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Abstract

Recent emerging studies suggest that a substantial fraction of microRNA (miRNA) genes is likely to form
clusters in terms of evolutionary conservation and biological implications, posing a significant challenge for
the research community and shifting the bottleneck of scientific discovery from miRNA singletons to
miRNA clusters. In addition, the advance in molecular sequencing technique such as next-generation
sequencing (NGS) has facilitated researchers to comprehensively characterize miRNAs with low abundance
on genome-wide scale in multiple species. Taken together, a large scale, cross-species survey of grouped
miRNAs based on genomic location would be valuable for investigating their biological functions and
regulations in an evolutionary perspective. In the present chapter, we describe the application of effective
and efficient bioinformatics tools on the identification of clustered miRNAs and illustrate how to use the
recently developed Web-based database, MetaMirClust (http://fgfr.ibms.sinic.aedu.tw/MetaMirClust) to
discover evolutionarily conserved pattern of miRNA clusters across metazoans.
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1 Introduction

MicroRNAs (miRNAs) are, of 21–23 nucleotides (nt) long in their
mature forms, a recently identified class of endogenous small non-
coding RNA molecules, which play important roles in gene regula-
tion via the RNA interference pathway (1–4). In 1993, when the
first miRNA lin-4 was identified in Caenorhabditis elegans, the
negative regulation pair between lin-4 and its target lin-14 was
thought as an individual case (5). As a result, miRNAs have not
gained the attention of researchers until a second similar system of
let-7 was observed (6), and then its homologous transcripts were
extensively investigated in animal and plant genomes. In these two
decades, a considerable body of evidence suggests that miRNAs
play important gene-regulatory roles related to organism develop-
ment, cell differentiation, and tumor progression and oncogenesis
(7–11). Currently, newly discovered miRNA genes either by exper-
imental or computational approaches have steadily increased as
evident by the amount of records in the miRBase registry (12)
and other resources (13, 14). In recent years, many studies have
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attempted to gain insights into the biogenesis, expression,
targeting, and evolution of individual miRNA gene in different
species. Some well-studied examples in human are, for instance,
mir-34b and mir-129 which serve as tumor-suppressor miRNAs
connected to DNA methylation-associated silencing in gastric can-
cer (10);mir-196a is overexpressed in primary gastric cancer tissues
compared to adjacent normal ones (9); three individual loci ofmir-
9 are simultaneously hypermethylated in gastric cancer and are
likely to serve as tumor suppressive miRNAs (8). Correspondingly,
a substantial amount of literature has demonstrated miRNAs as
crucial negative regulators in diverse physiological and develop-
mental processes at the posttranscriptional level (15).

Up to date, a handful of miRNA clusters have been reported in
animal genomes. To the best of our knowledge, Altuvia et al. was
the first group that identified conserved regions of miRNA clusters
systematically (16). Then, Yu et al. adopted the same method to
enlarge the extent of conserved miRNA cluster (17), and thus
checked the expression profile of identified human miRNA clusters.
Accumulating studies have illustrated that clustered miRNA genes
located on polycistronic transcripts might be expressed at similar
levels and coordinately involve in an intricate regulatory network.
These miRNA clusters are usually derived from polycistrons within
the length from few hundred nucleotides to almost million base
pairs (18–21). For instance, mir-17 cluster and its paralogous clus-
ters are one of the well-studied cases. In 2004, Tanzer et al. have
tried to reconstruct the phylogenetic evolution of mir-17 cluster
family mainly in nine metazoan genomes and have revealed at least
three paralogous clusters related to themir-17 cluster family, which
are mir-17-92, mir-106-92, and mir-106-25, and governed by tan-
dem duplications (22).

A growing range of studies has further demonstrated that the
aberrant expression of miRNAs in cluster families plays an impor-
tant role in cancer oncogenesis and metastasis (23–25). In addition
to the known function of mir-92a as negative regulator of angio-
genesis, an overexpression pattern of the mir-17-92 cluster
(13q31.3) comprising seven miRNAs has been discovered in 19
lung cancer cell lines (26). In renal cell carcinoma (RCC), the
restoration of the downregulated mir-143/145 cluster (5q32) in
RCC cells revealed significant inhibition of cancer cell proliferation
and invasion via a putative target gene, hexokinase-2 (HK2) (27).
In bladder cancer (BC), five downregulated clusters: mir-1/133a
(18q11.2 and 20q13.33), mir-206/133b (p12.2), let-7c/mir-99a
(21q21.1), mir-143/145 (5q32), and mir-195/497 (17p13.1),
were identified from 950 candidates by the genome-wide miRNA
expression signature analysis, and the following transfection assay
of mir-195/497 into BC cell lines has confirmed their function as
tumor suppressors in BC (25). It is believed that miRNAs in
clusters might represent putative bifunctional regulators, of which
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miRNAs in high expression level can act as oncogenes by repressing
tumor suppressors, and when in low level they can turn over to
behave as tumor suppressors through a negative regulation of
oncogenes (28). Although the entire regulatory mechanisms of
clustered miRNA genes remain largely uncharacterized, it is likely
that these miRNA clusters may function more efficiently in a com-
plicated miRNA-mediated network than individual miRNA alone
(29). Therefore, identification of evolutionary conserved miRNA
clusters is an important first step for the research society toward
elucidating miRNA-cluster-mediated pathways in cancer research
and might provide new insights into the potential miRNA-based
therapeutics for cancer.

Many resources were developed to investigate miRNA genes.
However, only a handful of resources dedicate to an efficient and
extensive investigation of miRNA clusters (20, 21). Generally,
miRNA clusters were arbitrarily defined by a fixed distance (e.g.,
10 Kb) (12), and only few studies systematically investigating the
conservation patterns of clustered miRNA genes across metazoan
species (20). Here, we illustrate the synergistic potential of Meta-
MirClust and miRBase for exploring miRNA clusters conserved
across species in evolution.

The remainder of the chapter is organized as follows. First, the
Materials section highlights the technical prerequisites for the iden-
tification of miRNA clusters used inMetaMirClust; second, we give
an overview of available databases that enlarge the scope of miRNA
genes; third, we introduce how to identify miRNA clusters (Mir-
Clust) in different maximum inter-miRNA distances (MIDs) as well
as a simple case study of using and browsing MirClust; fourth, we
outline the use of MetaMirClust for exploring metazoan conserved
miRNA clusters and their hierarchically evolutionary structure;
fifth, we describe an advanced case study that uses bioinformatics
tools and additional annotation files to uncover the synteny regions
flanking miRNA clusters between human and mouse. Finally, in the
Notes section, we briefly comment on practical issues and highlight
potential pitfalls of the methods that are outlined in this chapter.

2 Materials

MetaMirClust is a Web-based database and can be browsed via a
user-friendly interface implemented according to the protocols of
HyperText Markup Language (HTML) and Cascading Style Sheets
(CSS). For general users who focus on browsing data in MetaMir-
Clust, the community user can easily access it using a computer
with an Internet network. For instance, it can be a desktop com-
puter running Microsoft Windows, an Apple computer running
Mac OS, or a LINUX platform. A few commonly used browsers
include (1) Mozilla Firefox (http://www.firefox.com/), (2)

miRNA Cluster Discovery in Metazoan Genomes 77

http://www.firefox.com/


Microsoft Internet Explorer (http://www.microsoft.com/ie/), (3)
Apple Safari (http://www.apple.com/de/safari/), and (4) Google
Chrome (https://www.google.com/intl/en/chrome/).

For advanced users who want to re-perform the whole analysis
procedure and/or follow-up analyses (i.e., the identification of
synteny regions between human and mouse), beyond the essential
Web browser, it is recommended to install an advanced text editor,
e.g., Sublime Text 2/3 (http://www.sublimetext.com/) or Pro-
grammer’s Notepad (http://www.pnotepad.org/), which can
effectively and efficiently facilitate scripting jobs and which manip-
ulates large files (e.g., table-delimited BED files with gene models
from UCSC Table Browser) and/or data format conversions.
When dealing with BED format files, BEDTools 2 (https://
github.com/arq5x/bedtools2) is one of fundamental tools,
which efficiently manages the operations like merging, intersecting,
and/or subtracting between two BED files. In addition, to build a
SQL-like environment to contain data downloaded from public
resources like miRBase or to store intermediate results generated
through the pipeline, MySQL is one of the best choices for a fast,
multi-threads/users and robust database management system. In
MetaMirClust, we introduced a data mining approach, i.e., FP-
growth (30, 31), to efficiently discover highly conserved sets of
miRNA genes upon miRNA clusters (MirClust). The implementa-
tion version of FP-growth algorithm by Borgelt is available to
download (http://www.borgelt.net/fpgrowth.html). Similarly,
the final results after the mining procedure are restored into
MySQL database for querying and browsing via the Web-based
interface. Finally, for visualization, it is also useful to install the
perl models like GD (http://search.cpan.org/~lds/GD/) as well
as the R statistics software (http://www.r-project.org/) to present
results in image files for visual inspection.

3 Methods

3.1 Homology Search

of miRNA Genes

A comprehensive understanding of miRNA clusters will require an
extensive survey of the coverage of miRNA genes in genomes.
Previously, miRNA genes were identified through cloning and
sequencing of small-RNA libraries. However, miRNA genes could
be overlooked due to low expression levels. In this decade, the ever-
growing data adopted next-generation sequencing (NGS) tech-
nique to identify miRNA genes has been incorporated into public
databases like miRBase. Since those studies were mainly focusing
on a small set of species, it is still necessary to conduct an extensive
homology search based on known miRNA genes collected in miR-
Base to enlarge the scope of miRNA genes across mammals. The
current version of MetaMirClust has been performed based on
known miRNA genes reported in miRBase (Release 16: Sept
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2010) and predicted homologous miRNA genes in ZooMir
(http://insr.ibms.sinica.edu.tw/zoomir/) (14). The data of the
ZooMir version used in the current MetaMirClust are dumped
from MySQL and can be downloaded (http://insr.ibms.sinica.
edu.tw/ZooMir/ZooMir.Candidates_3.tar.bz2). Using the char-
acteristics of sequence- and structure-conservation of miRNA
genes, additional 14,989 homologous precursor miRNA candi-
dates in 56 genomes have been identified according to 11,839
animal miRNA entries reported in miRBase 16.0. In addition, we
classified miRNA genes by reassigning miRNA classes based on the
sequence similarity with same prefix of their entry names without
considering species abbreviations used in miRBase.

3.2 Identification

of miRNA Clusters

(MirClust)

Recent studies have revealed that the clustering propensity of
miRNA genes is higher than previously evaluated and they usually
occur on polycistronic transcripts (17, 32–36). To investigate clus-
tered miRNA genes derived from the same polycistronic transcript,
researchers usually adopt adjacent miRNA genes located on the
same strand to form miRNA clusters. Two or more consecutive
miRNA genes on the same strand of individual chromosome are
considered to form a cluster according to their adjacent distance. In
miRBase, 10 Kb is used to report clustered miRNAs when users
browse an individual miRNA gene. Take hsa-mir-25
(chr7:99,691,183-99,691,266:-) as example, miRBase will display
hsa-mir-93 (chr7:99,691,391-99,691,470:-) and hsa-mir-106b
(chr7:99,691,616-99,691,697:-) as adjacent miRNA genes within
10 Kb as shown in Fig. 1. As a result, using different adjacent
distance might result in a different data set of miRNA clusters.
Meanwhile, the clustered miRNAs reported in miRBase are lack
of evolutionary conservation across species. Four different maxi-
mum inter-miRNA distances (MIDs); 1 Kb, 3 Kb, 10 Kb, and
50 Kb, were commonly used to identify clustered miRNA genes
(MirClust). To illustrate the procedure of identification of miRNA
clusters (MirClust), we prepared two BED file composed of human
(hg19) precursor/mature miRNA genes (reported in miRBase v.16
or ZooMir) (http://fgfr.ibms.sinica.edu.tw/MetaMirClust/data/
pre.mir.bed; http://fgfr.ibms.sinica.edu.tw/MetaMirClust/data/
mat.mir.bed) as a sample data set for readers to identify miRNA
clusters (MirClust) in human. In addition, the BED file of individ-
ual mature miRNA genes was prepared for the retrieval of miRNA

Fig. 1 The hsa-mir-25-106b cluster reported in miRBase. By the default MID of 10 Kb used in miRBase, this
snapshot figure shows two adjacent miRNA genes, hsa-mir-106b and hsa-mir-93, when querying hsa-mir-25
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clusters with their corresponding mature miRNAs. The individual
processes were listed as follows.

1. Sort precursor miRNA genes:

sort -k1,1 -k2,2n -k6,6 pre.mir.bed > pre.mir.sort.bed

2. Group miRNA genes to form miRNA clusters based on user-
defined MID

bedtools merge -s -d 10000 -c 4,6,4 -o collapse,distinct,count -
i pre.mir.sort.bed > mir.clust.bed

3. Remove singleton miRNA clusters

awk ’BEGIN{OFS¼FS¼"\t"}{if ($6 > 1) {print $0}}’ mir.
clust.be > mir.clust.filter.bed

4. (Optional) Retrieve mature miRNA genes for each miRNA
cluster

bedtools intersect -wo -a mir.clust.filter.bed -b mat.mir.bed >
mir.clust.mat.bed

The above command would create two intermediate files (i.e.,
pre.mir.sort.bed and mir.clust.bed) plus one output file for the final
result of miRNA clusters (i.e., mir.clust.filter.bed). First, to prepare
the sorted BED file as the input file of BEDTools in the following
process, the human miRNA genes in the BED file were sorted
according to their genomic location plus strand information. Sub-
sequently, using the merge command in the BEDTools package,
adjacent miRNA genes were grouped according to the user-defined
MID (here, 10 Kb). The grouped miRNAs passing the third step by
filtering singleton miRNA clusters will create miRNA clusters in
human in this sample example. Correspondingly, the whole proce-
dure can be achieved by piping into one command line: bedtools
merge -s -d 10000 -c 4,6,4 -o collapse,distinct,count -i<(sort -k1,1 -
k2,2n -k6,6 pre.mir.bed) | awk ’BEGIN{OFS¼FS¼"\t"}{if ($6 >
1) {print $0}}’ > mir.clust.filter.bed.

By comparing miRNA clusters discovered in a short MID to
those in a longer one, three scenarios are discovered: (1) forming a
newmiRNA cluster bymerging singletonmiRNAgenes, (2) enlarg-
ing a small miRNA cluster by recruiting singleton miRNA genes,
and (3) producing a large miRNA cluster by merging at least two
small miRNA clusters. According to our previous observation (20),
when considering a long MID, these newly involved clustered
miRNA genes are apt to generate new miRNA clusters instead of
enlarging miRNA clusters in a short MID. It is suggestive of that
miRNA genes are prone to form clusters, and those miRNA clusters
are separately located far away from each other. Table 1 shows the
distributions of numbers of miRNA clusters (MirClust) identified
using four different MID in nine representative species, including
Caenorhabditis elegans (worm, ce6), Drosophila melanogaster
(fly, dm3),Danio rerio (zebrafish, danRer6),Gallus gallus (chicken,
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galGal3), Canis familiaris (dog, canFam2), Bos taurus
(cow, bosTau4), Mus musculus (mouse, mm9), Rattus norvegicus
(rat, rn4), and Homo sapiens (human, hg19). According to the
sample example, Fig. 2 lists two miRNA clusters (MirClust) identi-
fied on chromosome 13 in human according to the MID of 10 Kb,
which aremir-16-1/15a (13q14.2) andmir-17-92 (13q31.3). The
community users can retrieve the detailed information of individual
mature miRNA genes for each miRNA clusters through the forth,
optional command listed above. Correspondingly, through our
Web-based interface (http://fgfr.ibms.sinica.edu.tw/MetaMir
Clust/MirClustStat.php), the community users can browse related
information ofmir-17-92 (13q31.3) as shown in Fig. 3. The links to
external browsers like UCSC Genome Browser (https://genome.
ucsc.edu/) are provided to obtain more information about miRNA
clusters (e.g., conservation levels and transcriptions in RefSeq or
GenBank). Figure 4 shows several default tracks in the genomic
location flankingmir-17-92 (13q31.3) in UCSC Genome Browser.

Table 1
Distributions of numbers of identified miRNA clusters in nine representative species

MID

Species UCSC accession 1 Kb 3 Kb 10 Kb 50 Kb

Caenorhabditis elegans ce6 13 18 26 38

Drosophila melanogaster dm3 19 18 21 33

Danio rerio danRer6 38 55 61 73

Gallus gallus galGal3 22 41 54 72

Canis familiaris canFam2 50 49 57 74

Bos taurus bosTau4 56 54 61 81

Mus musculus mm9 78 65 69 84

Rattus norvegicus rn4 57 60 63 70

Homo sapiens hg19 66 74 79 100

Fig. 2 Two miRNA clusters identified on chromosome 13 in human. Based on miRNA genes identified in
miRBase and ZooMir and the use of MID of 10 Kb, two miRNA clusters can be revealed on chromosome 13.
One is mir-15a/16 (13q14.2) in the length of 229 nt on the plus strand and the other is mir-17-92 (13q31.3) in
the length of 787 nt on the minus strand
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Fig. 3 The mature miRNA genes located in mir-17-92. The mir-17-92 (13q31.3) cluster located on chromo-
some 13 consists of six precursor miRNA genes and will encode 12 mature miRNA genes

Fig. 4 MetaMirClust data of mir-17-92 shown in UCSC Genome Browser. Viewing the cluster information of
human mir-17-92 (13q31.3) cluster using public genome browser like UCSC Genome Browser, additional
pieces of evidence such as transcriptional regions, histone modifications, and conservation level and so on
can facilitate users to gain more insights of miRNA clusters of interest



3.3 Discovery

of Metazoan

miRNA Clusters

(MetaMirClust)

by FP-Growth

Algorithm

Most previous works only focused on studying the evolutionary
and functional implications of limited specific miRNA clusters
among a few species. No systematic and efficient approach has
been performed before MetaMirClust to analyze the conservation
pattern of miRNA clusters on global-wide scale. To interrogate the
conservation level of the clusters of miRNA genes in large numbers
of metazoan genomes, we adopted a data mining approach to
discover the conserved co-occurrence modules of miRNA genes
upon miRNA clusters identified under the same MID. Filtering
singleton miRNA clusters identified in MirClust as mentioned in
the previous procedure, we conducted the analysis by utilizing the
FP-growth algorithm implemented by Borgelt (http://www.
borgelt.net/fpgrowth.html) to detect the conserved co-occurrence
sets of miRNA genes in terms of miRNA clusters defined within the
same MID. These frequent co-occurrence sets present highly con-
served combinations of miRNA genes through miRNA clusters in
metazoan species, which are defined as metazoan miRNA clusters.
Based on nine representative species same as listed in Table 1, we
prepared an aggregate file (http://fgfr.ibms.sinica.edu.tw/
MetaMirClust/data/nine.mir.clust.csv) consisting of all miRNA
clusters using the previous procedure to identify MirClust. The
following command can be used to discover co-occurred miRNA
genes across selected species.

1. Discover co-occurred miRNA genes across species

fpgrowth -s-7 -q0 nine.mir.clust.csv nine.meta.mir.clust.csv

According to the output result (i.e., nine.meta.mir.clust.csv),
there are 84 evolutionarily conserved miRNA clusters (MetaMir-
Clust) identified in at least seven out of nine representative species.
Among those evolutionarily conserved miRNA clusters, mir-17-92
(13q31.3) is the largest group containing five miRNA classes with
six precursor miRNA genes. Figure 5 shows the conservation pat-
tern of mir-17-92 (13q31.3) in MetaMirClust. The length of the
mir-17-92 (13q31.3) cluster varies from 717 (Loxodonta africana)
to 1,028 (Gasterosteus aculeatus) nucleotides (nt) in 20 metazoan
genomes, which confirmed the estimation of the mir-17 cluster
length as 1 kb reported previously.

In MetaMirClust, to investigate the recruitment process
between evolutionarily conserved miRNA clusters, we also recon-
structed the hierarchical structure using the sets of co-occurred
miRNA genes. The community users can directly select one of
evolutionarily conserved miRNA clusters of interest from theMeta-
MirClust list (http://fgfr.ibms.sinica.edu.tw/MetaMirClust/Met
aMirClustStat.php) or select one of miRNA classes from the
search page in MetaMirClust (http://fgfr.ibms.sinica.edu.tw/
MetaMirClust/MetaMirClustSearch.php) to obtain the hierarchi-
cal information involving the selected miRNA cluster and the
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occurrence in each species under different MIDs. Take mir-25 as
example, the search result under the MID of 10 Kb is shown as
Table 2 with all evolutionarily conserved miRNA clusters contain-
ing the target mir-17 miRNA. For visualization, the drawing of
conservation pattern upon genomes across species has been
provided in MetaMirClust as shown in Fig. 6.

4 Notes

4.1 Data Preparation

from Diverse Sources

InmiRNA research,miRBase is themost critical repository, in which
computational and experimental miRNA genes have been collected,
and a searchable database. Recently, due to the advance inmolecular
sequencing technique like next-generation sequencing (NGS),
miRBase have obtained ever-growing miRNA genes identified
from the screening experiments (37). Currently, the miRBase data-
base provides two major formats of archive files: raw-text and SQL-
like files. The former includes dat and fa files in EMBL and fasta
formats, respectively. They are easily for the community users to
check the RNA sequences of precursor and mature miRNA genes.
On the other hand, the SQL-like files dumped directly from miR-
Base contain more information, which is normalized and store into
individual tables in terms of database management. For advanced
users, the latter files will be more efficient to retrieve related data

Fig. 5 The conservation pattern of mir-17-92 across metazoan. The mir-17-92 (13q31.3) cluster has been
revealed to conserve across 20 species in terms of evolution in our data set and occurs 24 instances among
these species
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Fig. 6 The evolutionarily conserved patterns of mir-25-106. This figure shows the conservation pattern of the
mir-25-106 (7q22.1) across 15 species according to the proportion of genomic distance
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from joining tables by using the SQL language. For our predicted
miRNA genes across metazoans, the dumped data from ZooMir
(http://insr.ibms.sinica.edu.tw/ZooMir/ZooMir.Candidates_3.
tar.bz2) can be easily incorporated into the latest version of
miRBase.

4.2 Understanding

the Basics of Data

Mining and Machine

Learning

In recent years with the large-scale and genome-wide data generated
by ever-developing molecular biology technique, the huge amount
of data have become the major challenge for biologists to manipu-
late and analyze them using conventional approaches. Increasing
evidence suggests that data mining and machine learning
approaches can facilitate researchers to efficiently and effectively
conquer the massive number of data like in biological research.
For instance, in MetaMirClust we introduced a data mining
approach to efficiently discover highly conserved sets of miRNA
genes upon miRNA clusters. By treating miRNA genes as items,
FP-growth algorithm can be utilized to mining the frequent item
sets without using candidate generations, of which it can dramati-
cally improve performance in terms of memory space and running
time. The algorithm first compresses the input data into a tree-based
structure, FP-tree, in which all frequent item sets can be retrieved
after easily tracing the entire tree. By iteratively tracing the sub FP-
tree based on conditional frequent item sets, the algorithm can
efficiently reduce the search costs by avoiding the problem intro-
duced in other approaches to look for short fundamental patterns
recursively. Subsequently, the identified frequent item sets using the
FP-growth algorithm are equivalent to the frequently co-occurred
miRNA genes in terms of clusters. Based on those conservation sets
of miRNA genes, we can further reconstruct the hierarchical struc-
ture of conservation patterns across metazoans to facilitate the
community users to gain more insights into the recruitment process
of miRNA genes in clusters in evolution perspective.

4.3 Investigation of

Conservation Between

miRNA Clusters and

Flanking Protein-

Coding Genes

To test whethermiRNA clusters are co-conservedwith their flanking
protein-coding genes, we have conducted a downstream analysis, in
which the linkage of known protein-coding genes in the vicinity of
evolutionarily conserved miRNA clusters between human and
mouse were interrogated. We focused only on the nearest adjacent
known genes located in the upstream/downstream regions of con-
served miRNA clusters upon the same strand between those two
species. The genomic information of the protein-coding genes in
human (hg19) andmouse (mm9)were downloaded from theUCSC
GenomeBrowser (https://genome.ucsc.edu/). In addition, the lift-
Over program (http://genome.ucsc.edu/cgi-bin/hgLiftOver)
downloaded from UCSC Genome Browser was utilized to find the
best mapping of genomic locations between human and mouse if a
miRNA cluster occurs in multiple locations. The homologous
annotations between known protein-coding genes were identified
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according to the HomoloGene release 64 fromNCBI (http://www.
ncbi.nlm.nih.gov/homologene). As a result, our result demon-
strated that 24 out of 37 genomic regionswere co-conserved accord-
ing to the evolutionarily conserved miRNA clusters and their
corresponding adjacent protein-coding genes. Nine out of thirty-
seven genomic regions were partially con-served with either
upstream or downstream protein-coding genes. Intriguingly, all six
conserved miRNA clusters located in the intronic regions were
entirely conserved with their host protein-coding genes. This may
suggest that the conservation pattern could be largely extended from
miRNA clusters to their adjacent protein-coding genes.
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