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ABSTRACT
A-to-I RNA editing is an important epigenetic mechanism which consists of the conversion of specific adenosines into inosines in RNA molecules. It is a physiological process that contributes to the diversity of the transcriptome. Its dysregulation has been associated to several human diseases including cancer. Recent work has demonstrated a role for A-to-I editing in microRNA (miRNA) mediated gene expression regulation. In fact, edited forms of mature miRNAs can target sets of genes that differ from the targets of their unedited forms. The specific deamination of mRNAs can generate novel binding sites in addition to potentially alter existing ones. This work presents miR-EdiTar, a database of predicted A-to-I edited miRNA binding sites. [I suggest replacing this:] The database contains both predicted miRNA binding sites potentially affected by A-to-I and novel predicted sites that could be created by editing. [By this:] The database contains both existing miRNA binding sites (either confirmed or predicted) and novel sites (viz. sites that would be predicted to bind miRNA if an A-to-I edit occurred). We present an experimental example of a miRNA binding site created by editing events. The goal of miR-EdiTar is to facilitate the identification of miRNA binding sites potentially affected by A-to-I editing as a function of the number of base pair matchings, the degree of accessibility of the binding site and the stability of the interaction, and to aid the discovery of new potential miRNA binding sites that might be created by editing events.

[Site availability: http://microrna.osumc.edu/mireditar.]

INTRODUCTION

Non-coding RNAs have been recently proven to be key molecules in several cellular processes through the regulation of gene expression. microRNAs (miRNAs) are a class of small endogenous post-transcriptional regulators able to reduce the expression of specific target mRNA transcripts. They bind their target molecules, for the most part, by partial complementarity, resulting in the target translational inhibition and/or degradation (Bartel, 2009).

Their crucial role in a variety of physiological processes has been widely demonstrated, as well as their involvement in many diseases including cancer (Croce 2009; Esteller 2011; Lovat et al. 2011). In fact, their misexpression, sometimes due to mutations and/or epigenetic events, has been linked to altered cell behavior and the establishment and maintenance of malignant phenotypes (Croce 2009; Laganà et al. 2010; Sato et al. 2011).

A-to-I editing is an essential post-transcriptional mechanism common to all eukaryotes. This form of editing is catalyzed by enzymes of the Adenosine Deaminase Acting on RNA (ADAR) family and results in the conversion of single adenosines into inosines which are recognized as guanosines by various cellular machineries (Bass 2002). This can affect splicing and alter coding and non-coding sequences in RNA molecules, thus contributing to the diversity of the transcriptome (Rueter et al 1999; Yang et al. 2008). For example, the editing of the glutamate receptor subunit, GluR-B, leads to the generation of an impermeable Ca+2-ion channel due to a glutamine/arginine (Q/R) substitution (Sommer et al. 1991). 

A-to-I editing can also influence miRNA-mediated gene regulation (Nishikura 2010). Several cases of A-to-I editing of miRNA precursors have been reported (Kawahara 2007; Alon 2012). This phenomenon can suppress processing by Drosha and Dicer and the presence of inosines in the mature sequences can alter the recognition of their target sites (Yang et al. 2006). For example, a seed-edited version of miR-376 in mouse was proved to target a different set of genes than its unedited form (Kawahara 2007). 

A-to-I editing is most abundant in the 3' UTR regions of the human transcriptome (Ohman 2007). This can affect existing miRNA binding sites as well as generate novel binding sites (Liang and Landweber 2007). For example, it has been demonstrated that editing events occurring in the 3' UTR of the gene DFFA create a binding site for miR-769-3p. The edited miRNA, which doesn't normally control DFFA, is able to regulate the expression of the deaminated form of the gene (Borchert et al. 2009).
Alterations of A-to-I editing have been associated to several human diseases, such as infections, neurological diseases and cancer (Maas et al. 2006; Dominissini et al. 2001; Gallo and Locatelli 2012; ). Recent studies revealed an antiviral effect of ADAR1 on the hepatitis C virus through editing of viral RNA (Taylor et al. 2005) and a proviral effect on HIV-1, partly through editing-dependent mechanisms (Phuphuakrat et al. 2008; Doria et al. 2009).

The reduction of editing of GluR-B at the Q/R substitution is linked to sporadic amyotrophic lateral sclerosis (Kawahara et al. 2004) and glioblastoma multiforme (Maas et al. 2001). Reduced editing due to ADAR2 low expression or inactivation was reported in bladder and colorectal cancer (Galeano et al. 2010), while increased editing of miRNAs, like miR-376a and miR-376c, was observed in neuroblastoma (Schulte et al. 2010).

The importance of RNA editing in miRNA activity suggests the need for computational tools to predict and analyze the effects of RNA editing on miRNA mediated regulation.  

This work presents miR-EdiTar, a database of both existing miRNA binding sites potentially affected by A-to-I editing as well as novel binding sites that the editing may generate. In this paper we describe the database and then provide a sample validation of a novel miRNA binding site created by editing events. Finally, we suggest some plausible scenarios of the involvement of editing in miRNA activity.

RESULTS
Prediction of A-to-I edited miRNA binding sites and overall descriptive statistics
We collected 1139 human 3' UTR sequences with 10.571 total A-to-I editing sites from the DARNED database (Kiran and Baranov 2010) and used the computational method miRiam to predict miRNA-target interactions that involve the edited sites (Laganà et al. 2010). miRiam makes use of empirical binding rules and thermodynamics features, such as the structural accessibility of the target site and the energy of the miRNA/target duplex. We performed the predictions on the complete set of 1922 human miRNA sequences retrieved from miRBase Release 18 (Kozomara and Griffiths-Jones 2011). The duplexes were then classified into two categories, depending on whether the edited adenosines were located on a miRNA seed binding region or not. In the first case, the editing of the seed binding region could have a direct effect on the target site recognition and binding, while editing events outside the seed region could alter the secondary structure and, consequently, affect the structural accessibility of the target site and/or the free energy of the duplex, as previously described for SNPs (Shen et al. 1999; Haas et al. 2012). 

Seed matches were classified as 6mer, 7mer-A1, 7mer-m8 and 8mer, according to Bartel (2009).

9.532 out of 10.571 (90%) edited adenosines were predicted to fall in at least one miRNA binding site. 1102 UTRs (96.75%) had at least one edited adenosine on a miRNA seed binding site, while 771 (67.7 %) had all their edited adenosines on at least one miRNA seed binding site. On the miRNA side, 1664 miRNAs (86.6 %) had at least one seed binding site potentially affected by editing.

We also wanted to find all the novel miRNA binding sites potentially generated by A-to-I editing. We changed all the edited adenosines in guanosines in the set of the 1139 human 3' UTR sequences and repeated the analysis with miRiam.

1076 UTR sequences (94.45%) had at least one novel binding site created by editing events and 1400 miRNAs (72.8%) had at least one target site potentially created by editing.

The descriptive statistics are summarized in Table 1.

miR-EdiTar contents and web interface
miR-EdiTar contains a collection of predicted human miRNA binding sites on A-to-I edited 3' UTR sequences. In particular, the database includes both miRNA sites potentially affected by editing as well as novel miRNA sites potentially created by editing. The website can be searched by miRNA and/or by target. The screenshots of a typical search are shown in Fig. 1.

Given a miRNA, the list of its predicted targets is shown in a box. When a target is selected, the corresponding interaction details are displayed on a table. The binding sites are grouped into two categories based on their type (affected sites or newly created sites). Several data elements are provided, such as the position of the binding site on the UTR, the seed type, the free energy of the duplex, the structural accessibility degree, the interaction score and the duplex structure. The edited bases are highlighted in bold characters and the corresponding alignment pipes are replaced with an X, indicating the potential disruption of the corresponding bond. In the case of affected sites, an entry indicates if the edited bases are located in the seed region. Moreover, the values of seed type, free energy,  accessibility, interaction score and duplex structure are provided for both the edited and the unedited forms of the site (See Fig. 1).
Similar results can be obtained by choosing a target from the list and then selecting one of its predicted miRNAs. 

Check boxes can be used to filter the results visualized. In particular, users can choose to filter the interactions based on the type of predicted site (affected or created), the fact that the seed region is edited or not and the type of seed match (6mer, 7mer-A1, 7mer-m8 and 8mer).

When filters are set or changed, the results on the page are dynamically updated.

Finally, miR-EdiTar is connected to miRo', a web environment which provides users with miRNA functional annotations inferred through their validated and predicted targets (Laganà et al. 2009). In particular, miRNA and target entries include links to the diseases, processes and functions in which the corresponding miRNA or target is involved.

Analysis of A-to-I edited miRNA binding sites

In order to evaluate the biological significance of the editing events on miRNA binding sites we performed a variety of permutation tests (Efron and Tibshirani 1993). Starting with the 10,571 editing positions of the 873,332 adenosines in the 1139 UTR sequences, we counted the number of miRNA binding sites and found 9532. Randomly and without replacement, we placed 10,571 edits among the 837,332 adenosines and found an average of 9122. This difference, while small in magnitude, was statistically significant (P < 0.001). This is consistent with a recent work on A-to-I editing of miRNA binding sites in mouse (Gu et al. 2012).

We grouped the targets based on the number of editing sites and compared the distribution of frequencies to the empirical background. We found that the observed number of genes with 1 to 5 or more than 30 edited sites is greater than expected in the random replacement test, while it is less in the other cases (P < 0.05) (see Fig. 2a). We do not yet have an interpretation of this result.

We also wanted to investigate whether editing affects the miRNA seed binding region differently from the non-seed portion of the binding site. We traced a profile of editing events on the binding sites for both the observed and random instances and found that the number of observed edited events is greater than in the random replacement test for every position of the binding site, including the seed binding region (P < 0.001) (Fig. 2b). However, the graph shows a noticeable dip in the seed region (positions 2 to 5), which is due to fewer adenosines in that area (Fig. 2c). A possible interpretation of this fact is that evolution has made the seed binding regions less editable perhaps because the editing of seed binding regions is under functional constraint).
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Further statistical analyses are presented in the supplementary material. 

A-to-I editing can generate a novel binding site for miR-500a-3p on MDM4
As a proof of principle we validated one of the predicted novel binding sites. We chose the gene MDM4, an important negative regulator of the tumor suppressor p53 (Markey 2011). The 3' UTR of MDM4 presented a cluster of 4 edited adenosines generating a novel binding site for miR-500a-3p. A fragment of the Wild Type (WT) 3' UTR of MDM4 gene containing the predicted binding site was cloned downstream of the luciferase gene on a reporter construct. A mutant version of the plasmid (MUT) mimicking the editing events was generated by replacing the adenosines reported to be edited into guanosines (Fig. 3a, b).
We transfected H460 cells (large cell lung carcinoma) with the luciferase reporter construct along with a precursor of miR-500a-3p or a scramble miRNA as negative control. We didn't observe any significant difference in the luciferase activity between the cells transfected with the WT plasmid together with either the scramble miRNA or miR-500a-3p precursor. On the contrary, a 32% reduction in the luciferase activity (P<0.01) was observed in cells transfected with MUT and the miR-500a-3p precursor compared to cells transfected with MUT and the scramble miRNA (Fig. 3b).
This data clearly confirms that the editing process can produce new binding sites for miRNAs on specific regions of the 3'UTR of a gene.

DISCUSSION

The modifications of predicted miRNA binding sites are classified into two categories, based on whether the editing events occur in the seed region or in another part of the duplex. The replacement of adenosines with inosines in the seed region can change A-U matches into G-U wobbles which are sometimes tolerated, especially in the presence of compensatory matches elsewhere in the duplex, but which have been reported to weaken the interaction or even abrogate the binding (Brennecke et al. 2005). 

For instance, a predicted site for miR-511 on the 3' UTR of the gene CTSS contains 6 edited bases, 4 of which are in the seed binding region (Fig. 4a). This would introduce 4 GU wobbles in the seed region and destabilize the duplex, as shown in the figure. Another example is shown in Fig. 4b, where a binding site for miR-26a-5p on RAD1 is altered by 3 inosines, potentially disrupting the seed match.

Editing events which occur outside of the seed binding region could also influence the targeting. They might either reduce the stability of the duplex, through the introduction of G-U wobbles and mismatches, or increase it by improving the seed match or by creating new matches outside the seed area. For example, the database suggests that the presence of an edited adenosine in a predicted binding site outside the seed region for miR-192-5p on XPNPEP might negatively affect the stability of the duplex by altering its structure (Fig. 4c). On the other hand, an edited adenosine in a potential binding site for miR-324-5p on the UTR of MRI1 might improve the seed match by adding an extra CG bond and changing the type from 7mer-A1 to 8mer (Fig. 4d). The same outcome occurs on a binding site on ARSD for miR-1227, where editing could change a 6mer seed match to a 7mer-m8 seed match (Fig. 4e). 

The presence of inosines in miRNA binding sites could also alter their secondary structure and, as a consequence, increase or reduce the chance of binding. It has been demonstrated that SNPs can significantly change mRNA secondary structure (Shen et al. 1999; Halvorsen et al. 2010) and that changes in secondary structure can significantly affect the binding of miRNAs (Kertesz et al. 2007; Haas et al. 2012). Therefore, it is plausible that editing events may yield similar effects. As found in our database, editing of 7 adenosines in the binding site for miR-590-3p in the 3' UTR of the gene ARHGAP26 has no effect on the seed match but causes a 40% decrease of the estimated structural accessibility (Fig. 5a). Conversely, an edited adenosine in a non-seed area of the binding site for miR-486-5p on the 3' UTR of PLCXD1 increases the accessibility 2.6 times (Fig. 5b).

Other than affecting existing miRNA binding sites, A-to-I editing can generate novel miRNA/target interactions by either changing mature miRNA sequences or creating new sites on UTRs, as already reported by a few studies. An edited version of mature miR-376 specifically targets a different set of genes compared to its unedited version (Kawahara et al. 2007). miR-513 and miR-769-3p have repression activity on reporters mimicking the effect of A-to-I editing, and experiments have confirmed that miR-769-3p is able to repress endogenous DFFA protein expression in cells where editing creates a novel binding site for the miRNA in the DFFA 3' UTR (Borchert et al. 2009). As shown in our example, deamination of the 3' UTR of the gene MDM4 could generate a novel binding site for miR-500a-3p. 

Although all these hypotheses and preliminary experiments require further deep investigation, they suggest a new layer of dynamic regulation in miRNA-mediated gene expression control. A-to-I editing is a physiologically important mechanism which is essential for normal life and development, and the specific deamination of miRNAs and their target sites could constitute an epigenetic fine-tuning of their regulatory activity. 

The database presented in this paper, miR-EdiTar, constitutes a resource for researchers interested in investigating the involvement of A-to-I editing in miRNA-mediated gene expression regulation. We plan to update the database with new editing sites and new predictions as soon as new data is available, as well as consider other types of RNA editing, like C-to-U editing. We also plan to include data about the editing of miRNA sequences along with their affected and newly created predicted targets, in addition to data on tissue specificity of both miRNAs and editing events.

METHODS

Data sources

The complete list of human A-to-I editing sites was obtained from the DARNED database (Kiran and Baranov 2010) and mapped onto the human 3' UTR sequences downloaded from UCSC Genome Browser (Dreszer et al. 2012), with a total of 10.571 edited bases mapped on 1139 UTR sequences.

Human miRNAs were downloaded from miRBase Release 18 (Kozomara and Griffiths-Jones 2011).

miRNA target prediction

miRNA binding sites on the 3' UTR sequences were predicted by miRiam, our computational tool that makes use of empirical binding rules and thermodynamics features (Laganà et al. 2010). miRiam exploits binding rules inferred based on experimentally validated miRNA/target pairs and the structural accessibility of the target sites. This last feature is estimated based on the local pairing probability computed by RNAplfold of the Vienna RNA package (Bernhart et al. 2006) with the parameters W=80 (sliding window length), L=40 (interactions outside the span size of 40 are not allowed) and u=4 (the stretch of consecutive bases for which the probability of being unpaired is computed), as recommended in (Marí́n and Vaníček 2011). In particular, the accessibility is computed as the average probability of stretches of 4 nucleotides to be unpaired in the predicted binding site. 

The score of the duplex structure and its free energy are also computed. In particular, the latter is computed by using the tool RNAduplex from the Vienna RNA package (Lorenz et al 2011). For each affected binding site the accessibility, the duplex structure and the free energy are computed for both the unedited and the edited version of the duplex, in order to evaluate the effects of the editing events on the binding.

Database implementation and web interface

All the data are collected and maintained up-to-date in a MySQL database (v5.1) running on an Apache server (v2.2.15). The web application was implemented in Ruby on Rails (v2.3.5), a framework based on the MVC (Model-View-Controller) design pattern, allowing a fast development and management of the application. The queries that the database allows to perform were coded leveraging on the association mechanisms between models that the framework provides. The interface makes use of the Ajax technology to improve the usability through a fast client-side update of selections and results.

Cloning of the 3' UTR of MDM4
The WT plasmid of the MDM4 3'UTR was produced as described in the results section. The region of the 3'UTR sequence (base 6657 to base 7017, counting from the beginning of 3’ UTR) was amplified from human genomic DNA (Clontech Laboratories Inc., CA) through PCR using the TaKaRa Ex Taq™ DNA Polymerase (Clontech Laboratories Inc., CA) following the manufacturer's instructions, using the following primers:

FRW-XhoI-agctttgtttaaacggcgcgccggtgaggcttcctttctgtgtg

REV-NotI- ataagaaatgcggccgctaaactatagaaggaagcctgacctcaa

The PCR fragment was cloned downstream of the luciferase gene in the psiCHECK™-2 plasmid (Promega, WI) using respectively XhoI and NotI restriction enzimes (New England Biolabs, MA) following the manufacturer's instructions. The ligation reaction was performed using Rapid DNA Ligation Kit (Roche Diagnostics Corporation, IN) following the manufacturer's instructions.
Mutagenesis 

The MUT plasmid was produced using QuikChange XL Site-Directed Mutagenesis Kit (Agilent Technologies, Inc., CA) using the following primers:

MDM4-a183g_FRW 5'-ctgggcaacatggtgaagccctgtctctacca-3' 

MDM4-a183g_REV 5'-tggtagagacagggcttcaccatgttgcccag-3'

MDM4-a199-200-01-03g-FRW5'-atggtgaaaccctgtctctaccaagggtgcaaaaaaaaagctgggcatggtgg-3' 

MDM4-a199-200-01-03g-REV 5'-ccaccatgcccagctttttttttgcacccttggtagagacagggtttcaccat-3'

Transfection

H460 cells (large cell lung carcinoma) were seeded in 12 well plates and co-transfected with 1 (g of WT or MUT plasmid in combination with 50nM of  hsa-miR-500a-3p or negative control miRNA from Ambion (Life Technologies, NY) and 3 (l of Lipofectamine 2000 from Invitrogen (Life Technologies, NY) for each well, following the manufacturer's instructions. After 24 hours the cells were harvested and the luciferase activity measured using the Dual Luciferase Reporter Kit (Promega) following the manifacturer's instructions.
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FIGURE LEGENDS

Figure 1. Screenshot of a typical search in miR-EdiTar. The search for miR-511 returns a list of its predicted targets potentially affected by A-to-I editing and novel predicted sites that could be created by editing. When a target is chosen, CTSS for example, the targeting details are displayed on a table. In the case of a predicted target that could be affected by editing, both the un-edited and the edited version of the binding site are given, together with relevant information such as the type of seed, the energy of the duplex, the degree of structural accessibility of the target site and the duplex score. Filters allow the refinement of the results according to the specified seed type, seed editing and site type. For novel predicted sites…. [Alessandro: you need to fill this in]
Figure 2. Analysis of A-to-I edited miRNA binding sites. (a) The diagram shows the real distribution of edited sites per gene as compared to the empirical distribution obtained through a random replacement test. The observed number of genes with 1 to 5 or more than 30 edited sites is significantly higher than expected in the random replacement test, while it is lower in the other cases (P < 0.05). (b) The diagram shows the distribution of observed editing events over the individual positions in the seed region of a miRNA binding site as compared to the empirical distribution obtained through a random replacement test. The observed values are significantly higher than in the random replacement test in every position (P < 0.001).

Figure 3. Experimental validation of a novel predicted site for miR-500a-3p created by editing in the 3' UTR of MDM4. (a) A 24 nt long fragment of the 3' UTR sequence of MDM4 with 5 edited adenosines and the corresponding mutated version mimicking the editing events. (b) The predicted duplex of the miRNA/target interaction created by the editing events. (c) Renilla luciferase activity following co-transfection of a negative control miRNA (SCR) and miR-500a-3p along with the non-edited luciferase reporter construct (WT) and its mutated version (MUT) into H460 cells. A 32% reduction in the luciferase activity (P < 0.01) is observed in the cells transfected with MUT and the miR-500a-3p precursor compared to the cells transfected with MUT and the negative control miRNA. No effect is observed in the cells transfected with miR-500a-3p/SCR and WT.

Figure 4. Examples of predicted miRNA binding sites potentially affected by A-to-I editing. Predicted binding sites for (a) miR-511 in the 3' UTR of CTSS, and (b) miR-26a-5p on RAD1 altered by editing events, potentially disrupting the seed match. (c) The presence of an edited adenosine in a predicted site for miR-192-5p in the 3' UTR of XPNPEP may negatively affect the stability of the duplex by altering its structure. (d) An edited adenosine in a potential binding site for miR-324-5p on the 3' UTR of MRI1 may improve the seed match by adding an extra CG bond and changing the type from 7mer-A1 to 8mer. (e) An edited adenosine in a potential binding site for miR-1227 on the 3' UTR of ARSD may change a 6mer seed match to a 7mer-m8 seed match. 

Figure 5. Examples of variation of structural accessibility of predicted miRNA binding sites affected by A-to-I editing. (a) The estimated structural accessibility of a predicted binding site for miR-590-3p in the 3' UTR of the gene ARHGAP26 decreases by 40% due to editing events. (b) Two edited adenosines in a non-seed area of the binding site for let-7a-3p on the 3' UTR of ZNF529 increase the estimated degree of accessibility 2.15 times. The predicted interactions are shown along with the secondary structures of the un-edited and edited versions of the binding sites. Structural accessibility is computed as the average probability of stretches of 4 nucleotides to be unpaired in the predicted binding sites. Individual probabilities are calculated by the tool RNAplfold on 40 nt windows. Secondary structures of the targets are shown as computed by RNAfold on an 80nt window encompassing the predicted binding site. 
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Fig. 1 [Alessandro: Isthere any way to make this figure less fuzzy?]
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Fig. 2
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Fig. 3 (Alessandro: where is the error bar?)
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Fig. 4
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Fig. 5

TABLES

	Edited sites

	Edited sites on the 3' UTRs
	10571

	Edited sites on a predicted miRNA binding site
	9532

	Targets

	3' UTR sequences affected by editing
	1139

	Predicted binding sites affected by editing
	115664

	Predicted binding sites with edited bases in the seed region
	40659

	Predicted binding sites created by editing
	112980

	Targets with at least one edited base in a miRNA binding site
	1102

	Targets with all their edited bases in a miRNA binding site
	771

	Targets with at least one novel binding site created by editing
	1076

	miRNAs

	miRNAs
	1922

	miRNA with predicted sites affected by editing
	1664

	miRNA with predicted novel sites created by editing
	1400


Table 1
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