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Introduction

Non-coding RNA (ncRNAs) has been increasingly recognized 
as an important molecular in the past few years.1 Among them, 
microRNA (miRNA) is small, approximately 19–25 nt RNA 
molecule, which is involved in post-transcriptional regulation of 
gene expression. It plays important roles in regulation of numer-
ous biological processes, such as development, cell differentia-
tion and proliferation, apoptosis and metabolism.2 Small nuclear 
RNA (snRNA) is primarily involved in RNA splicing and assists 
in the regulation of transcription factors and maintains telo-
meres.3 Small nucleolar RNA (snoRNA) plays a crucial role in 
modification of target RNAs and processing of rRNA during 
ribosome subunit synthesis.4 Piwi-interacting RNA (piRNA), an 
approximately 24–31 nt RNA molecule, plays an important role 
in regulation of cell division and maintenance of germline stem 
cells.5 A recent study showed that piRNA is also involved in epi-
genetic control of memory-related synaptic plasticity in neural 
cells.6

Next-generation sequencing (NGS) has been widely applied 
to characterize small RNA transcriptomes under various con-
ditions. It provides an unprecedented opportunity to discover 
ncRNAs and identify differentially expressed ncRNA tran-
scripts.7 However, the massive amount of data generated by NGS 
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poses great bioinformatics challenges for detection and functional 
annotation of ncRNAs. Therefore, a number of computational 
methods have been developed for mining small RNA sequencing 
data. Among them, many tools have mainly focused on miRNA 
analysis, such as miRDeep,8-10 Mireval,11 miRFinder,12 miR-
NAkey,13 miRanalyzer,14 miRExpress,15 miRTRAP,16 DSAP17 
and MIReNA.18 In addition, several integrated ncRNA analy-
sis tools have been released, such as SeqCluster,19 DARIO,20 
ncPRO-seq,21 CPSS,22 Shortran,23 NORAHDESK,24 APART25 
and smyRNA.26

We previously developed a web service, mirTools 1.0, which 
provides annotation of miRNAs based on NGS and has been 
widely used.27 Comprehensive comparison and evaluation of bio-
informatics tools for miRNA deep-sequencing has indicated that 
mirTools 1.0 has a good performance for miRNA coverage, accu-
racy and sensitivity, as well as computational time.28 However, in 
the past 2 y, we have received considerable feedback from users. 
These users expected us to update mirTools to include more ver-
satile functions, such as miRNA-targeted genes and further func-
tional annotation, other types of ncRNAs besides miRNAs and 
multiple sample comparison. Therefore, in this study, an inte-
grated web server, mirTools 2.0, an updated version of mirTools 
1.0, was developed to investigate ncRNA sequences, expression 
levels, differentially expressed ncRNAs and miRNA-targeted 
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contains the miRNA name, arm on the hairpin, absolute count, 
relative count, pre-miRNA number (hairpin secondary structure 
for novel miRNAs) and related expression information of the 
most abundant tag. In addition, users can view the read mapping 
information and miRNA isoforms in a pop-up webpage by click-
ing the “pre-miRNA” link.

The miRNA targets output contains the predicted miRNA-
targeted genes and their functional annotation with GO, the 
KEGG pathway and the PPI network. The miRNA-targeted 
genes tables display the miRNA name, the targeted gene name, 
the minimum free energy, the score value (P value for RNAhybrid) 
and target prediction tool used. The known miRNA-targeted 
genes tables also contain the “other tools” column to indicate 
whether the targets are supported by other tools. The GO and 
KEGG pathway annotation tables illustrate the enriched GO 
terms and pathway terms of targeted genes predicted, respec-
tively, which can be sorted by enrichment fold and P value. The 
PPI annotation tables depict the protein interaction information 
of miRNA targets in STRING databases. Users can visualize the 
interaction intuitively in the implemented Cytoscape Web, which 
supports node dragging and searching, by clicking the “show the 
network in Cytoscape” link.

The ncRNA output shows information of other ncRNAs, 
except for miRNAs and their expression level. Information on the 
identified known piRNAs and novel piRNAs are also included in 
this output. The detailed annotation of each ncRNA contains 
the ncRNA name, absolute count, relative count, hairpin number 
and related expression information of the most abundant tag.

In a two-sample study, the differential expression output con-
tains expression correlation dot charts and differentially expressed 
ncRNAs lists between the two samples. The annotation informa-
tion of the differential expression list contains the ncRNA name, 
sample “a” relative count, sample “b” relative count, the fold 
change, the up/down tag and the P value. In group case results, 
differentially expressed ncRNAs between two groups are listed. 
The annotation information of the group expression list also con-
tains the expression value of each sample, the median expression 
value of the group, the up/down tag and the statistical P value. 
All these components are well organized with examples to facili-
tate users with correct input and expected results.

Discussion

NGS has greatly facilitated RNA transcriptome studies, among 
which small RNA sequencing offers a cost-effective and in-depth 
method to comprehensively investigate ncRNAs in a genome-
wide manner.7 However, one of the main challenges lies with the 
analysis of miRNAs and other ncRNAs from the large amount 
of sequencing data. The web server mirTools 2.0 was developed 
for research communities toward a fully automated and easy to 
use web service suitable for ncRNA discovery, profiling and func-
tional annotation based on high-throughput sequencing.

The web server mirTools 2.0 is freely available for non-com-
mercial use and will be updated regularly to keep up with the 
latest annotation information of the implemented databases. 
In mirTools 1.0, we received a lot of valuable feedback and 

genes and their functional annotation, which will be valuable for 
deciphering the functional roles of ncRNAs hidden in the large 
amount of NGS data.

Results and Discussion

Implementation. The web server mirTools 2.0 is constructed 
under the Apache/PHP/MySQL environment in the Linux sys-
tem. The back-end pipeline is implemented in Perl language 
and the plots are generated by R packages (www.r-project.
org). Compared with mirTools 1.0, the computational power 
of mirTools 2.0 has been enhanced and it is equipped with 
four Quad-Core AMD processors (2.2 GHz each) and 32 GB 
of RAM. It will only take approximately 30 min to detect and 
quantify ncRNAs for a given sample (~10 Mb size). Additionally, 
the queuing module can execute more jobs in parallel.

Data input. The web server mirTools 2.0 provides more func-
tional modules than mirTools 1.0, including a single case, two 
cases, group cases and re-analysis. The single case module allows 
users to detect various types of known and novel ncRNAs, and 
performs functional annotation of the miRNA-targeted genes for 
a single sample. Two cases and group cases modules allow users 
to identify differentially expressed ncRNAs between or among 
samples. The re-analysis module is designed to allow users to 
run previously submitted data with adjustable parameters, which 
avoids resubmitting the sample data.

In single case and two case modules, similar to mirTools 1.0, 
the input of mirTools 2.0 is a trimmed FASTA file where all the 
identical raw reads are aggregated and cleaned into a non-redun-
dant FASTA file to reduce the input size. To further reduce the 
input size, the FASTA file can be compressed in rar, zip or gz for-
mats, with a maximum size of 30 Mb. In addition, mirTools 2.0 
supports the input of original mapped reads in SAM/BAM for-
mat, which can be generated by many public alignment software, 
such as Bowtie (bowtie-bio.sourceforge.net) and BWA (bio-bwa.
sourceforge.net). In the group case module, the expression table 
files of ncRNAs are required, which can be obtained from the 
single case and two case modules. Users can directly input a 
single case analysis job ID and the web server will retrieve the 
corresponding expression table file automatically. In all modules, 
the mail address is optional and the web server will give users a 
job ID, which can be used to retrieve the results once the job is 
finished or to reanalyze the data submitted previously.

Data output. The mirTool 2.0 results are presented in intuitive 
HTML pages, of which a typical output consists of six parts: basic 
statistics, annotation, miRNA, miRNA targets, ncRNA and dif-
ferential expression (Fig. 1). The basic statistics output contains 
length distribution charts of short reads, pie charts summary of 
reference genome mapping and the chromosome distribution. 
The annotation output includes pie charts of mapped reads with 
different functional categories, ncRNA distribution and repeat-
associated RNA distribution. The web server mirTools 2.0 plots 
the unique read distribution and its expression levels (the number 
of reads for each tag reflects its relative abundance).

The miRNA output consists of known miRNAs and puta-
tive novel miRNAs. The detailed annotation of each miRNA 
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regardless of whether compression is involved. Therefore, we have 
developed a stand-alone version of mirTools 2.0 to allow users 
to run it on their own server. In the future, we will design an 
FTP module to allow users to submit larger data to enhance the 
usability of web server. In conclusion, we believe that mirTools 
2.0 will provide the scientific community with an integrated web 
server to assist research for identifying various types of ncRNA, 
profiling expression levels, predicting miRNA targeted genes and 
functional annotation based on the large amount of data gener-
ated from NGS.

suggestions from users worldwide, and this feedback has been 
helpful for developing mirTools 2.0. Therefore, we sincerely 
welcome questions, comments and suggestions, which will be 
useful for feedback for the enhanced function of mirTools 2.0. 
Currently, mirTools 2.0 can only detect the known ncRNAs, 
novel miRNAs and novel piRNAs. In the future, we will develop 
or incorporate a tool to predict other type of novel ncRNAs. In 
the meantime, phylogenetic conservation analysis of ncRNAs 
across different species will be provided. Considering the net-
work limits, currently, the maximum file upload size is 30 Mb, 

Figure 1. Output screenshots of mirTools 2.0. The output includes: (1) basic statistics, such as length distribution, percentage of reads aligned to the 
reference genome, chromosome distribution, functional categories of reads and ncRNA distribution; (2) known miRNA, putative novel miRNA, miRNA 
isoforms and modification; (3) miRNA-targeted genes and functional annotation based on GO, the KeGG pathway and the ppI network; (4) expression 
information of other types of ncRNA, such as rRNA, tRNA, snRNA, snoRNA and piRNA; and (5) differentially expressed ncRNAs between two cases, two 
experimental groups or among multiple samples.
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for downloading intermediate annotation results and the final 
results.

Discovery and profiling of known and novel ncRNAs. To 
identify known and novel ncRNAs, sequence reads are first 
aligned to the reference genome using the SOAP program.29 
Subsequently, aligned reads are associated with the annotation 
information of several public databases. In addition to miRBase 
(www.mirbase.org), Rfam (rfam.sanger.ac.uk), repeat database 
produced by RepeatMasker (www.repeatmasker.org) and cod-
ing genes of the reference genome, piRNA from the piRNABank 
database (pirnabank.ibab.ac.in) is also incorporated to identify 
known piRNAs. Currently, mirTools 2.0 is compatible for use 
with 32 reference genomes across vertebrates, insects, deutero-
stomes, nematodes and plants. The aligned reads are classified 
into known miRNAs, other types of ncRNAs, known piRNAs, 
repeat-associated RNA and mRNAs. miRNA isoforms and 
modification can be obtained through changing the mismatch 

Materials and Methods

Overview of the workflow of mirTools 2.0. The overall work-
flow of mirTools 2.0 is shown in Figure 2. Briefly, mirTools 
2.0 filters out raw reads to exclude low quality and 3/5' adap-
tor sequences and trim them into clean reads. Clean reads are 
then mapped onto the reference genome and mapping results 
are converted into the SAM/BAM format with SAMtools 
(samtools.sourceforge.net) to serve as a generic alignment for-
mat compatible with different alignment tools. Based on public 
resources, the mapped reads are annotated and classified into 
known ncRNAs. Novel miRNAs and piRNAs will be pre-
dicted from unclassified aligned reads. miRNA-targeted genes 
and further functional annotations are conducted for both 
known and novel miRNAs based on a number of implemented 
tools. Finally, all the results are shown in different types of 
tables and figures on an HTML page, and these are available 

Figure 2. The overall workflow of mirTools 2.0. The workflow includes clean and filtering raw reads, alignment of them to the reference genome, 
classification of aligned reads, detection of expression levels of various types of ncRNAs and the differentially expressed ncRNAs between two cases/
two experiment groups or among multiple samples, prediction of novel miRNAs and piRNAs, identification of miRNA targeted genes and further 
functional annotation based on GO, the KeGG pathway and the ppI network.
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STRING database.34 Visualization of the PPI network can be 
conducted using the implemented Cytoscape Web tool, which is 
an interactive web-based network browser that allows easy dis-
playing of graphs.35

Detection of differentially expressed ncRNAs. To determine 
the relative ncRNA expression level and its abundance, each iden-
tified ncRNA read count is normalized to the total read count of 
its belonging type of ncRNA to obtain reads per million (RPM) 
value. Similar to mirTools 1.0, mirTools 2.0 has two strategies 
to estimate the expression level of a given ncRNA: the relative 
total read count and the most abundant read (often considered 
as mature miRNA). To detect differentially expressed ncRNAs 
between two samples, the Bayesian method is used to calculate 
the statistical significance (P value) based on the relative total 
read count and most abundant read count.36

In addition, we developed a group case module, which can 
compare the difference within and between experimental groups 
with multiple replicates or samples. If a specific experimen-
tal group has two conditions, the Wilcoxon Rank-sum test is 
applied to infer the statistical significant difference. If a specific 
experimental group has more than two conditions, the Kruskal-
Wallis H test is applied to infer the statistical significant dif-
ference. The Wilcoxon Rank-sum test is used to identify the 
differentially expressed ncRNAs between experimental groups. 
In all conditions, at default, a specific ncRNA is considered to be 
differentially expressed with a P value < 0.01 and a fold change 
> 2.
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number in the SOAP program. The ncRNAs reads annotated 
by Rfam are further classified into sRNA, tRNA, snRNAs and 
snoRNA.

The unclassified aligned reads termed as “unclassified” are 
used to detect novel miRNAs and piRNAs. In mirTools 1.0, 
we used the miRDeep program to predict novel miRNAs. In 
mirTools 2.0, we implemented a new version of miRDeep9 to dis-
cover novel miRNAs. We also implemented another broadly used 
program, Mireap (sourceforge.net/projects/mireap), which com-
bines secondary structure, minimum free energy, Dicer cleavage 
site, small RNA position and depth, to discover novel miRNAs 
from NGS.28,30 During this process, the secondary structures are 
predicted using the RNAfold program in Vienna RNA package 
(www.tbi.univie.ac.at/RNA). The remaining unclassified reads 
are used to detect novel piRNAs using a k-mer scheme, which 
has been indicated to be high accuracy and specificity for predict-
ing novel piRNAs.31

Identification of miRNA-targeted genes and functional 
annotation. To identify known and novel miRNA targeted 
genes, mirTools 2.0 implements two widely used tools miRanda 
(www.microrna.org) and RNAhybrid (bibiserv.techfak.uni-biele-
feld.de/rnahybrid/). In addition, miRNA-targeted gene results 
from another six tools or databases are also integrated, including 
TargetScan (www.targetscan.org), TargetSpy (www.targetscan.
org), miRNAMap (mirnamap.mbc.nctu.edu.tw), microT v4.0 
(diana.cslab.ece.ntua.gr/microT/), MicroCosm (www.ebi.ac.uk/
enright-srv/microcosm) and MirTarget2 (mirdb.org).

To explore the potential biological function of predicted 
miRNA-targeted genes, we annotated them with Gene Ontology 
(GO), the KEGG pathway and the protein-protein interaction 
(PPI) network. For GO analysis, the predicted targets are mapped 
to the GO annotation data set to extract their GO annotation,32 
and then Fisher’s exact test is used to perform GO enrichment 
analysis (enrichment ratio > 2 and P value < 0.01 at default). 
Pathway assignment information of miRNA-targeted genes is 
extracted from the KEGG pathway database33 and corresponding 
enrichment analysis is performed using the hypergeometric test 
(enrichment ratio > 2 and P value < 0.01 at default). Moreover, 
PPI annotation of miRNA-targeted genes is retrieved from the 
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