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Abstract

MicroRNAs (miRNAs) are a member of the new family of RNA interfering molecules that are acting as an integrated part of the regulation of the messenger RNA (mRNA) expression in a sequence-specific manner. These 18-to-23 nucleotides long RNAs may cause either translation inhibition, degradation of the target mRNA or transcription regulation via histone methylation. They are critical in the development of organisms and they are differentially expressed in several tissues. Since the early discovery of miRNAs in early 1990s in nematodes (Caenorhabditis elegans), this phenomenon gained much interest: hundreds of them are analyzed to understand their pivotal role and their impact in developmental, physiological, regulatory and pathological processes. They were found to be involved, directly or indirectly, in a variety of cancers; down-regulation of specific miRNAs was linked with an increased occurrence of cancer. Also, using artificially transfected RNA-interfering molecules (siRNA), it was possible to decrease the strength of cancer (by targeting specific mutant genes that caused cancer and were involved in the growth of the disease) or make it more susceptible to other agents (by targeting the multi-drug resistance gene, also known as P-glycoprotein). Based on the results seen in these studies, antisense technologies targeting these molecules are currently tested to determine whether or not they are able to regulate miRNA expression. Although difficult pharmacokinetic challenges are encountered in the study of these gene products, this technique seems to be successful both in vitro and in vivo, leading way to further analysis in evaluating the potential of these small molecules as a therapeutic target for numerous diseases. miRNA and RNAi action looks to be a promising targets to treat diseases that couldn’t be cured otherwise and this will be studied in the future as a novel pharmacological approach.
Introduction – The History

The initial discoveries on miRNA started in 1993 when Lee found one of these tiny molecules, lin-4, in a genetic screen for defects in the embryonic development of Caenorhabditis elegans1. Embryogenesis for C. elegans is divided in 4 distinctive phases, namely L1 to L4 (L stands for larval phase). The lin-4 miRNA was found to accumulate midway through the first larval stage (L1), thereby down-regulating two genes, lin-14 and lin-28, by binding to the 3’ untranslated regions (UTR) 2. This leads to the inhibition of the productive translation and a decrease in the level of proteins produced by lin-4 in the early larval stages3. In absence of lin-4 inhibition by the miRNA, levels of the proteins LIN-14 and LIN-28 remains high. The former is known to act as a repressor of the transition from larval stage L1 to L2 in the nucleus4, 5. It was then established that the lin-4 miRNA was essential for the transitional stage on the early larval stages as it inhibits the synthesis of the LIN-14 protein4. LIN-28, which is also regulated by the lin-4 miRNA, is a cold-shock domain protein located in the cytoplasm that initiates the developmental transition between stages L2 and L32, 5. Therefore, the temporal decay of LIN-14 and LIN-28 levels was considered a factor for seam cell identity to progress through the early larval fates5. However, it was then thought to be a very odd situation in the world of gene regulation and this discovery was disregarded and considered as a weird particularity of the development of the nematodes.
When let7 was discovered in C. elegans in 20006, miRNAs started to get more and more importance as these molecules were found to be highly conserved. This gene encodes a small RNA molecule that controls another stage of the development of C. elegans, the transition between L4 and the adult stage2. The mechanism by which let7 regulates this transition is very similar to the one previously described: it regulates lin-41 and lin-57 by inhibiting their translation2. This discovery led to research in other species, and it was found that a similar mechanism was existed and operates by the same mechanism. For example, in the fruit fly Drosophila melanogaster, let-7 represses both hbl-1 (hunchback) and lin-41 (diploid) genes3. Both genes act on the lin-29 gene (kruppel), thereby affecting the development of the anterior portion of the Drosophila3. 
These discoveries led to an increasing number of researches on this topic, which give us at this point a fairly important and strong knowledge on how these molecules work and what are their effects in the organism. 
RNA interference: the actors

RNA interference (RNAi) is defined as an evolutionary conserved process by which small, interfering RNA molecules specifically induce target mRNA degradation or inhibition of the expression of its target7,8. RNA-interfering molecules act to silence gene expression either by blocking translation or rapidly decaying the target mRNA (which block protein expression for a few days). This class of molecules comprises a lot more than only one type of molecules. Some characteristics of these molecules include the following

· First, the fact that double-stranded (ds) RNA, rather than single-stranded (ss) antisense RNA, acts as the interfering agent in the mechanism of action7. 
· Secondly, it is highly specific: mismatches in the sequence can decrease the level of repression rather than producing complete inhibition7. 
· Its potency is also a great advantage as only a few molecules are required for each cell to produce an effective interference (this is one of the key of the therapeutic potential this process has) 7. 
· Finally, the interfering activity can cause interference in cells and tissues that are far removed from the site of introduction (another important aspect in the drug discovery process) 7.

In fact, there are a lot of small RNA groups, each different from each other, which have their own mechanism of action. First, the small interfering RNAs (siRNA) are molecules that lead to rapid degradation of mRNA9. The standard siRNA seen in mammals is 20 to 28 nucleotides long and has a tendency to have perfect complementarity to their mRNA target which results in mRNA degradation9. Often, siRNAs are artificially transfected in cells, used in in vitro tests to determine the role of specific sequences in a variety of developmental and cellular mechanisms9. There are distinct subclasses of siRNA which aren’t found in mammals:

· Endogenous trans-acting siRNA (tasiRNA), which are approximately 21-22 nucleotides long. Its role remains unclear although it is believed they act by facilitating mRNA degradation9, 10. Genes from which these RNA-interfering molecules arise are not conserved among species, which suggests that they may have been produced by recent evolution9, 10. tasiRNAs, as their name imply, act in trans, meaning that they target transcripts of genes other than the gene they are derived from9.
· Repeat-associated siRNA (rasiRNA), which are 24 to 27 nucleotides long10. Some evidence seems to show that these small RNA are independent of Dicer processing10, although this idea has been rejected by others9. They match repetitive sequences in both sense and antisense orientation and act by modifying histones and/or DNA9, 10. Their main biological function is silencing of transposons, repetitive genes and viruses9.
· Small scan RNA (scnRNA), are approximately 28 nucleotides long and induce histone methylation that in turn mediates gene silencing through the elimination of DNA9, 10. In this case, methylated histone is thought to recruit proteins required for DNA elimination9, 10.
· Tiny non-coding RNAs (tncRNAs), was another small RNA found from studies of C. elegans. Like tasiRNAs previously described, they also act in trans, resulting in message degradation10,11. They may also act to facilitate translational suppression although, like miRNA, they do not match perfectly the sequence they are targeted with. These 20-nucleotides long molecules are derived from Dicer processing10. 
Outside of siRNAs, the major class of small RNA molecules studied at this point is the miRNA. While siRNAs and their subclasses acts by suppressing or degrading the target mRNA, miRNAs often do not affect the level of mRNA present in the cell, meaning that they most likely act by repressing or inhibiting the translation9. These highly conserved sequences found in eukaryotes are 18-to-23 nucleotides long RNA molecules (with an average around 21) which are derived from larger precursors that form imperfect stem-loop structures12. From this loop, one of the two bands will derive to form the mature miRNA through processing and have a characteristic 1-to-4 nucleotides long 3’ overhang13. They regulate the expression of genes by binding to the 3’ UTR regions of specific mRNAs13. Some of these miRNAs are expressed in very specific tissues and the expression of some of these molecules is temporally regulated. In fact, the early name given to these molecules was small temporal RNA (stRNA) 9. The amount of miRNAs in mammals has been estimated to be around 80013 and represent approximately 3 % of all human genes13, 14. Almost all human miRNAs were found to be conserved in mice and one third of C. elegans miRNAs also have vertebrate homologs8. Since each miRNA is thought to regulate multiple genes (several miRNAs can also control a single mRNA target in cooperation) and since hundreds of miRNA genes are predicted to be present in higher eukaryotes, the potential regulatory system afforded by miRNAs is enormous. In fact, there is speculation that in higher eukaryotes, the role of miRNAs in regulating gene expression could be as important as the role of transcription factors. 
Link between siRNAs and miRNAs

siRNAs and miRNAs are part of the same family of RNA-interfering molecules, implying they share some common molecular characteristics. They both have around the same length (average of 21 nucleotides) with a 1-to-4 nucleotides 3’ overhang15, 16. They share a common processing enzyme, Dicer, and they also have some closely-related effectors complexes, like RISCs, for post-transcriptional repression2. However, very little miRNAs were studied for the resemblance of the effector complexes, meaning that as more researches will be done, a better level of comprehension between both species will allow a clearer discrimination at this level. Because of these important similarities, knowledge learned from studies of siRNAs was also used to evaluate and study the miRNA pathway, which accelerated the current understanding about miRNAs. 

Even with such similitude as mentioned here, these molecules are quite different in their molecular origins and their mode of target recognition. miRNAs are produced as a distinct species; they come from a specific precursor encoded from the genome. This means that the structure of the primary miRNA transcript and its recognition by the nuclear-processing machinery will likely determine the sequence and the structure of mature miRNAs16. On the other hand, siRNAs are sampled more randomly from long dsRNAs and originate from the cytoplasm; they may also be introduced exogenously or produced from bi-directionally transcribed endogenous RNAs that anneal to form dsRNA2. Another distinction arise from target assessment: miRNAs bind to the 3’-UTR (even with imperfect complementarity) at multiple sites, causing repression of the target expression at the translational level or mRNA degradation (the level of inhibition is related to the degree of complementarity between miRNA and its target) 16. On the opposite end, siRNAs will often form a perfect duplex with their target at only one site, which will direct the cleavage of the target mRNA at the site of complementarity and degrade gene transcripts16, 17. Although they could be included in the same family, the current distinctions between the two groups might be totally arbitrary and might simply refer to the different patterns by which they were discovered2.
Mechanism of action


Now, the question is: how these molecules are produced in the cell? The sequences of many of known miRNAs are homologous among organisms, suggesting that miRNAs represent a relatively old and important regulatory pathway. Typically, they are encoded in the same direction as the parent transcript, indicating that the transcription of miRNA genes is driven by an mRNA promoter18, 19.

Firstly, miRNAs are initially expressed as part of transcripts termed primary miRNAs (pri-miRNAs). These are transcribed by RNA Polymerase II, since they include 5’ caps and 3’ poly (A) tails18, 19. Certain pri-miRNAs are located within introns of host genes, including both protein-coding genes and independent non-coding genes and might therefore be transcriptionally regulated through their host-gene promoters18. In addition, certain miRNAs are clustered in polycistronic transcripts, indicating that these miRNAs are coordinately regulated during development18. The miRNA portion of the pri-miRNA transcript likely forms a hairpin which signals for dsRNA-specific nuclease cleavage19. This processing occurs in the nucleus.
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Step 2 consists of the hairpin release in the nucleus. A dsRNA-specific ribonuclease (RNAse-III enzyme) named Drosha digests the pri-miRNA to release the hairpin, called precursor-miRNA (pre-miRNA) 7. Drosha is predominantly localized in the nucleus and is made of two tandem RNAse-III domains, a dsRNA binding domain and an amino-terminal segment of unknown function20. There are studies that prove the presence of another protein named Pasha (Drosophila) or DGCR8 (mammals) which act together with Drosha to convert pri-miRNA to pre-miRNA21. The recognition of the pri-miRNAs may be done by DGCR8/Pasha, as evidences seems to suggest that it has the ability to orient the catalytic RNAse III core of Drosha to ensure correct cleavage site selection at the stem of the hairpin RNA structure21. Pasha/DGCR8 is thought to bind directly to the central region of Drosha21, 22. Together, these two proteins form what is called a Microprocessor21, which is essential for the formation of the pre-miRNAs. These molecules are approximately 70 to 75 nucleotides long with a 5’ phosphate group, which seems to be essential for guiding mRNA degradation, a 1-to-4 nucleotide 3' overhang and relatively imperfect small loops20, 23. Drosha also generates either the 5' or 3' end of the mature miRNA, depending on which strand of the pre-miRNA is selected by RISC7.

After Drosha has cleaved the pri-miRNAs to produce the pre-mRNA, Exportin-5, a Ran-GTP dependent nucleo/cytoplasmic cargo transporter, is responsible for export of pre-miRNAs from the nucleus to the cytoplasm8, 24. Exportin-5 has been shown to bind directly and specifically to correctly process pre-miRNAs8, 24. 


Now that pre-miRNAs are located in the cytoplasm, they are processed by a highly conserved protein called Dicer. It is a member of the RNAse III family that was found to be implicated in RNAi in nematodes, insects, and plants25. Dicer has a long N-terminal segment that contains a helicase, 2 RNAse III catalytic domains, a dsRNA binding domain as well as a PAZ (PIWI-Argonaute-Zwille) domain21, 25. Once the miRNA is in the cytoplasm, it is believed that this PAZ domain recognizes the 3’ overhang at the base of the stem loop of the pre-miRNA in a sequence-specific manner10, 21. Dicer cleaves the pre-miRNA to form an approximately 19-to-25 bases long sequence from the Drosha cut site. The resulting double-stranded RNA, which contains both the mature miRNA and its complementary strand (often called miRNA*), forms a rather small and imperfect duplex which still has a 3' overhang25. As Dicer might only catalyze one cleavage event during miRNA processing, a single enzyme would cleave dsRNA into only 10 to 12 bases fragments. If they are grouped in a dimer, the 2 internal catalytic domains are made non-functional and the remaining catalytic domains are spaced far enough from each other to generate 25 bases fragments25, 26. Only one of the two strands is the mature miRNA; some mature miRNAs derive from the leading strand of the pri-miRNA transcript, and with other miRNAs the lagging strand is the mature miRNA19. 

To control the translation of target mRNAs, the double-stranded RNA produced by Dicer must strand separate, and the single-stranded mature miRNA must associate with the RNA-induced silencing complex (RISC). This is the fifth step of the miRNA processing. Mature miRNAs are incorporated into effector complexes that are known as ‘miRNP’ (miRNA-containing ribonucleoprotein complex), ‘mirgonaute’ or ‘miRISC’13. This complex is made of the miRNA, the highly conserved Argonaute protein (which is the only protein consistently found in the RISC) and other proteins which are still under studies8, 27. Selection of the active strand from the dsRNA appears to be based primarily on the stability of the termini of the two ends of the dsRNA. The asymmetry rule dictates that the strand with lower stability base pairing (lower thermodynamic energy) of the 2-to-4 nucleotides at the 5' end of the duplex preferentially associates with RISC and thus becomes the active miRNA27, 28. If both strands have similar 5’ end stability, each arm of the miRNA precursor is predicted to assemble with the RISC at similar frequencies28.
There are opposite mechanisms proposed for the outcome of the other sequence of the miRNA that didn’t associate with RISC, miRNA*. The first possibility is that it is degraded rapidly on its exclusion from RISC. This is based on the fact that the recovery rate of miRNAs* from endogenous tissues is approximately 100-fold lower than that of miRNAs28. The second possible mechanism is named transitive RNAi. This theory is based on the presence of the RNA-dependent RNA polymerase (RdRP). The miRNA generated after Dicer processing of dsRNA will bind to the homologous target RNA and act not as a guide to direct cleavage of the target RNA, but rather as a primer that direct RdRP to generate a new dsRNA, which will be processed again by Dicer thus contributing to the pool of miRNAs8, 29. To act adequately as a primer, it must have a free 5’-phosphate group and a 3’-hydroxyl group 30. Based on this model, Dicer is both the initiator and the executor of RNAi8. This shows that with only one single pri-miRNA at the beginning of the processing associated with the presence of RdRP, the silencing activity of the miRNA machinery can be enormous. This positive feedback produced by the presence of RdRP seems to be fundamental for the high efficiency of the RNA-interfering process29. However, no RdRP was discovered so far in mammals or in Drosophila, although multiple homologs were found in nematodes, fungi and plants, which is one of the reasons why the existence of such a mechanism is criticized9, 30, 31.
After miRNA bind to RISC, the miRNA guides the complex to its target by base pairing with the mRNA. There are evidences that the complex will bind at the 3’ UTR of the target mRNA13. The target sequences inserted into either coding or 5’ UTR sequences are also functional32. There are three specific modes of actions, which all depend on the highest level of complementarity (near-perfect match) that can occur following recognition of the target mRNA by the miRNA/RISC complex. It has been determined that nucleotides located at position 2-8 relative to the 5′ end of the RNA are the most important bases for target recognition9,32. The three possible outcomes following this recognition are:
· If the miRNA sequence is perfectly complimentary or near-perfect to the target mRNA to be degraded, they will match up and the mRNA is cleaved between nucleotides located at positions 10 and 11 of the paired bases relative to the 5′ end of the guide small RNA and lead to its decay8, 9.
· However, if there are mismatches in the miRNA, it won’t bind perfectly to the mRNA and simply rest there, preventing the progress of RNA polymerase for translation. During translational repression, RISC mediates silencing of mRNA transcripts by binding and sequestering transcripts away from the translational machinery into cytoplasmic foci termed P-bodies11. This will lead to the inhibition of protein accumulation without strongly affecting mRNA levels33.
· The complex may also recognize homologous DNA and silence chromatin by histone and DNA methylation; this phenomenon is called transcriptional gene-silencing (TGS) or post-transcriptional gene-silencing (PTGS) in plants11 and quelling in fungi14. It methylates the 9th lysine of the 3rd histone (H3K9) and silence chromatin34. There are also studies that show that it may involve Swi6, which is known to methylates this specific lysine8. To perform such an action inside the nucleus, a nuclear dicer-like protein (DCL) which possesses a nuclear localization signal (NLS) has been studied34. This protein can, after Drosha processing, acts the same way as it has been seen in the cytoplasm, cleaving pre-miRNAs to pri-miRNAs, and modify DNA methylation without using Exportin-5 for processing in the cytoplasm34. The caveat of this theory is that it has not been seen in all organisms: DCL was found in Drosophila and Arabidopsis thaliana34.
The major challenge in determining miRNA functions and mechanism is to identify their regulatory targets: the small size of the mature (20–24 nucleotides) and the imperfect nature of miRNA:mRNA base pairing have hampered the general prediction of mRNA targets for animal miRNAs. 

Role of RNAi in cancer


The importance of RNA-interfering molecules was seen as studies were made on their mode of action. More diseases were found to be correlated with the presence of miRNA and their role in the organism. Cancer, the leading cause of death since 200535, has been linked with the presence of miRNAs and technologies are built to target specific proteins and small RNAs to treat this disease. Looking at examples of this phenomena, it can be seen that down-regulation of miRNAs and expression of specific siRNAs may have important effects.
Chronic lymphocytic leukemia (CLL) is the most common form of adult leukemia in the Western world36. This type of disease can be related to a deletion at 13q14 in more than 50 % of the cases36. Despite considerable effort, none of the known genes located in the deleted region have been shown to lead to CLL. However, two miRNA genes, miR-15 and miR-16, are located in the deleted region. It was found that in 68% of CLL patients and in a majority of prostate cancer cell lines tested, both miRNA genes are down-regulated36. Going into further analysis, in a subset of these samples was found that accumulation of one of the miR-15 precursors, pre-miR-15, was detected by Northern Blot in a higher-than-normal concentration, pointing to a potential deficiency in miR-15 processing36. Some hypotheses suggested by the researchers were that a possible tumor suppressor gene was normally expressed during B cell development, hence explaining its role and its effects when miRNAs were absent36. In fact, it has been speculated based on cancer-associated alterations in miRNA expression, the observation that miRNAs are frequently located at genomic regions involved in cancers, and as part of their gene regulatory function, that miRNAs may act as both tumor suppressors and oncogenes37.

Looking more specifically at targets in cancer cells, one of the most important gene required for cell survival and considered to be the “guardian of the genome”, p53, can be targeted by the implementation of constructed RNAi molecules (siRNAs).  p53 is inactivated by point mutation in more than 50% of human cancers, which will antagonize protein function and cause activation of intrinsic oncogenic properties38. A study was designed on this specific molecule and it was discovered that siRNAs could be used to suppress expression of point-mutated genes if the siRNA is correctly targeted to the mutant p53, which can provide the basis of a very selective antitumor therapy38. The group who made this research created two siRNAs which differ only by a single base and showed that they were able to inhibit the mutant p53, resulting in the restoration of the wild-type protein function.

Another problem met by scientists on their research of potential cancer therapy is bone marrow toxicity associated with treatment with chemotherapeutic drugs and the presence of multi-drug resistance (MDR) gene23. For example, MDR1 gene confers resistance to a variety of drugs including vinca alkaloids (vinblastine, vincristine), anthracyclins (adriamycin, daunorubicin), etoposide and paclitaxel23. One of the strategies to therapeutically treat this situation could be siRNA. For reversal of MDR1 gene-dependent multidrug resistance, two siRNA constructs were designed to inhibit MDR1 expression by RNA interference39. This was tested against pancreatic and gastric carcinomas. siRNA inhibition lead to MDR1 expression inhibition up to 91 % and decreased resistance against daunorubicin of 89 %, making this approach a specific way to reverse tumors with a P-glycoprotein-dependent MDR phenotype back to a drug-sensitive one39.

All these examples seems to show a trend that involves the implication of either miRNAs (when targeted directly inside the cell) or siRNA (for artificially transfected molecules that are inserted into the target cell) to treat diseases, specifically cancers in the situations presented here. It may seem to be a very unconventional way of treating such diseases, but early tests showed the great potential of these small molecules.
RNAi in the drug discovery process


As seen in the previous topic, the importance of RNAi in a potential therapeutic treatment can be very important. RNAi-mediated gene inactivation is now considered a cornerstone of the actual gene function studies that are the foundation of mechanism-based and target-based drug discovery and development, which could potentially shorten the long process of drug development. What makes the RNAi approach very specific is that any sequence longer than approximately 20 nucleotides will occur only once within the human genome40. One of the setbacks of such technique is the systemic, non-specific inhibition of translation, which is due to the activation of the interferon response40. Using the RNAi technology, a major breakthrough was achieved as synthetic siRNAs can be either delivered exogenously or expressed endogenously from RNA polymerase II (in the form of siRNAs that are processed by Dicer into functional siRNAs), which results in a powerful tool for achieving specific down-regulation of target mRNA of interest40. 
One of the biggest challenges of this approach for gene knockdown is to identify not just the most effective sequence, but the one that provides the most potent effect at the lowest possible concentration of the agent. Initially, it was thought that effective RNAi requires almost perfect complementarity throughout the length of the sequence; it now appears that as few as 7 contiguous complementary base pairs can direct RNAi-mediated silencing, particularly by repressing translation as in the endogenous microRNA pathway32, 41. There are some rules for successful sequence selection29: 

· a sequence that starts with a pair of A and ends with a pair of T (AA(N17-19)TT);
· a sequence with GC content between 40 to 60 %;
· a sequence which is not targeted in the first or last 100 bases of target mRNA;
· a sequence which targets toward the 3’ end of mRNA;
· plan rescue experiments;
· the ideal sequences contain 4 CG’s at the 5' end and 4 AU’s at the 3' end of the sense strand;

· BLAST for specific results;
· stretches of more than 4 T’s should be avoided when using short-hairpin RNAs;
· check against predicted targets.
However, there are several other drawbacks that were met in the early drug development process involving RNA-interfering molecules. First, an effective target site on the mRNA must be chosen to avoid off-target effects on gene expression; although the original studies of siRNA silencing suggested high specificity, off-target and other toxic effects have been reported recently in cell culture experiments40, 41, 42. Another issue is to determine how to deliver these molecules to the desired cell type, tissue or organ and how to deal with poor pharmacokinetic property of siRNA40. Because of their large molecular mass and their high negative charge, siRNAs do not readily cross the cell membrane on their own40. To correct this problem, different strategies are used: use of chemically synthesized molecules that have been modified for improved pharmacokinetic properties and the use of monoclonal antibodies, which can be directed inside liposomes to specific cell types; engineered antibodies would combine in a single fusion protein required to target cell recognition, nucleic acid binding and cellular internalization to deliver siRNAs into a defined cell40, 43. Another alternative would be to use short heterochromatic RNA (shRNA), a siRNA precursor that must be processed by Dicer before entering in complex with RISC40.  Recent innovations in nucleic acid chemistry, formulations and delivery methods have gradually rendered it possible to develop effective RNAi-based therapeutics.
Conclusion 

Despite remarkable progress, the mechanisms, targets and the extent by which miRNA-mediated expression regulation occurs remain to date, elusive. Still, RNA interference gives a unique approach for therapeutic applications by gene silencing since it uses an ancient, natural and robust pathway naturally present in all cells even if it is not yet fully understood. A better comprehension of the mechanism of RNA silencing will shed light on the molecular basis of human disease.  This phenomenon has shown a great potential for a variety of diseases despite the presence of technological hurdles that need to be overcome and the presence of biological limitations, which should be considered to achieve effective therapeutics. 
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