small RNAs are found in the same fractions as ALG-1. The RNA duplexes of these constructs, with a 3-nucleotide bulge that disrupts the perfect complementarity within the duplex, are probably perceived as miRNAs, loaded into ALG-1 and further processed in the miRNA pathway. 

The difference between these two groups of artificial small RNAs, siRNA-like and miRNA-like, can also be seen in worm lines with an rde-1 mutation. It has been shown before that 22siRNA in an rde-1 or rde-4 mutant background is present in other FPLC fractions. This can be explained by the fact that in the RNAi pathway (see figure 3) the RNA duplex, after dicing, can not be loaded into RDE-1 in the absence of either RDE-1 or RDE-4 and remains present in a bigger protein complex that among things consists of Dcr-1. 36 The miRNA pathway on the other hand is not affected by an rde-1 or rde-4 mutation. The shift in presents in FPLC fractions, of a peak around 160 kDa in a wild type background to a peak around 550 kDa in an rde-1 background, is a result that shows that 22siRNA is normally loaded into the RNAi pathway. 

When crossing an rde-1 mutation into worm lines with mismatched constructs (‘gs mm 10-12’, ‘ps mm 9-11’ and ‘ps mm 3-5’) this shift in presents in FPLC fractions can not be seen. miRNAs, like let-7, also do not display this shift (see figure 9). This indicates that these constructs are not loaded into the RNAi pathway but, most likely, are loaded in the miRNA pathway. 

4.3 Phenotype 

The twitching phenotype caused by the small RNA expressing constructs is dependent on three things: 1) the functioning of the RNAi pathway, 2) the presents of a small RNA duplex that has perfect complementarity to the target mRNA and 3) the duplex should be loaded into RNAi. We found that the phenotype induced by 22siRNA, ‘ps mm 9-11’, ‘ps mm 10-11’ and ‘ps mm 10’ is caused through the RNAi pathway, as the twitching phenotype is always lost in an rde-1 mutant background. This means that, even though the RNA of ‘ps mm 9-11’ is mostly loaded on ALG-1 (see figures 8 and 9), a small amount of molecules must be loaded on RDE-1 to cause the twitching phenotype seen in a wild type background. 

As for the second requirement, 22siRNA whose guide strand binds to the mRNA of the unc-22 with perfect complementarity causes twitching as shown before. 36 Worm lines with ‘gs mm 10-12’ or ‘balanced mm’, constructs with a 3-nucleotide bulge in the guide strand, do not have a twitching phenotype, even though ‘the balanced mm’ is loaded mainly into RDE-1 based on FPLC. This confirms the hypothesis that a 3-nucleotide bulge is able to prevent twitching. Constructs with mismatches only in the middle of the passenger strand, ‘ps mm 9-11’, ‘ps mm 10’ and ‘ps mm 10-11’, have a twitching phenotype. From this we could conclude that a 3-nucleotide bulge only has a effect when it is placed in the guide strand, probably because it would interfere with the binding of the guide strand to the mRNA of unc-22. 

As for the third requirement; to our surprise, ‘ps mm 3-5’ and ‘ps mm 15-17’, constructs with a 3-nucleotide bulge in either of the two ends of the passenger strand have a wild type phenotype. It is unclear why a 3-nucleotide bulge on the ends of the duplex would interfere with the twitching phenotype, but it might prevent proper RDE-1 loading and thereby twitching. 

4.4 End conclusions and future plans 

From these results we can conclude that the hypothesis is correct: the amount of complementarity within a RNA duplex determines if the duplex is loaded into RDE-1 or ALG-1 and processed in the according pathway. This is shown by the difference in distribution of the artificial RNA of the constructs with perfect complementarity and constructs with a 3-nucleotide bulge. This difference is independent of the placement of the bulge in the middle or on the ends of either of the strands of the duplex and is still present in an rde-1 mutant background. From these distribution results it can however not be concluded that all artificial RNA is loaded exclusively on the Argonaute it mainly cofractionates with, as is proven by the fact ‘ps mm 9-11’ causes twitching via RNAi. More research is necessary to determine why ‘ps mm 9-11’ is also loaded on RDE-1. Because of a limited amount of time the Argonaute association of the constructs ‘ps mm 15-17’, ‘ps mm 10-11’ and ‘ps mm 10’ have not yet been characterized biochemically. These results are expected to endorse our hypothesis.

Following this line of research other experiments can be suggested. All the worm lines with constructs, as shown in figure 7, can be crossed with worms that have an alg-1 mutant background. Analysing the resulting worms on Argonaute loading might reveal a shift in distribution as seen with 22siRNA in an rde-1 background. This would further proof that ‘gs mm 10-12’, ‘ps mm 9-11’ and ‘ps mm 3-5’ are mainly loaded on ALG-1 and act through the miRNA pathway. The constructs, as designed by us, are only a very small selection of all possibilities. A selection of other interesting constructs is listed in table 6. It would be interesting to see if a 3-nucleotide bulge on the end of the guide strand has the same expected effect as those on the passenger stand. An other idea is to make constructs that have a 3-nucleotide bulge not in the middle or on the ends of the duplex but in between those extremes. This will reveal if ‘ps mm 9-11’ only causes twitching because the bulge is exactly in the middle or if ‘ps mm 3-5’ and ‘ps mm 15-17’ do not causes twitching only because the bulge is to close to the ends. And than are there almost endless combinations of 1- and 2-nucleotide bulges on several places on both strands. Last but not least; RDE-1 and ALG-1 are only two of the 27 Argonautes found in C. elegans, for many of which the function is still unknown. These Argonautes might also bind the artificial RNA duplexes and this could interfere or support the RNAi or miRNA pathways. For a more complete (and more complex) picture, knock-out worms and worms with HA-tagged proteins could be made of each of these Argonautes with all designed constructs. 
Table 6: List of constructs that could be made for further research.  

gs = guide strand, ps = passenger strand, mm = mismatch 

Numbers stand for nucleotides counting from ‘5 end. 
	Construct
	Description 

	‘gs mm 16-18’ and 

‘gs mm 4-6’
	3-nucleotide bulge in the guide strand opposite of those of ‘ps mm 3-5’ and ‘ps mm 15-17’ 

	‘ps mm 12-14’, ‘gs mm 7-9’, ‘ps mm 6-8’ and ‘gs mm 13-15’
	3-nucleotide bulge in the passenger or guide strand that is not in the middle nor on the ends of the duplex 

	‘gs mm 10, 11, 13’ and 

‘ps mm 8, 10, 11’
	2-nucleotide and 1-nucleotide bulge only separated by one nucleotide 

	‘gs mm 9, 11, 13’ and 

‘ps mm 8, 10, 12’
	three 1-nucleotide bulges each separated by one nucleotide 
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