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Abstract

MicroRNAs (miRNAs) are a class of endogenous short non-coding RNAs that regulate gene 

expression by targeting messenger RNAs (mRNAs), which results in translational repression 

and/or mRNA degradation. As regulatory molecules, miRNAs are involved in many mammalian 

biological processes and also in the manifestation of certain human diseases. As miRNAs play 

central role in the regulation of gene expression, understanding miRNA-binding patterns is 

essential to gain an insight of miRNA mediated gene regulation and also holds promise for 

therapeutic applications. Computational prediction of miRNA binding sites on target mRNAs 

facilitates experimental investigation of miRNA functions. This chapter provides protocols for 

using the STarMir web server for improved predictions of miRNA binding sites on a target 

mRNA. As an application module of the Sfold RNA package, the current version of STarMir is an 

implementation of logistic prediction models developed with high throughput miRNA binding 

data from crosslinking immuno-precipitation (CLIP) studies. The models incorporated 

comprehensive thermodynamic, structural and sequence features, and were found to make 

improved predictions of both seed and seedless sites, in comparison to the established algorithms 

*Correspondence: ye.ding@health.ny.gov; Phone: (518) 486 1719; Fax: (518) 474 3183. 
1To further assist the users with STarMir input and output features, an online ‘MANUAL’ as well as ‘DEMO OUTPUT’ are provided 

at the STarMir front page.

2As described above, the STarMir computes a logistic probability score from a selection of thermodynamic and structure based 

features. The logistic probability provides the measure of confidence in the predicted miRNA binding site. A site with a probability of 

0.5 indicates a good chance of being a true miRNA binding site. Further, higher probability scores e.g. 0.75 and above, suggests 

greater likelihood of miRNA binding in vivo.

3In general, STarMir based predictions are time consuming due to RNA folding. For current Sfold web server, typical processing time 

is three minutes for 500 nt, five minutes for 1000 nt, 30 minutes for 2000 nt, two hours for 3000 nt, five hours for 4000 nt and nine 

hours for 5000 nt. Before a job submission, the users should first check STarMirDB, a database of pre-computed transcriptome-scale 

prediction results currently available for human, mouse and worm. STarMirDB complements STarMir, and is available at: http://

sfold.wadsworth.org/starmirDB.php.

4As the underlying models of the STarMir performed very well in cross-species validations, the applications of STarMir are not 

limited to the species with available CLIP data, but rather can be extended to other species as well.

5As the CLIP methodology provides information of miRNA binding, the models developed from the CLIP data are efficient for 

prediction of miRNA binding sites and may not always be extendable to miRNA functions. In other words, these models do not make 

predictions for the functional outcome of miRNA binding (i.e. target degradation or translational repression) and the extent of 

regulation on either the mRNA or the protein.

6A specific database is under development, based on a recent study on genetic variants within and near miRNA binding sites [24]. The 

database will allow users to search for polymorphisms in the context of miRNA binding sites.
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[1]. Their broad applicability was indicated by their good performance in cross-species validation. 

STarMir is freely available at http://sfold.wadsworth.org/starmir.html
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1. Introduction

MicroRNAs (miRNAs) are a class of naturally occurring, small non-coding RNAs (ncRNAs) 

of ~21–25 nucleotide (nt) in length. miRNAss have been found in plants, animals and some 

viruses. A mature miRNA guides RNA-induced silencing complex (RISC) for target 

recognition by hybridizing to partially complementary sequences typically in the 3' 

untranslated regions (3' UTRs) of the target mRNAs, leading to translational repression 

and/or mRNA degradation of the target mRNA [2,3]. miRNA mediated gene regulation is 

rather extensive, as one miRNA may regulate hundreds of targets, whereas an individual 

mRNA can be targeted by multiple miRNAs [4]. miRNAs play important roles in numerous 

biological processes including development, differentiation, apoptosis and proliferation 

[3,5]. Additionally, mis-regulation in miRNA activity has been found to be associated with 

human diseases [6,7]. However, our current understanding of miRNA functions in 

physiological processes and diseases is rather limited. Identification of miRNA targets is 

essential for a full characterization of miRNA functions. For plants, identification of miRNA 

targets is straightforward, as most miRNAs are perfectly complementary to their target 

sequences [8]. However, in animals, the complementarity between miRNA and target mRNA 

is imperfect [9], presenting a challenge for binding site identification. Most of the algorithms 

for miRNA binding site prediction are based on the seed rule, i.e., the nucleotides of the 

target site forms Watson-Crick (WC) base pairs with nucleotide 2 to 7 or 8 of the 5' end of 

the miRNA [10]. However, an increasing number of studies show that some miRNA binding 

sites do not follow the seed rule [11–15]. In addition to seed, several sequence features have 

been proposed to be important for miRNA target binding. These include sequence 

conservation, strong base-pairing to the 3' end of the miRNA, local AU content and location 

of miRNA binding sites [16]. Based on a two-step model (Figure 1) for the hybridization 

between a miRNA and an mRNA with target secondary structure predicted by Sfold [17,18], 

the importance of target structure for miRNA target recognition was convincingly 

demonstrated [19–22]. Another independent mammalian study, established that structure 

based predictions could be more efficient than seed based predictions [23]. A recent study 

revealed that genetic variations can influence miRNA:target interactions and alter the 

structural accessibility of the binding sites as well as the flanking regions [24].

1.1 Identification of miRNA binding sites

Most existing algorithms for miRNA target prediction are primarily based on the seed rule. 

With the development of the CLIP technique [25], it has become possible to identify short 

AGO crosslinked sequences that contain miRNA binding sites. CLIP involves UV 

irradiation of tissues, organisms or cells, to covalently crosslink miRNA targets to the 

Argonaute (AGO) proteins (the catalytic component of the RISC complex. The crosslinked 
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RNAs are shortened by partial RNAse digestion to ~50 nt and further amplified by RT-PCR. 

The shortened RNA fragments are then sequenced for identification of AGO tags containing 

miRNA binding sites on the target mRNAs. Numerous CLIP studies have been published in 

the recent years, including HITS-CLIP for mouse brain [25], PAR-CLIP in human cell lines 

[26], variants of PAR-CLIP [27], and a study in worm [28]. These CLIP studies generate 

short target fragments containing miRNA binding sites, thereby providing a genome wide 

map of miRNA target interactions. The high throughput data from the CLIP studies have 

been successfully utilized in the development of logistic models for making improved 

miRNA binding site predictions [1]. These models are based on a comprehensive list of 

sequence, thermodynamic and target structure features that were found to be enriched for 

miRNA binding sites identified by CLIP, and were validated by intra-dataset, inter-dataset as 

well as cross-species validations [1]. The models have been implemented into the STarMir 

application module of the Sfold RNA package, which predicts miRNA binding sites on a 

target mRNA [29]. This chapter describes a detailed protocol for using STarMir web server. 

STarMir is a free web service available to all without any registration or email requirement.

Materials

As an application module of the Sfold RNA package (http://sfold.wadsworth.org), STarMir 

can be freely accessed at http://sfold.wadsworth.org/starmir.html. Through a web browser 

such as Safari, Internet Explorer or Firefox, the user can use the web service by providing 

either the miRNA ID and RefSeq ID for the mRNA or by submitting their miRNA and the 

target sequences.

Methods

3.1 Web protocol for using STarMir

This protocol outlines input and output of STarMir web service, provided through Sfold web 

server (http://sfold.wadsworth.org). The user can start by pointing a web browser to http://

sfold.wadsworth.org/starmir.html.

3.2 STarMir Input Page

Figure 2 illustrates the main page with manual sequence entry option selected for both 

miRNA and target sequences. The user can input the sequence information for a single or 

multiple miRNAs and a single target mRNA for predicting miRNA binding sites. Upon job 

submission, a link is provided to the user for tracking the progress of the job and to access 

the prediction results. A detailed description of input is given below.

3.2.1. Model—STarMir predicts miRNA binding sites based on three models for human, 

mouse and worm. These models have been trained on V-CLIP data for human (Homo 

sapiens) [26], HITS-CLIP data for mouse (Musmusculus) [25] and ALG-1 CLIP data for 

worm (Caenorhabditis elegans), respectively [28]. The two mammalian models were cross-

validated and can be broadly used for other species [1].

3.2.2. Species—The user needs to select a species for prediction. If user enters RefSeq ID 

of the target mRNA and selects one of the three modeling species, the species information 
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will be used for retrieving pre-stored evolutionary conservation information in predictions. If 

the mRNA sequence information were entered manually, the selection of species would not 

have any effect on predictions. Furthermore, if ‘Other’ is selected, conservation information 

cannot be used in predictions by our models.

3.2.3. miRNA—miRNA information can be provided in two ways. For the default option, 

one or more miRNA IDs can be entered (an example of miRNA ID is shown in Figure 2), 

for which the sequences are retrieved from an internal database developed using release 20 

of the miRBase [30]. An alternative is to enter one or more miRNA sequences into the input 

box in FASTA format, or upload a FASTA file (Figure 2). Although there is no limit on the 

number of miRNA sequences that can be entered, each sequence must not be longer than 55 

nt in length. Any characters other than A, T, G, C and U in the entered miRNA sequence are 

removed.

3.2.4. mRNA—The target mRNA information can be entered in three different ways. The 

default method is to enter the RefSeq ID in the provided input box (Figure 2), for which the 

sequence will be retrieved from our internal database of mRNA sequences for human and 

mouse. If the RefSeq ID of the mRNA is provided, evolutionary conservation information 

[31] will be used to make more accurate miRNA binding site predictions [1]. Alternatively, 

by selecting the ‘Manual sequence entry’ option, one can enter the sequence information in 

raw or FASTA format or upload a FASTA file. If the sequence is uploaded using a FASTA 

file, the file must not contain more than one sequence. As in the case of miRNA, any 

character in the mRNA sequences other than A, T, G, C and U is removed. As the current 

limit of the web server on the length of the mRNA sequence is 5000 nt, longer sequences 

will be truncated to 5000 nt starting from the 5' end.

3.2.5. mRNA region—For manual sequence entry, the user needs to inform the server if 

the entered sequence represents an entire mRNA or a single region, i.e. 3' UTR, CDS or 5' 

UTR, through a region dropdown box directly above the sequence input box. If the case of 

an entire mRNA, the nucleotide positions for the start and end of the coding region must be 

specified in the boxes shown below the input window (the first nucleotide of an entered 

sequence is counted as 1).

3.2.6. mRNA name—If the user provides a RefSeq ID for the mRNA, the CDS start and 

end would be retrieved from our internal mRNA database and the binding sites will be 

predicted for all three mRNA regions. RefSeq ID would be considered as the name of the 

sequence for output. However, for a manually entered sequence, the user can enter the name 

of the sequence.

3.2.7. Email address—Provision of an email address is optional. If an email address is 

provided, the user receives a notification once the job is completed. Alternatively, the user 

can check for job status using the link provided after job submission.
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3.3 STarMir Output

Upon job completion, the results are presented through both an interactive viewer and 

downloadable files. An illustration of a typical output as an interactive viewer is shown in 

Figure 3, with ‘CDS-seedless’ tab and ‘hsa-let-7a-3p’ selected for display. The results are 

categorized as seed and seedless sites for each of the three target mRNA regions, i.e. 3' UTR, 

CDS and 5' UTR. Each tab represents prediction results for one or all miRNAs, which can 

be selected from the dropdown menu. The sites are presented in the descending order of 

their logistic probability scores. The output presents comprehensive sequence, 

thermodynamic and target structure features including the logistic probability score as the 

measure of confidence for a predicted site. Additionally, a link is provided to the graphic 

representation of the hybrid conformation. Hybrid diagrams for a 7mer-m8 seed site and a 

seedless site are shown in Figure 4. The PDF of the hybrid diagram is also available for 

visualization and download. Further, a file providing definitions of the features is available 

via the link for ‘Feature definitions’ below the result table. The results are also provided as 

downloadable tab-delimited text files, which present all site features calculated by STarMir. 

The features marked with an asterisk (*) are the ones that are used in the prediction model. 

The prediction models are based on the features that were enriched in the CLIP experiments 

[1]. A text file is provided for each of the six categories, as shown in different tabs. 

Alternatively, all the results can also be downloaded as a compressed archive, including a 

text version of the hybrid conformation diagrams for each site and a file showing the 

probability of each nucleotide in the site to be unpaired or single-stranded.
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Figure 1. 
A two-step hybridization model: nucleation at an accessible target site, followed by hybrid 

elongationto disrupt local target secondary structure and form the complete microRNA-

target duplex [19].
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Figure 2. 
STarMir input page displaying the input requirements for submitting miRNA and target 

mRNA sequences.
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Figure 3. 
STarMir output page showing the interactive site viewer with ‘3' UTR-seedless’ tab and 

‘has-miR-501-3p’ selected for display. The download links for the text files are also shown.
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Figure 4. 
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Schematic representation of the hybrid diagrams for (a) a seed site (miRNA seed region (nt 

2–7)) and (b) a seedless (non-canonical) site. The seed regions are shown in red.
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