The Use of RNAi as a Tool for Functional Genetic Analysis

INTRODUCTION: What is RNAi?

In the early 1990s, work began to sequence the genome of many organisms, with the ultimate goal of sequencing the entire human genome. As more genes were defined, the actual function of the genes was questioned. It was realised that the best way to analyse gene function would be “silence” the specific gene in some way, and then observe what phenotype arose. Until 1995, a common method for analysis of gene function was the use of gene silencing achieved using anti-sense RNA. A strand complementary to the mRNA of the gene in question is injected into the cell. The two strands base pair, preventing binding of the ribosome and thus translation. A null-like phenotype is seen in the organism, and the function of the gene can therefore be obtained.

The phenomenon of post-transcriptional gene silencing (PTGS) was originally discovered in petunias [Jorgensen et al., 1996], although it was soon discovered to occur in a number of plant species and fungi, especially Neurospora crassa, where the occurrence is called quelling [Cogoni & Macino, 2000]. More recently, however, it has been observed that PTGS can also occur in animals. The use of RNA interference (RNAi), where introduction of double stranded RNA (dsRNA) initiates PTGS, has great potential for determining the function of a number of genes in many different species [Hammond et al., 2001]. 

In 1995, Guo and Kempheus were working to silence the par-1 gene of C. elegans in order to determine its function [Guo & Kempheus, 1995]. As expected, the use of homologous anti-sense RNA induced silencing of the gene. More unexpectedly, however, injection of the sense strand had the same effect [Guo & Kempheus, 1995]. This result had researchers baffled until 1998, when Fire et al injected dsRNA into C. elegans. They observed much more efficient silencing, compared to the injection of either strand on its own [Fire et al., 1998]. In fact, injection of only a few molecules per cell completely silenced the gene of interest. Moreover, not only was gene silencing seen throughout the worm, but also in the next generation offspring [Fire et al., 1998].

Other methods of introducing dsRNA into C. elegans were attempted. Feeding the nematodes with bacteria that expressed homologous dsRNA to the unc-22 gene resulted in the worms developing a silenced phenotype [Timmons & Fire, 1998]. It was also shown that soaking the worms in dsRNA could induce gene silencing [Tabara et al., 1998]. This phenomenon lead to the discovery of a new method for analysing gene function – RNA interference. 

RNAi is not only limited to C. elegans. Over 20 genes in the fruit fly Drosophila have been silenced [Kennerdell & Carthew, 2000]. The feeding of engineered yeast to the fly did not work, unlike in C. elegans, although injection of the dsRNA did [Kennerdell & Carthew, 2000]. Silencing was also induced by “firing” dsRNA into Drosophila with a “gene gun” (a mechanical device that propels nucleic acids into the cell under high pressure), and by engineering the flies to carry an inverted repeat of an exon of the gene in question in their DNA [Kennerdell & Carthew, 2000].

Although RNAi is a useful technique in invertebrates, it is still undecided whether RNAi can play a role in the determination of genetic function in higher organisms. Although it has been observed that RNAi can induce gene silencing in zebrafish [Wargelius et al., 1999], it is at a much lower level than in C. elegans, raising questions of the efficiency of the technique in higher vertebrate species with more complex genomes. RNAi has also been used in mice, in order to try to determine the function some genes with possible homology to human genes. The injection of dsRNA into embryos did induce silencing. However, the effect lasted only until implantation [Hammond et al., 2001]. A more promising discovery came from research in mammalian cells in culture. It was shown that the introduction of 21-nucleotide short interfering RNAs (siRNAs) could be used to induce gene silencing. These siRNAs have been used for the suppression of gene expression in a number of cultured cells, including human embryonic kidney [Elbashir et al., 2001].  

RNAi promises to be extremely useful in the future of genomics, and has already been used to determine the function of a number of genes in nematode, fly and a number of plant species. In this dissertation, the technique of RNAi will be discussed in some detail, with a description of the mechanisms of the technique. The current uses of RNAi in invertebrates and the possibility of using it as a tool for analysing gene function in higher vertebrates will also be considered. 

A Link Between RNAi and PTGS in plants

In both plants and animals, the RNAi pathway is used to control the mobilisation of transposons and to suppress the accumulation of repetitive DNA [Ketting et al., 1999, Aravin et al., 2001]. RNAi has also been linked to viral defence in plants [Ratcliff et al., 2001]. The phenomenon of RNAi is considered to be an ancient mechanism, used by organisms to conserve their genome. It is thought that the RNAi machinery is common between species, suggesting that evolution of the system occurred before the divergence of fungi, plants and animals. 

Experimental evidence exists to link the phenomena of quelling in Neurospora and RNAi in C. elegans. Mutations in the mut-7 gene of C. elegans cause resistance to RNAi [Ketting et al., 1999]. High levels of spontaneous mutation due to transposon movement are also characteristic of mutations in this gene, suggesting that RNAi controls the activity of transposons. The mut-7 protein is homologous to qde-3, a protein found in Neurospora. Mutants of qde-3 are shown to be defective for quelling [Ketting et al., 1999]. Also, the C. elegans gene ego-1 (necessary for germline development) is homologous to the qde-1 gene of Neurospora. The qde-1 gene encodes an RNA-dependent RNA polymerase (RdRP) necessary for quelling [Cogoni & Macino, 1999]. This evidence suggests that the phenomena of quelling in Neurospora and RNAi in C. elegans are related.

The Mechanisms of RNAi

An important step in the use of RNAi as a tool for analysing gene function was taken when it was shown that RNAi involves the generation of small RNAs, of approximately 21-25 nucleotides in length [Zamore et al., 2000]. These short interfering RNAs (siRNAs) are thought be derived from a longer dsRNA strand that initiates the process, and is complementary to the target mRNA that is to be degraded.  

SiRNAs are very similar in size to the products of two genes in C. elegans – the RNAs lin-4 (22 nt) and let-7 (21nt) - that control development of the larvae [Sharp, 2001]. Lin-4 represses lin-14 and lin-28 genes at the end of the first larval stage, and let-7 represses the lin-41 gene towards the end of larval development [Ambros, 2000]. These RNAs are known as small temporal RNAs (stRNAs), due to their stage-specific expression. Homologues of let-7 and orthologues of its target lin-41, have been discovered in other species, including human, suggesting that a mechanism that regulates gene expression exists in species other than C. elegans [Slack et al, 2000].  

The three main differences between siRNAs and stRNAs are that firstly, siRNAs are generated from any long dsRNA, whereas stRNAs are generated from longer precursors that fold into stem-loop structures in silico. Secondly, stRNAs are single stranded, whilst siRNAs are double-stranded. Also, stRNAs do not affect the stability of mRNA at all. Instead, they act in the 3’ untranslated region of the target mRNA and affect translation [Moss, 2001]. 

It was predicted that the generation of siRNAs is the result of an RNaseIII activity, as this enzyme hydrolyses dsRNA into small fragments [Bass, 2000]. An enzyme with such function was observed to be acting to initiate RNAi in Drosophila, and was named Dicer [Bernstein et al., 2001]. This protein has two RNaseIII domains, a helicase domain, a dsRNA-binding domain and a Piwi/ Argonaute/ Zwille (PAZ) domain. Homologous proteins to Dicer have been seen in C. elegans, Drosophila, Arabidopsis, Schizosaccharomyces pombe, and humans. 

The possibility that the Dicer protein may generate both siRNAs and stRNAs was investigated [Hutvágner et al., 2001, Grishok et al., 2001]. By using RNAi, the expression of human Dicer protein was reduced. In treated cells, concentrations of human pre-let-7 increased, and the processed form diminished. It was also shown that Drosophila let-7 RNA is probably processed by Dicer [Hutvágner et al., 2001]. 

The Dicer protein homologue in C. elegans, dcr-1, was shown to have a role in RNAi [Grishok et al., 2001]. When the expression of dcr-1 was reduced, the worms exhibited phenotypes similar to those of lin-4 and let-7 mutants. Also, the stRNAs were shown to be poorly processed when dcr-1 activity was reduced [Grishok et al., 2001]. 

The RNAi pathway involves two steps - processing of dsRNA and degradation of the target. It has been shown that recognition of the 7-methyl-guanosine cap is not involved in RNAi. However, the process is ATP-dependent. It is thought that at least part of this dependency is due to the requirement of ATP by Dicer to process the dsRNA into siRNAs [Zamore et al., 2000]. This is a surprising discovery, since cleavage by RNaseIII enzymes does not normally require ATP. As the Dicer protein contains an ATP-dependent helicase domain, it is possible that some unwinding of the dsRNA molecule may occur before cleavage [Zamore, 2001]. Alternatively, ATP may regulate dsRNA binding to Dicer. 

The first step of RNAi involves the processing of dsRNA into siRNAs under the action of the Dicer protein. The siRNAs act as guides to target the degradation of mRNA. Importantly, the induction of RNAi in cells can be achieved by using 21-22 nucleotide RNAs with short overhangs of two unpaired bases at the 3’ ends. [Elbashir et al., 2001], suggesting that siRNAs are the active species involved in RNAi. It is unknown whether Dicer acts only to digest dsRNA or if it is also involved in the degradation of mRNA. 

The second step of RNAi involves the recognition of the target, which in animals and protozoa is mature mRNA. The cellular location of this step is, as yet, unknown, although it is known that an RNA-protein complex is formed. This complex is known as the RNA-induced silencing complex (RISC) [Zamore, 2001]. It is not yet known if the active RISC is formed, or whether ATP-dependent conformational changes occur before the complex can recognise and cleave the target mRNA. Also, it is yet to be determined whether one complex exists, containing both sense and anti-sense strands, or if the two are separate in different RISCs. The active complex acts as a guide for a nuclease (possibly Dicer) to the target mRNA, which is then degraded (see Fig. 1) [Hammond et al., 2000]. Again, this process is not as yet understood, although it has been speculated that the nuclease interacts with the ribosome. Here, the siRNA is unfolded by the Dicer helicase domain so that its anti-sense strand can exchange with the mRNA in order to associate the mRNA with the active site of the enzyme [Ullu et al., 2002]. 
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FIGURE 1: Diagram adapted from Mango, S. E. (2001) Trends Gen. – A model for RNAi

(a) Dicer protein [D] processes dsRNA into 21-23 nt pieces.

(b) The siRNAs complex with RISC and then bind to homologous mRNA.

(c) The mRNA is cleaved by an endonuclease activity.

(d) The cell then degrades the cleaved mRNA.

OR  (e)
Possible amplification of signal?

A central question in understanding the role of short nucleotide sequences in gene silencing is why do stRNAs repress translation instead of inducing RNAi? In preliminary investigations, it has been shown that the function of stRNAs in C. elegans requires the proteins Alg-1 and Alg-2 [Hutvágner et al., 2001]. These proteins are related to Rde-1, a protein required for RNAi. However, Rde-1 itself is not required for the stRNAs to function [Hutvágner et al., 2001]. These proteins are part of the PAZ and Piwi domain family (PPD family) [Cerutti et al., 2000]. 

The protein Rde-1 is an important link between RNAi in animal species, and the natural processes of PTGS in plants and quelling in fungi. It is known that the Rde-1 protein is essential for RNAi in C. elegans [Grishok et al., 2000]. A homologous protein to Rde-1 in Arabidopsis, called AGO-1 is needed for PTGS, thus linking the phenomena of PTGS and RNAi. Four proteins from the same family as Rde-1, (yet not homologous to it), have also been found in Drosophila. These are called Piwi, Aubergine, Ago-1 and Ago-2 [Bernstein et al., 2001]. PPD proteins similar to these are found in C. elegans. A deficiency in two of them (called Alg-1 and Alg-2) results in phenotypes similar to those caused by Dcr-1 (Dicer) deficiency [Grishok et al., 2001]. The proteins Alg-1 and Alg-2 are also necessary for stRNA generation, although no apparent evidence exists to link them to the mechanisms of RNAi. The Rde-1 protein in the nematode is, therefore, involved in RNAi, but not development, whereas Alg-1 and Alg-2 are involved in development but not RNAi [Grishok et al., 2001]. This knowledge has led to some beliefs that the Rde-1, Alg-1 and Alg-2 proteins serve to determine whether mRNA degradation (through the RNAi pathway) occurs, or if the translation of mRNA is downregulated by stRNAs. An interaction between Dicer and Rde-1 may stimulate the processing of dsRNA into siRNAs, whilst an interaction with Alg-1 and/or Alg-2 may cause the processing of dsRNA to stRNAs instead. Another possibility is that once Dicer has processed dsRNA into siRNAs or stRNAs, one of the proteins may bind to the small RNA. The different proteins bind to either stRNAs or siRNAs, thus determining which pathway is entered – RNAi or translation repression [Sharp & Zamore, 2000].  

As has been illustrated above, although the proteins and enzymes involved in processing small RNAs are related, they are not identical. Research has been carried out to determine the functions of genes in many organisms, especially C. elegans and Drosophila, which will be explained further.  Steps have been taken to silence genes in cultured human tissue [Elbashir et al., 2001], although not as successfully as in invertebrate species, plants and fungi. A better understanding of the machinery involved in the silencing pathway of humans is essential before the full application of siRNAs and RNAi can be fully exploited. The analysis of gene function, and more excitingly, potential therapies for human diseases, could be just a few of the problems that RNAi could help to solve.

RNAi in the nematode C. elegans

The genome sequence of C. elegans was first published in 1998. There is a high level of conservation between the genome of the nematode and the human genome, justifying the use of C. elegans as a suitable model for genetic analysis.In 1998, dsRNA was first observed to cause silencing in the unc-22 gene of C. elegans [Fire et al, 1998]. This gene encodes an abundant myofilament protein, and its absence is observed by a severe twitching phenotype. It is known that many copies of the unc-22 mRNA are present in cells, and since the protein is non-essential, silencing of it would not be fatal. The injection of approximately 60,000 strands of sense and anti-sense RNA into each adult resulted in twitching phenotypes in almost 100% of the first generation progeny. Unc-22 is first expressed in embryos containing about 500 cells. Therefore, the original injected RNA would be diluted to just a few molecules per cell at this time.  It was observed by electrophoresis that dsRNA forms from the sense and anti-sense strands, indicating that the annealing of the strands prior to injection is unnecessary [Fire et al, 1998]. Also, it was observed that interference only occurs when the dsRNA sequence injected is homologous to an exon of the target gene, since the injection of dsRNA homologous to promoter and intron sequences had no effect [Fire et al, 1998]. This proves that dsRNA induces potent and specific gene silencing in C. elegans. It was also observed that the concentration of mRNA transcripts in the cell is greatly reduced (and sometimes even eliminated entirely), suggesting that the introduction of homologous dsRNA causes the degradation of endogenous mRNA [Fire et al, 1998].

Other methods of introducing dsRNA into the C. elegans cells were tried. One method involved feeding C. elegans with bacteria containing plasmids into which had been inserted a segment of the coding region of the gene in question (see Fig. 2) [Timmons & Fire, 1998]. Segments of dsRNA were cloned between promoters from the bacteriophage T7 into the plasmid vector. The E. coli host was chosen as it expresses the T7 polymerase enzyme. 
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FIGURE 2: Diagram taken from Timmons & Fire (1998) Nature – Fig. 1a

Three genes were experimented with, in order to observe the specificity of gene silencing induced by ingestion of the dsRNA. These genes cause easily observable changes if silenced, thus making the scoring of affected animals easy. Two of the genes were unc-22, which has been previously outlined, and fem-1, which encodes a component of the sex determination pathway, and whose absence causes XX animals to develop as females instead of hermaphrodites. Also, animals expressing a green fluorescent protein (GFP) transgene exhibited a reduction in fluorescence when fed a gfp-related dsRNA. These three phenotypes are different and easily observed, making them ideal for initial analysis. It was seen that feeding the worms with E. coli carrying fem-1 and gfp produced no twitching; females were not produced when dsRNAs from unc-22 and gfp were introduced; and dsRNAs from unc-22 and fem-1 did not reduce the expression of GFP, although in all cases, the targeted gene was silenced [Timmons & Fire, 1998]. This indicates that the silencing effect is specific, although the results also show that feeding is not as effective as directed injection of the dsRNA. 

By 2000, genes on two of the six chromosomes of C. elegans had been subjected to RNAi analysis. 2416 of the 2769 predicted genes on chromosome I [Fraser et al, 2000] and 2232 of the 2315 predicted genes on chromosome III [Gönczy et al, 2000] were disrupted using RNAi techniques. These chromosomes contain genes coding for a number of proteins involved in the germline development of C. elegans (for example, the heterochromatin-like protein HPL-2, [Couteau et al, 2002]. 

It is possible that the potency of RNAi is due to some sort of amplification process that occurs in cells. RNA-dependent RNA polymerases (RdRPs) are important mediators of RNAi in C. elegans [Smardon et al, 2000]. It has been suggested that the target mRNA bound to the siRNA may act as a primer for RdRP, although this effect appears to be contradictory to the silencing of mRNA [Mango, 2001]. There is also a suggestion that highly expressed mRNAs are more likely to be affected by RNAi than rare mRNAs. The amplification pathway may reinforce the initial degradation pathway [Fraser et al, 2000]. However, apart from the supposed involvement of RdRPs, the amplification pathway is poorly understood.

It was suggested that the mechanism involved in RNAi is similar to the mRNA surveillance mechanism. Surveillance exists to eliminate mRNAs carrying errors and to regulate the expression of normal genes. Seven smg genes (which are required for mRNA surveillance) have been observed in C. elegans. These bind to mRNA to recognise mutations such as premature stop codons, and may also have nuclease domains to degrade the faulty mRNAs. Three of these – smg-2, 5, and 6 – are also required for the persistence of RNAi [Domeier et al, 2000]. Mutations in any of these three genes cause the animals to recover from RNAi, making them useless for analysis. However, the stability of dsRNA in animals carrying these mutations is unaffected. 

One possible way in which smg genes affect RNAi is that the factors are required for the amplification of RNAi. Without them, the interference is not potent at all, and animals soon recover. Another possibility is that the smg genes determine whether an mRNA is amplified or degraded. However, until the amplification pathway is better understood, the involvement of smg genes will be speculative.

RNAi in other organisms

RNAi has also been used in the analysis of the genomes of many species, with varying success. One organism whose analysis has been successful is the fruit fly Drosophila melanogaster. Experimentally, the genomes of other organisms have been harder to analyse. These organisms include mouse, zebrafish and human. An apparent breakthrough came when research in zebrafish showed specific gene silencing, induced by dsRNA [Wargelius et al, 1999]. However, the research was flawed, as no control was included. This was illustrated in a later paper, where it was shown that although the introduction of dsRNA does induce gene silencing, the silencing observed is non-specific [Zhao et al, 2001]. This again raised questions of the efficiency of induced RNAi in the genome of higher species. 

Work was carried out in mouse oocytes, studying the function of dormant maternal mRNAs [Svoboda et al, 2000]. It was observed that dsRNA homologous to the mos and plat mRNAs do indeed cause specific degradation of these mRNAs, in both a time and concentration dependent manner. It was also observed that dsRNA induces a more potent silencing response than sense or anti-sense RNA alone, resulting in a reduction of up to 90% of target mRNAs. These results were promising, until it was observed that the silencing effect only lasts until implantation [Svoboda et al, 2000]. 

A promising discovery came when it was observed that introduction of small nucleotide RNAs into cultured mammalian cells induced semi-permanent gene silencing that was up to 90% complete in some cases [Elbashir et al, 2001].  Rather than injecting dsRNA to be cleaved into siRNAs, the siRNAs were injected directly. These 21- and 22- nucleotide duplexes with 3’ overhangs were first observed to induce specific mRNA degradation in Drosophila embryos [Hammond et al, 2000]. SiRNAs directed against several genes were synthesised and introduced into mammalian cells in culture. Expression of the target genes was reduced by between 2 and 25 times [Elbashir et al, 2001]. The research also showed that the sequence of the overhang seems to have no apparent effect on the recognition of the target mRNA. The concentration of the siRNAs seems also to have no effect – the concentration of siRNAs has to be below 0.05nM in order for the silencing effect to disappear. The introduction of longer dsRNA strands induced non-specific silencing in the mammalian cells, although some specific silencing was also seen. It seems that RNAi is indeed active in mammalian cells, although it is difficult to determine why only siRNAs can induce the silencing effect. 

RNAi in Drosophila to study human disease

RNAi was first used in Drosophila in 1998, when the frizzled and frizzled-2 genes were silenced [Kennerdell & Carthew, 1998]. RNAi also works in cultured Drosophila cells, and the order of expression of the components of several signalling pathways have been determined [Clemens et al, 2000]. Also, RNAi has been restricted to specific tissue types in Drosophila, making the fruit fly a suitable model for analysing human genetic disease [Lam & Thummel, 2000]. It is shown that over 60% of genes involved in human disease have Drosophila orthologues [Fortini et al, 2000]. The genes implicated in Duchenne muscular dystrophy (DMD), Fragile-X syndrome (FMR1) and juvenile-onset Parkinson’s disease (parkin) are just a few of the genes with Drosophila counterparts.  Unfortunately, immunological and haematological disorders are not represented in the Drosophila genome. 
The study of human genetic disease counterparts in Drosophila was already underway when the full Drosophila genome was published. The cause of at least eight disorders, including Huntington’s disease and spino-cerebellar ataxia 3 had been determined using single nucleotide polymorphism markers to map mutations that had been identified [Warrick et al, 1998]. A model of Parkinson’s disease in Drosophila has also been identified, although no orthologue to the protein involved - (-synuclein – was observed. Introduction of the human protein in Drosophila causes several symptoms of the disease to be observed, including defects in motor function and the degeneration of neurons [Feany & Bender, 2000]. It is thought that using RNAi to screen for suppressors of the disease in Drosophila may provide insights into the mechanisms of the human form of the disease.

SUMMARY: What next?

Even though it is not yet fully understood, RNAi has already been used to determine the function of a number of genes in C. elegans, Drosophila and several species of plant. RNAi has been preferred to such previous methods as anti-sense RNA, due to its potency and specificity in the target organism. The effects of RNAi are long lasting, sometimes causing silencing of the target gene in the first generation offspring of affected organisms. RNAi can been induced in cells by the introduction of only a few molecules of dsRNA, making it a much more cost-effective and efficient method of analysis. It has also been observed that RNAi causes extremely specific silencing, making the determination of silenced phenotypes much easier. Unfortunately, these advantages are not seen in all organisms. The low efficiency and poor specificity of the technique have hampered the use of RNAi in mouse and human. Until the mechanism of RNAi is better understood, these problems may not be overcome, as no solution is readily noticeable. As has been previously outlined, a promising discovery came from the work into mammalian cell cultures [Elbashir et al, 2001]. This work outlined some of the possible mechanisms of RNAi in mammals, and suggested that the technique is not as effective due to the activity of the interferon system. Further research is required if RNAi is going to be as useful in the analysis of mammalian gene function as it is in lower organisms. 

A better understanding of the evolutionary history and mechanisms of RNAi is required if the technique is to fulfil its full potential as a functional genetic tool. Many other molecules that could potentially induce RNAi have been put forward, since it was discovered that dsRNA is processed in cells before RNAi takes place. SiRNAs and stRNAs are the two main “micro RNAs” so far, although it is thought that many more may exist to mediate not only the RNAi pathway, but many other pathways too [Grosshans & Slack, 2001]. 

The understanding of RNAi is essential if its application is to be fully exploited, as RNAi holds great promise for the determination of gene function in animals, and will almost definitely feature in the development of therapies and cures for genetic diseases. 
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