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ABSTRACT

INTRODUCTION

MicroRNAs (miRNAs) represent an important class
of small non-coding RNAs (sRNAs) that regulate
gene expression by targeting messenger RNAs.
However, assigning miRNAs to their regulatory
target genes remains technically challenging.
Recently,
high-throughput
CLIP-Seq
and
degradome sequencing (Degradome-Seq) methods
have been applied to identify the sites of Argonaute
interaction and miRNA cleavage sites, respectively.
In this study, we introduce a novel database,
starBase (sRNA target Base), which we have developed to facilitate the comprehensive exploration
of miRNA–target interaction maps from CLIP-Seq
and Degradome-Seq data. The current version
includes
high-throughput
sequencing
data
generated from 21 CLIP-Seq and 10 DegradomeSeq experiments from six organisms. By analyzing
millions of mapped CLIP-Seq and Degradome-Seq
reads, we identified 1 million Ago-binding clusters
and 2 million cleaved target clusters in animals
and plants, respectively. Analyses of these
clusters, and of target sites predicted by 6 miRNA
target prediction programs, resulted in our identification of approximately 400 000 and approximately
66 000 miRNA-target regulatory relationships from
CLIP-Seq and Degradome-Seq data, respectively.
Furthermore, two web servers were provided to
discover novel miRNA target sites from CLIP-Seq
and Degradome-Seq data. Our web implementation
supports diverse query types and exploration of
common targets, gene ontologies and pathways.
The starBase is available at http://starbase.sysu
.edu.cn/.

MicroRNAs (miRNAs) are endogenous 22 nt RNAs
that direct the post-transcriptional repression of proteincoding genes (1,2). By base pairing to mRNAs, miRNAs
mediate translational repression or mRNA degradation
(1–3). Functional studies indicate that miRNAs participate in the regulation of numerous cellular processes,
such as proliferation, apoptosis, differentiation and the
cell cycle (1–3).
Thousands of miRNAs have been identiﬁed in animals
and plants by cloning and deep sequencing, but
determining the targets of these miRNAs is an ongoing
challenge (1–4). To date, a large number of target prediction computer programs have been developed, such as
TargetScan (5,6), PicTar (7), miRanda (8), PITA (9) and
RNA22 (10) for animal miRNA targets, and miRU (11)
and TargetFinder (12) for plant miRNA targets. In
addition, several resources have been established to systematically collect and describe both experimentally
validated miRNA targets [TarBase (13), miRecords (14)]
and predicted miRNA targets [miRGator (15),
MiRNAMap (16)]. However, because miRNA regulation
of an animal mRNA requires base pairing with only few
nucleotides of the 30 -UTR region of the target mRNA,
different target prediction programs produce different
results and have high false positive rates (4,17–19).
Although plant miRNA targets have been predicted on
the basis of their extensive and often conserved complementarity to miRNAs (1,2), we must spend substantial
time and effort attempting to validate predicted miRNA
targets that turn out to be false.
In the past several years, signiﬁcant efforts have been
made in determining biologically relevant miRNA–target
interactions
using
high-throughput
experimental
approaches. Several recent studies have reported the use
of cross-linking and Argonaute (Ago) immunoprecipitation coupled with high-throughput sequencing
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and Degradome-Seq data, this database is expected to
provide considerable resources to help researchers
investigating new miRNA–target interactions and developing next generation miRNA target prediction
algorithms.
MATERIALS AND METHODS
Twenty-one Ago or TNRC6 CLIP-Seq sequence data sets
and 10 Degradome-Seq sequence data sets were compiled
from eight related studies (20–27) and downloaded from
NCBI GEO database (28) or obtained from the
Supplementary Data of the original articles (20–27). Ago
and TNRC6 CLIP-Seq reads were mapped to genomes
using the Bowtie program (version 0.12.0) (29) with
options:-a –best –strata -v 2 -m 1. Reads with multiple
equivalent hits to the genome were discarded.
Degradome-Seq data were mapped to genomes and
cDNA sequences using the Bowtie program (version
0.12.0) (29) with options: -a -m 10 -v 0 and -a -v 0, respectively. The overlapping reads were grouped into
clusters, with each cluster including at least one sequence
read and having a minimum length of 20 nt. In addition,
the high reliable Ago (ALG-1) CLIP-Seq clusters in
L4-stage wild-type (wt) worms, the top Ago or TNRC6
CLIP-Seq clusters in human HEK293 cells and the Ago
CLIP-Seq clusters/peaks in mouse neocortex were
obtained from the supplementary material of the
original articles (20–22).

Figure 1. System overview of starBase core framework. All results generated by starBase are deposited in MySQL relational databases and displayed
in the visual browser and web page.
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[CLIP-Seq, also referred to as high-throughput sequencing
of RNA isolated by crosslinking immunoprecipitation
(HITS-CLIP)] (20–22) and high-throughput degradome
sequencing [Degradome-Seq, also referred to as ‘parallel
analysis of RNA ends’ (PARE)] (23–27) to isolate targets
in animals and plants. The application of CLIP-Seq and
Degradome-Seq methods has signiﬁcantly reduced the
rate of false positive predictions of miRNA binding sites
and has also reduced the size of the search space for
miRNA target sites (20–27). The increasing amount of
CLIP-Seq and Degradome-Seq data generates a strong
demand among researchers for an integrated database
that could facilitate the annotation and analysis of these
data.
To meet this need, we have developed and are
introducing via the current study, the starBase database.
The starBase facilitates the integrative, interactive and versatile display of, as well as the comprehensive annotation
and discovery of, miRNA–target interaction maps from
CLIP-Seq and Degradome-Seq data from six organisms:
human, mouse, Caenhorhabditis elegans, Arabidopsis
thaliana, Oryza sativa and Vitis vinifera (Figure 1).
Information on tens of thousands of miRNA–target regulatory relationships, as well as millions of Ago-binding
sites and cleavage sites (Table 1) is contained within
starBase. In addition, two novel web servers were developed to identify miRNA binding sites or cleavage
sites from CLIP-Seq and Degradome-Seq data. As a
means of comprehensively integrating Ago CLIP-Seq
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Table 1. Data statistics in starBase
Library

Mapped read

Peak cluster

Relationship

Known target

Human
Mouse
Caenhorhabditis elegans
Arabidopsis
Oryza sativa
Vitis vinifera

13
5
3
6
3
1

1 137 137
2 831 042
178 639
5 575 026
6 448 130
2 404 808

390 990
725 145
24 699
669 589
1 009 870
431 180

156 751
232 196
12 904
25 688
37 254
3179

536
132
53
/
/
/

Statistics indicating the numbers of library (CLIP-Seq and Degradome-Seq), mapped reads, peak clusters (CLIP-Seq clusters or Degradome-Seq
clusters), relationships (miRNA–target regulatory relationships) and known animal miRNA target sites for the six organisms (human, mouse,
C. elegans, Arabidopsis, Oryza sativa and Vitis vinifera). ‘/’ means that known plant miRNA target sites are not present in the table because
miRecords (14) provides only animal miRNA target sites. It should be noted that some miRNA–target regulatory relationships involved
miRNAs from the same family and involved mRNA isoforms.

Animal miRNA target sites predicted by 5 prediction
programs: [TargetScan (5,6), PicTar (7), miRanda (8),
PITA (9) and RNA22 (10)] were downloaded from their
corresponding websites. Predicted target site coordinates
from TargetScan (5), PicTar (7) and PITA (9) were converted to coordinates of recently released genomes using
the liftOver utility from the University of California Santa
Cruz (UCSC) bioinformatics websites (30). Target sequences from RNA22 (10) and miRanda (8) were
aligned to genomes to determine genome coordinates
using the Bowtie program (29). Plant miRNA target
sites were predicted by the CleaveLand program (version
2.0) (31). We only considered the miRNA–target interactions with an alignment score from CleaveLand not exceeding the cutoff threshold of 7.0. Experimentally
validated target sites were downloaded from the
miRecords website (14). Then these validated target sites
were mapped to genomes to allow determination of
genome coordinates using the Bowtie program (29).
The ClipSearch program was developed to search
for 6–8-mers (8-mer, 7-mer-m8 and 7-mer-A1) (2,5)
in CLIP-Seq data. The DegradomeSearch program was
developed to search Degradome-Seq clusters for nearly
perfect complements of miRNA sequences. DegradomeSeq cluster sequences, extended by an additional 15 nt
in both the 50 - and 30 -directions for each of the species,
were extracted and used as the DegradomeSearch input
data set. DegradomeSearch web-server aligned miRNA to
extended clusters using segemehl (version 0.093) (32).
Interactions between miRNA and target were scored according to the previously described methods (31,33,34).
For each interaction, we performed a search of the
genome-wide cleavage sites pre-deposited in the MySQL
database to determine if there were cleavage tags at the
10th nucleotide of the alignment.
All known miRNAs were downloaded from miRBase
[release 15.0, (35)]. All refGenes were downloaded from
the UCSC bioinformatics websites (30). GO ontology (36),
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (37) and BioCarta pathways for refGenes were
extracted from UCSC Table browser (30). Known
non-coding RNA genes were downloaded from Ensembl
(38) or UCSC (30) or were obtained from related literature
(39–41). Human (UCSC hg19), mouse (UCSC mm9,
NCBI Build 37) and C. elegans (WS190) genome

sequences were downloaded from UCSC bioinformatics
websites (30). Arabidopsis (TAIR9) genome sequences
were downloaded from TIGR (42). Rice genome sequences were downloaded from the MSU Rice Genome
Annotation Website (43). Grapevine genome sequences
were downloaded from the Genoscope website (44).

DATABASE CONTENT
Genomic landscape of Ago-binding sites and
miRNA-cleavage sites
To study genome-wide Ago–RNA interaction patterns, we
grouped 4 million mapped CLIP-Seq reads into about 1
million clusters (details in ‘Materials and Methods’
section, Table 1). The sequencing depth distribution of
these clusters is presented in the form of target peaks
(t-peaks), which were displayed in our deepView genome
browser (Figure 1 and Supplementary Figure S1). This
display method allows a direct comparison of peak
patterns generated from different Ago proteins, cell lines
and tissues to determine miRNA target sites. In general,
clusters corresponding to the bona ﬁde binding site
are found at a higher peak than those corresponding to
biological noise (Figure 1 and Supplementary Figure S1).
All clusters were intersected with annotated genomic
elements, and >10% of clusters were found to overlap
known 30 -UTR regions in each species (Supplementary
Table S1). Intriguingly, we found that >10% and >7%
of clusters overlapped with CDS and intron regions, respectively, in each species (Supplementary Table S1).
The same strategy was applied to group 14 million
mapped Degradome-Seq reads into about 2 million
clusters (Table 1). The majority of these clusters
overlapped with the mRNA sequences. To study
patterns of RNA degradation, genome-wide target plots
(t-plots) (23,45) (Supplementary Figure S2) were constructed by plotting the abundance of each cleavage signature on the genome sequences. As described by German
et al. (23,45), these t-plots can be used to distinguish true
miRNA cleavage sites from background noise. In general,
for bona ﬁde miRNA targets, the cleavage tags corresponding to the cleavage site are found at higher abundances than those at other positions, making them fairly
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easy to distinguish by simple observation of the t-plots
(23,45) (Supplementary Figure S2).
Annotation and identiﬁcation of miRNA–target
regulatory relationships

Predicting target sites of small RNAs from CLIP-Seq
and Degradome-Seq data
The increasing amount of CLIP-Seq and Degradome-Seq
data also produces a strong demand for web-based tools
to predict target sites of small RNAs from these data. Two
web-based tools, ClipSearch and DegradomeSearch, were
developed to screen the potential miRNA binding sites
and cleavage sites. ClipSearch predicts biological
miRNA–target interactions by searching for 8-mer and
7-mer sites that match the seed region of the miRNA.
ClipSearch searches for these sites in CLIP-Seq clusters
that overlap with the 30 -UTR of the known genes.
ClipSearch can discover non-conserved miRNA binding
sites because it does not use cross-species sequence conservation to ﬁlter candidates.
DegradomeSearch predicts functional miRNA–target
interactions by searching for sites with a near-perfect
match to the whole miRNA sequence. DegradomeSearch
searches for these sites in Degradome-Seq clusters that
overlap with mRNA (details in ‘Materials and Methods’
section). Interactions are scored according to a scoring
scheme that successfully identiﬁed miRNA target sites in
plants (31,33,34). In its default setting, DegradomeSearch
ﬁnds miRNA–target interactions with a penalty score not
exceeding 7.0 and having at least one cleavage tag. False
positives or predicted results can be reduced by choosing a
lower penalty score or by limiting the minimum number
of cleavage tags.

WEB INTERFACE
The starBase database provides various query interfaces
and graphical visualization pages to facilitate analysis
of the CLIP-Seq and Degradome-Seq data sets and
exploration of miRNA–target interactions. Our
improved deepView Genome Browser (46) provides an
integrated view of mapped reads, predicted and known
miRNA targets, ncRNAs, protein-coding genes, target
clusters, target-peaks and target-plots (Figure 2 and
Supplementary Figures S1–S2). Bench biologists can use
the genome browser to simultaneously compare the maps
of t-peaks or t-plots generated from multiple experiments
and the conservation of binding sites from all target prediction programs. Clicking a track item within the browser
launches a detailed page providing further information on
that item or links to external resources such as NCBI,
UCSC and TAIR, from which one can obtain more comprehensive information.
Web-based exploration of miRNA–target regulation
relationships
We provide two web interfaces, CLIP-Seq and
Degradome-Seq, with which to display the miRNA–
target interaction relationships (Supplementary Figure
S3–S4). Users can browse the relationships by entering a
gene name or by selecting a microRNA name. When one
starts typing a gene name in the search box, suggested
gene names are displayed in the list box. The user can
then either choose a gene from the list box or ﬁnish
typing the full gene name. The user can also search for
intersections among targets by choosing interested target
prediction programs. The results of the search are listed as
the miRNA–target table. For the CLIP-Seq section, the
number of predicted binding sites given by each prediction
program and the number of CLIP-Seq reads are indicated
in a table. The users can click on the number within
the table to launch a detailed page providing further information on that miRNA–target interaction. The user
also can click on the title of the table to sort miRNA–
target interactions according to various features, such as
the number of binding sites, miRNA names or gene
names. The detailed information for a miRNA–target
interaction includes a description of the target gene, the
GO terms of the gene, the pathways the target gene is
involved in and the number of Clip-Seq reads (Supplementary Figure S3). This information allows the user to ﬁlter
the putative targets further.
The Degradome-Seq section is organized similarly to the
CLIP-Seq section. The target genes, the genomic coordination, the penalty score of miRNA–mRNA interactions
and the sequence number of cleavage sites are all presented
in a table. Clicking on the target gene within the table
launches a page showing detailed information on the
miRNA–target interactions (Supplementary Figure S4).
Web-based tools for predicting target sites of novel small
RNAs from CLIP-Seq and Degradome-Seq data
The starBase provides two simple and user-friendly interfaces to allow the users to predict target sites of small
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To investigate animal miRNA–target regulatory relationships, animal miRNA target sites predicted by the ﬁve
prediction programs [TargetScan (5,6), PicTar (7),
miRanda (8), PITA (9) and RNA22 (10)] were intersected
with all CLIP-Seq peak clusters. In total, we identiﬁed
approximately 400 000 regulatory relationships between
1348 miRNAs and 26 296 genes (Table 1 and
Supplementary Table S2). By using CLIP-Seq data to
ﬁlter candidates, the predicted results of each target prediction program were signiﬁcantly reduced, suggesting
that there may be a number of false positive predictions
generated from different computational approaches.
To provide valuable insights as to the function of
each miRNA, we carried out a comprehensive gene set
analysis of the miRNA target sets by combining the
KEGG pathways (37), the BioCarta pathways and the
Gene Ontologies (GO) categories (36).
We applied the CleaveLand program (version 2.0) (31)
to plant Degradome-Seq data, and identiﬁed approximately 66 000 miRNA–target regulatory relationships
that involved 25 579 genes and 856 miRNAs (Table 1
and Supplementary Table S2). Due to the integration of
the large number of Degradome-Seq libraries from diverse
tissues, this analysis provides an enhanced resolution for
these regulatory relationships.
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RNAs from CLIP-Seq and Degradome-Seq data
(Supplementary Figures S5–S6). The user is required to
select an intended organism, and then enter nucleotides
2–8 of a mature sequence or a mature miRNA sequence
for the ClipSearch and DegradomeSearch programs, respectively. After data submission, a typical run may take
several minutes to ﬁnish. To reduce false positives in the
predicted targets from the ClipSearch program, the user
can ﬁlter the candidate targets by selecting site types,
which are classiﬁed into 8-mer, 7-mer-m8 and 7-mer-A1
(2,5). The user can also limit the penalty score to reduce
the false positive predictions in the DegradomeSearch
program. The sequence depth of a target site or cleavage
site can be used to further reduce false positives in the
predicted targets. The output of the ClipSearch program
consists of three parts: site type, information about the
target gene and visual sequence alignments matched to
a speciﬁc CLIP-Seq cluster (Supplementary Figure S7).
The output of the DegradomeSearch program also
consists of three parts: the penalty score, the miRNA–
mRNA interaction map and the sequence number of
cleavage site in different experiments (Supplementary
Figure S8). A link to the DeepView genome browser is
also provided to allow the user to view various features
of each target region.

DISCUSSION AND CONCLUSIONS
Our global analysis of Ago CLIP-Seq and DegradomeSeq data derived from 31 experiments in six organisms
provides a comprehensive integrated map of the
miRNA–target interactions. The large number of
Ago-binding sites and cleavage sites identiﬁed in this
study have shown there to be an extensive and complex
interaction map among Ago proteins, miRNAs and target
RNAs (Table 1).
Our initial analysis found that the majority of CLIP-Seq
and Degradome-Seq clusters could not be clearly predicted to be miRNA targets (Supplementary Table 1),
implying they may bind to novel small RNAs, or
miRNAs that follow unexpected rules of binding, such
as the centered pairings (center sites) recently reported
by Bartel and his colleagues (47). Moreover, numerous
CLIP-Seq clusters were not located within the 30 -UTR
of the gene, indicating that the miRNA may bind to the
coding region and the 50 -UTR, as has been reported for
ribosomal protein regulation by mir-10a (48) and Nanog,
Oct4 and Sox2 regulation by miR-134, miR-296 and
miR-470 (49). Recent reports revealed that the Ago
protein also plays a role in miRNA-derived cleavage
(47) and in miRNA processing (50) in animals.
Therefore, one might speculate that a substantial
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Figure 2. Illustrative screen shots from the deepView browser. The deepView browser provides an integrated view of CLIP-Seq and Degradome-Seq
data, known and predicted miRNA target sites, protein-coding genes, ncRNA genes, miRNAs, strand-speciﬁc peak clusters, genome-wide
target-peaks and target-plots.
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FUTURE DIRECTIONS
CLIP-Seq and Degradome-Seq technologies have
provided powerful ways to study biologically relevant
miRNA–target interactions at the transcriptome-wide
level. As these technologies are applied to a broader set
of species, cell lines, tissues and conditions, we will continuously maintain and update the database to keep up
with these improvements. Moreover, we will continue

to increase the amount of storage space and improve
the computational efﬁciency of our computer servers
for storing and analyzing these new data. In addition,
we intend to integrate other CLIP-Seq data from other
RNA binding proteins (51), such as PUM2 (22), Nova
(52), FOX2 (53) and PTB (54), into starBase to improve
our understanding of the eukaryotic regulatory networks.
AVAILABILITY
The starBase database is freely available at http://starbase
.sysu.edu.cn/. All starBase data ﬁles can be freely downloaded and used according to the GNU Public License.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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