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1 Motivation

RNAi is a naturally occurring mechanism that silences genes before they produce a protein. microRNAs (miRNAs) are small endogenous RNAs able to modulate gene expression through degradation of specific mRNAs and/or repression of their translation.

Small artificial siRNAs (Short Interfering RNAs), short-hairpin-RNAs (shRNA) and artificially designed miRNAs revealed their efficacy in inhibiting specific proteins, thus constituting a new potential class of smart drugs, for the treatment of infections and all the other diseases which are related to over-expressed proteins, such as cancer [1]. 

A siRNA can be introduced into a cell as a double stranded RNA molecule perfectly complementary (when unfolded) to a site of the target RNA. It enters the RNAi cellular pathway directly in the RISC loading phase which occurs in the cytoplasm [2, 3]. shRNAs, which are hairpin shaped siRNAs, and artificial pre-miRNAs need to enter the nucleus first, in order to exercise their function [4]. These molecules are exogenous regulators of mRNA levels and they can be used to partially or totally reduce the expression of one or more genes. In some cases, a partial regulation is needed in order to restore the normal expression of a protein and to let it perform its functions. In other cases, the complete silencing of the target molecule is required. 

Compared to traditional drugs, small RNAs allow a faster and simpler design and are capable of inhibiting whatever kind of protein, including those known as non-druggable proteins, which have conformations not favourable to small molecule binding [3]. So far, many classes of targets have been successfully inhibited by small RNAs, including neuro-transmitters and neuro-transmitter receptors, cytokines, growth and transcription factors [5, 6, 7, 8]. 

2 The goal of the miR-Synth Project

Several companies are currently working at the development of RNAi based therapeutics for the treatment of various diseases (siRNAomics, RXi, ...). The most common approach is based on the design of conventional siRNA cocktails and the focus is mostly on the optimization of the delivery systems and of the chemical properties of the designed molecules, in order to improve the efficiency of cellular uptake and promote potent and long-lasting intracellular activity.

The main issue of the small RNA-based therapeutic approach is the high number of potential side effects due to the partial complementarity of the synthetic RNAs to undesired targets.

siRNA molecules are intended to be highly specific to the target binding sites, due to the perfect complementarity of their 21 up to 27 bases.

However, it has been shown that transfected siRNAs can regulate numerous transcripts that exhibits only partial complementarity to the active strand of the RNA duplex. This unintended off-target silencing is widespread, and occurs in a manner reminiscent of target silencing by miRNAs [9]. Thus, the use of siRNA cocktails to repress the expression of a single or multiple targets can have dramatic side effects on the cell, due to the high number of unintended off-targets.

The goal of the miR-Synth project is the establishment of a protocol for the design and validation of therapeutic artificial miRNAs mimicking the behavior of endogenous miRNAs.

In particular, the partial complementarity of naturally expressed miRNAs will be exploited  as a key feature of the newly synthesized molecules, allowing the artificial miRNAs to bind multiple targets in several sites. This will minimize the number of potential off-target genes.

3 Computational design of synthetic miRNAs: the miR-Synth algorithm

Given a set of target mRNAs, the miR-Synth algorithm performs the following steps:

Seed binding sites detection
· In this phase, the 3’ UTR sequences of the target mRNAs are screeened for repeated patterns (6mer to 8mer). These will constitute the potential binding sites for the seeds of the synthetic miRNAs. According to Bartel [10], the sites are classified as 8mer, 7mer-A1, 7mer-m8 and 6mer. For each site, the seed type, the number of occurences and their positions on the sequences are saved.
Potential off-targets prediction
· The database of human UTR sequences is screened for the sites identified in the previous step. For each site, the number of sequences in which it is found, together with the number of occurrences in the sequence, is saved. Moreover, for each potential off-target gene, the list of its associated GO terms (processes and functions) and diseases, is given.
Synthetic miRNA design
For each site, three different kinds of miRNA are designed: siRNA-like miRNA, miRNA-loop and miRNA-bulge.

· The three miRNA shares the same seed, which is perfectly complementary to the target site. They differ in the central and 3’ regions. The siRNA-like miRNA is created by maximizing the number of matches to the target through a sequence profile technique. The miRNA-loop and the miRNA-bulge are siRNA-like miRNAs in which a loop or a bulge, respectively, are forced in the central region after the seed.
miRNA scoring
· The designed miRNAs are evaluated by a scoring function which takes into account the design features and other constraints inferred based on the experimentally validated targets for the endogenous miRNAs. The scoring function is described in the next section.
4 The miR-Synth scoring function

The scoring function S is a linear combination of terms:
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Each term ranges from 0 to 1 and corresponds to a certain feature, as follows:

x1: Fraction of sequences targeted by the miRNA

x1 = (# of sequences targeted by the miRNA) / (# of input sequences)

x2: Number of sites in the target mRNAs [I don’t understnd this one. I think it should be number of sites hit in the target mRNAs/ number of sites hit in all mRNAs.
x2 = (# of sites in the input mRNAs) / (Max number of sites over all the designed miRNAs)

x3: Seed type

x3 = 
1, if 8mer; 


0.8, if 7mer-m8;


0.7, if 7mer-A1;


0.5, if 6mer.

The seed match depends on the target site. For example, the same seed sequence can be either a 7mer-A1 or an 8mer, depending on the binding site. Thus, x3 is computed for each site and then the average value is considered.

x4: AU-enrichment of the surroundings of the binding site

x4 is computed for each site. Then the average value is taken. We consider a -n to n interval, centered on the seed target site.

x4 = (# of nucleotides A/U in the region) / 2n

x5: Binding site position in the 3’ UTR of the target

x5 is computed for each site.Then the average value is considered. The UTR is divided into four equal parts.

x5 = 
1, if site is in quartiles 1 or 4;


0.5, if site is in quartiles 2 or 3. [Is there any justification for these numbers?]
x6: Distance between binding sites

x6 is computed for each site pairs. Then the average value is considered. Binding sites within a certain “cooperative range” act synergistically. The default range is 8-40.

x6 = 1, if the distance between the two sites is in the “cooperative range”, 0,5 otherwise [Is there any justification for these numbers?]
x7: Structural accessibility of the binding site

We compute the structural accessibility using both the global and the local RNA folding. The global folding is computed by Vienna RNAFold, while the local folding is computed by Vienna RNAplfold.

x7 = (Pglob +Ploc) / 2

Pglob and Ploc are, respectively, the global and local probabilities of a region of 22 nucleotides of being unpaired.

x8: Number of off-target genes

We require our miRNA to bind to as less other mRNAs as possible. Let n be the total number of matches for the miRNA seed over all its potential off target genes, and N the maximum number of matches on off-target genes over all the designed miRNAs. [I don’t understand why this is necessary. Should be handled by x2]
x8: 1- n/N

Finally, the free energy of each miRNA/target duplex is computed by RNAduplex.

4 Weighting of the features

The features included in the design and the evaluation of the artificial miRNAs are based on experimentally validated miRNA targets and taken from the literature.

However, since the miR-Synth algorithm can return many miRNAs for a single target, we need a way to find out the likelihood that a given miRNA can significantly repress the desired targets.

A step in this direction will be the weighting of the features included in the scoring function, by rationally setting the coefficients.

This can be done by using expression profiles of miRNAs and genes as training and test sets. 

In particular, two kinds of data can be used. Gene profiling following the over-expression of a miRNA (e.g. pSILAC data) can be used as training set, while general profiles of miRNAs and genes (e.g. hybrid miRNA/gene microarray experiments) can be used as test set.

Training 

Given the gene expression profile following the over-expression of a miRNA, we consider the set of invariant and up-regulated genes (unaffected) and the set of the down-regulated genes (affected). Down-regulation can be either a direct or an indirect effect of the miRNA regulation so we need a way to filter out the indirect effects. This can be done by using pathway data, chip-chip data and the literature. 

If a gene B is known to be positively regulated by a gene A, and they are both down-regulated following the over-expression of the miRNA, gene B is discarded, while gene A is considered a potential direct target of the miRNA. Gene B is considered a potential indirect target and it is not moved to the set of the unaffected genes.

Moreover, if gene A and gene B are correlated in lots of experiments but A dominates B on every feature relevant to miRNA sensitivity, then B is deleted from the affected genes set.

The coefficients will be determined by using either an SVM or other machine learning methods.

Testing

The scoring function will be tested on the miRNA/gene profile data set. This will allow us to evaluate the reliability of the above model. We can evaluate p-values as follows: label each gene as "should be downregulated/should not be downregulated" based on the predictions and then get a score by comparing predictions with profile data.

The p-value is the percentage of times that a random permutation of the labels would give as high a score.

The q-value (False Discovery Rate) will be used to assess the significance of the results. [I don’t think false discovery is appropriate here. All we’re doing is testing whether the scoring function tells us more than randomness]
5 Experimental validation

The goal of the miR-Synth Project is the establishment of a reliable protocol for the design of effective multi-target artificial miRNAs. 

The lab experiments will constitute an essential feedback, allowing us to evaluate the features included in the design and to understand the relationship between the design features and the degree of regulation of the molecules.

The first step will be the identification of the best expressing agent for our designed mature miRNAs, among the hairpin precursor of an endogenous miRNA (e.g. miR-30a pre-miRNA), the double strand version of the mature sequence and other engineered miRNA vectors (e.g. Ambion artificial miRNAs etc.). This will be a crucial step, allowing us to have at our disposal a reliable mean to test our designed molecules. Northern Blot analysis will be performed in order to understand whether the mature miRNA sequence is actually present in the cell following the transfection (recognition of the precursor by the miRNA processing complexes).

The second step will be the design of synthetic miRNAs targeting either a single gene or multiple genes at once. The efficacy of the synthesized molecules will be evaluated in terms of the degree of repression of the targets (Western Blot). 

Moreover, luciferase or GFP assays will allow us to study the binding sites of the artificial miRNAs. In particular, the experiments will constitute an essential feedback for the evaluation of the miRNA targeting features considered in the design phase and to refine the scoring function.

6 Honeypots and long ncRNAs

A part of the miR-Synth project will be devoted to the design of artificial attractive targets for over-expressed miRNAs, called honeypots (aka sponges). miRNA sponges have already been used to study the role of miRNAs in cancer, cardiac function and hematopoiesis. Our goal is to establish a protocol for the design of effective honeypots, able to derepress a set of genes which are down-regulated by one or many over-expressed miRNAs. This will be carried out by performing both computational analysis of natural miRNA targets and laboratory experiments. 

Furthermore, the potential role of long noncoding RNAs (ncRNAs) in the activation of gene expression will be investigated. Long ncRNAs constitute a large portion of the mammalian transcriptome. Very recent findings reveal a role for a class of long ncRNAs with enhancer-like function, involved in the activation of critical regulators of development and differentiation [11]. We will perform computational analysis and laboratory experiments to  investigate a potential role of long ncRNAs as endogenous miRNA honeypots. 
[I guess we still need the evaluation of p-values for our miRNA-process associations and our honeypot-process associations]
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