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miRNA clusters define a group of relatedmiRNAs closely localized in the genomewith an evolution that remains
poorly understood. The miR-302/367 cluster represents a single polycistronic transcript that produces five pre-
cursor miRNAs. The cluster is highly expressed and essential for maintenance of human embryonic stem cells.
We found the cluster to be highly conserved and present in most mammals. In primates, seed sequence and
miRNA structure are conserved, but inter-precursor sequences are evolving. Insertions of newmiRNAs, deletions
of individual miRNAs, and a cluster duplication observed in different species suggest an actively evolving cluster.
Core transcriptional machinery consisting of NANOG and OCT-4 transcription factors that define stem cells are
present upstream of the miR-302/367 cluster. Interestingly, we found the miR-302/367 cluster flanking region
to be enriched as a target site of other miRNAs suggesting a mechanism for feedback control. Analysis of miR-
302 andmiR-367 targets demonstrated concordance of gene set enrichment groups at high gene ontology levels.
This cluster also expresses isomiRs providing another means of establishing sequence diversity. Finally, using
three different kidney tumor datasets, we observed consistent expression of miR-302 familymembers in normal
tissue while adjacent tumor tissue showed a significant lack of expression. Clustering expression levels of miR-
302 validated target genes showed a significant correlation between miR-302/367 cluster miRNAs and a subset
of validated gene targets in healthy and adjacent tumor tissues. Taken together, our data show ahighly conserved
and still evolving miRNA cluster that may have additional unrecognized functions.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

microRNAs (miRNAs) represent a class of small noncodingRNAs orig-
inally discovered in Caenorhabditis elegans but now known to be present
in most metazoan species. miRNAs function as essential gene regulators
in the development and maturity of plants and animals including
humans. miRNAs are initially transcribed as primary transcripts (pri-
miRNAs) by RNA polymerase II or III, and are subsequently cleaved to
65–70 nucleotide precursors (pre-miRNAs) by RNA endonuclease
Drosha (Bartel, 2004; Ha and Kim, 2014). Pre-miRNAs occur as thermo-
dynamically stable hairpin structures that are exported to the cytoplasm
via the protein exportin and processed to active 21–22 nucleotide ma-
ture miRNAs by RNA endonuclease Dicer within the RNA silencing com-
plex (RISC). Mature miRNAs are further processed in RISC by selecting
nces, Building E12 Room 3005,
853 88224979 (office), +853

. This is an open access article under
one of two strands (−5p or −3p) and guided to their cognate mRNAs
where they facilitate destabilization and eventual degradation of the tar-
get, prevent translation via recruitment of inhibitory factors, or in some
cases can enhanceRNA stability (Krol et al., 2010; Li et al., 2013). Humans
express an estimated 1881 pre-miRNAs which produce 2588 mature
miRNAs (Kozomara and Griffiths-Jones, 2014).

While miRNA genes are found throughout the genome, their locali-
zation is not random. Initial cloning and mapping of miRNAs to the
chromosomal locations found that up to 30% of miRNAs were located
within close proximity to other miRNAs and these genomic locations
were termed miRNA clusters (Lagos-Quintana et al., 2001; Lau et al.,
2001; Lee and Ambros, 2001). The distance between miRNAs within a
cluster can vary. While some clusters have been defined as multiple
miRNAs within a 1Mbp region, correlation of expression between adja-
cent miRNA pairs has been shown to decrease beyond 10 kbp in Dro-
sophila melanogaster (Marco et al., 2013). The number of miRNAs in a
cluster can vary with some containing over 70 miRNAs (Kozomara
and Griffiths-Jones, 2014). The evolutionary mechanism by which
miRNAs are located in clusters appears to be via gene duplication, emer-
gence of new hairpins, or via mechanisms involving genomic
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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rearrangements (Marco et al., 2013; Mohammed et al., 2014). As a re-
sult, clusters can contain highly homologous miRNAs of the same
miRNA family, as well as those from other miRNA families. However,
miRNA family members do not necessarily remain clustered, and can
be distributed randomly throughout the genome; the let-7miRNA fam-
ily is a prime example.

Primary miRNAs within clusters can be transcribed as single tran-
scripts that contain multiple pre-miRNAs (Saini et al, 2007, 2008).
Fig. 1.miR-302/367 cluster biogenesis. The humanmiR-302/367 cluster contains five precursor
of the LARP7 gene and transcribed on the opposite strand. The core promoter of the miRNA clu
lowest free energy forms predicted (Lorenz et al., 2011). Drosha, Dicer and RISC complex size
These polycistronic units are rare in mammals, but common in more
densely populated genomes such as bacteria, the classic example being
the lac operon (Jacob and Monad, 1961). The principle advantage of a
polycistronic unit is the coordinated expression of multiple genes, im-
plying that the gene products carry out different but coordinated func-
tions, such as separate enzymes within the same biochemical
pathway. Similarly, it has been proposed that miRNAs within miRNA
clusters, whether transcribed as single or polycistronic units, share
miRNAswithin 684 bp on chromosome band 4q25. This cluster is locatedwithin an intron
ster has been defined previously (Barroso-delJesus et al., 2008). Pre-miRNA structures are
are not to scale.



85L. Chen et al. / Comparative Biochemistry and Physiology, Part D 16 (2015) 83–98
commonmolecular functions via regulation of genes involved in similar
biological processes (Kim and Nam, 2006). As can be expected from
genes derived from duplication events, miRNAs within miRNA clusters
often, but not always, share similar structures. In fact, mature miRNAs
within a cluster may share similar seed sequences and thus belong to
the same miRNA family. However, different structural regions (seed,
loop, mature miRNA, 5′ and 3′ arms) within a miRNA gene appear to
be under different evolutionary pressure (Saunders et al., 2007;
Warthmann et al., 2008). Currently, it is estimated that humans express
153 miRNA clusters dispersed throughout the genome to produce 468
pre-miRNAs (miRBase v21, inter-miRNA distance b 10 kb).

The miR-302/367 cluster consists of five pre-miRNAs: mir-302b,
mir-302c, mir-302a, mir-302d (from the mir-302 family), and mir-
367. The cluster is encoded as a single polycistronic transcriptional
unit and follows a canonical biogenesis pathway (Fig. 1) (Suh et al.,
2004). The core miR-302/367 cluster region is 684 bp long located
in an intron of the LARP7 gene. The primary miRNA (about 2500 nu-
cleotides) is transcribed from a region located on the opposite strand
of the LARP7 gene on chromosome 4 in humans (Barroso-delJesus
et al., 2008; Marson et al., 2008). The core promoter for this tran-
scriptional unit has been defined to include embryonic stem cell fac-
tors NANOG, OCT3/4, SOX2, and REX1 (Barroso-delJesus et al., 2008).
The structure of the gene coding for the human miR-302/367 cluster
has been characterized (Barroso-delJesus et al., 2008). Early studies
on human embryonic stem cells (hESC) indicated that this cluster
is highly expressed and, therefore, constitutes a signature miRNA of
stem cells (Laurent, 2008). It is also highly expressed in induced
pluripotent stem cells (iPSC) and its expression decreases during
differentiation (Laurent, 2008). Overexpression of the miR-302/367
cluster promotes cellular reprogramming and maintains the stemness
of hESCs (Liao et al., 2011; Miyoshi et al., 2011). Genetically engineered
knockouts have also shown that it has an important role in maintaining
pluripotency (Zhang et al., 2013). Gene expression analysis has shown
that miRNAs in this cluster control cell cycle regulation, epigenetic fac-
tors, TGF-β signaling, and BMP inhibitors (Lakshmipathy et al., 2010;
Lipchina et al., 2011; Kim et al., 2014). The miR-302/367 cluster may
also act in cancer processes. The miR-302/367 cluster can act as a
tumor suppressor in cervical carcinoma cells (Cai et al., 2013) and unre-
stricted somatic stem cells (Jamshidi-Adegani et al., 2014). miR-302/
367 clusters are overexpressed in malignant germ cell tumors (GCTs)
independent of histologic subtype, tumor site (ovary, testis, or extrago-
nadal), or patient age (Palmer et al., 2010) and could be potential serum
biomarkers of malignant germ cell tumors (Murray et al., 2011;
Rijlaarsdam et al., 2015). The miR-302/367 cluster may also act in coor-
dination with other miRNA clusters. Along with miR-20 and miR-92
families, the miR-302 genes can control mitochondrial apoptosis ma-
chinery via regulation of proapoptotic protein BIM levels (Pernaute
et al., 2014).

While the role of miR-302/367 in hESC and iPSC function is well
known, its origin and distribution in organisms other than human
remains poorly characterized. Moreover, the conservation of spe-
cific structural elements remains to be defined. By investigating
and identifying conserved regions of the miRNA cluster, insight
can be gained into the important functional units and in which
organisms they may take place. Furthermore, analysis of miRNA
cluster targets and enrichment of gene ontology groups can pro-
vide insight into molecular functions of the miRNA cluster. Hierar-
chical clustering of validated miRNA cluster targets in healthy and
tumor tissues can also provide insight into specific genes and their
associated pathways regulated by this miRNA cluster. In this study,
we analyze the presence of the miR-302/367 cluster across species
using available sequence data. Based on its presence and structure
we infer its origin. Using functional genomics tools we describe its
potential physiological functions. Finally, we provide evidence that
the cluster's validated molecular targets might prove useful as
kidney cancer biomarkers.
2. Materials and methods

2.1. Data compilation

All information of pre-miRNAs and mature miRNAs in the miR-
302/367 cluster were extracted from miRBase (Release 21, http://
www.mirbase.org/), including accessions/symbols, coordinates,
sequences and family information. Full length miR-302/367 cluster
sequences were obtained from Ensembl database with the coordi-
nates as follows: from start of mir-302b to the end of mir-367,
GRCh38:4:112647874:112648557:-1, length 684 bp (Cunningham
et al., 2015). The miRNA clusters used as control were also selected
frommiRBase by setting the inter-miRNA distance b 500 bp and requir-
ing at least 4 miRNAs in the same strand. The miR-371/372/373 cluster
described in this study is homologous withmouse miR-290/295 cluster
which produces the most abundant miRNAs in mESCs and is regulated
by master transcription factors OCT-4, SOX2, and NANOG (Whyte
et al., 2013).

We applied the miR-302/367 cluster sequence as a query sequence
in searching the Ensembl site (which focuses on vertebrates and
also contains invertebrate model organisms, such as C. elegans and
D. melanogaster) using BLAT with default parameters (Kent, 2002). We
also used BLAT to search for the 684 bp long sequence in the UCSC
Genome Browser for those species that were not available in Ensembl.
We also searched for the cluster sequence in Ensembl specific databases
EnsemblMetazoa and EnsemblPlants. Based on the BLAT results, the full
length cluster sequences of the relevant species were batched and
obtained from Ensembl by REST API using a Perl script. For those species
only in the UCSC Genome Browser (Rosenbloom et al., 2015), we ob-
tained the sequence directly using tools (view- N DNA) on the website.
We then recorded the coordinates of the cluster sequence used in each
species. At the same time, we determined whether the cluster was lo-
cated in the intron of LARP7 by inspecting the gene annotation track
in Ensembl Genome Browser and UCSC Genome Browser. In some spe-
cies, the host gene name was not annotated as LARP7, but could be
annotated as homologous to LARP7 by Ensembl and GenBank. We
obtained the 5′ and 3′ flanking sequences based on the coordinates of
the cluster for those species.

SNPswere collected fromBiomart (http://asia.ensembl.org/biomart/
martview/). Queries were performed using the R package biomaRt
(Durinck et al., 2009).

Next generation sequencing data for stem cells, including
miRNA-seq and Chip-seq, were downloaded from ENCODE at
UCSC and ENCODE (ENCODE Project Consortium, 2012). We
filtered out the H1hesc datasets and downloaded the sequence
read alignments in the BAM format. miRNA-seq bam files links
are: http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/
wgEncodeCshlShortRnaSeq/wgEncodeCshlShortRnaSeqH1hescCellShort
totalTapAlnRep2.bam, http://hgdownload.cse.ucsc.edu/goldenPath/hg19/
encodeDCC/wgEncodeCshlShortRnaSeq/wgEncodeCshlShortRnaSeqH1
hescCytosolShorttotalTapAlnRep2.bam, and http://hgdownload.cse.ucsc.
edu/goldenPath/hg19/encodeDCC/wgEncodeCshlShortRnaSeq/wgEncode
CshlShortRnaSeqH1hescNucleusShorttotalTapAlnRep2.bam.

Chip-seq bam file accession numbers in ENCODEwere: ENCFF000ORJ
and ENCFF000OPV. Samtools 1.0 was used to generate the bam file,
including printing all alignments into SAM format, splitting out certain
region from the genome, and preparing the data for the depth plot. An
in-house Perl script was used for filtering out the isomiRs based on the
output of Samtools (Li et al., 2009).

Thirty-four cancer types including a total of 10,551 datasets were
collected from the public database TCGA (http://cancergenome.nih.
gov/). The list of 34 cancers were: Acute myeloid leukemia (LAML), ad-
renocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA),
brain lower grade glioma (LGG), breast invasive carcinoma (BRCA),
cervical squamous cell carcinoma and endocervical adenocarcinoma
(CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD),

http://www.mirbase.org/
http://www.mirbase.org/
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esophageal carcinoma (ESCA), FFPE pilot phase II (FPPP), glioblastoma
multiforme (GBM), head and neck squamous cell carcinoma (HNSC),
kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carci-
noma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell
carcinoma (LUSC), lymphoid neoplasm diffuse large B-cell lymphoma
(DLBC), mesothelioma (MESO), ovarian serous cystadenocarcinoma
(OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and
paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum ade-
nocarcinoma (READ), sarcoma (SARC), Skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD), testicular germ cell tumors
(TGCT), thymoma (THYM), thyroid carcinoma (THCA), uterine carcino-
sarcoma (UCS), uterine corpus endometrial carcinoma (UCEC), uveal
melanoma (UVM). We only focused on the tumor and normal samples
in the datasets which code for 01 (primary solid tumor) and 11 (solid
tissue normal) in the TCGA database, except for LAML, for which we
kept samples which code for 03 (primary blood derived cancer).
miRNA-seq data were used for detecting the expression of the miR-
302/367 cluster, and the reads per million (RPM) miRNA mapped
were directly extracted from tab-delimited (.txt) data files in level 3
(TCGA provides three levels of data: level 3 is processed data). For
some cancers, such as KIRC, KICH, and KIRP, we also downloaded their
matched RNA-seq datasets (the same sample was used for both
miRNA-seq and RNA-seq) and normalized counts were used to denote
gene expression.

Validated miRNA targets were queried from miRTarBase 4.5 (Hsu
et al., 2014), Tarbase 7.0 (Vlachos et al., 2015), miRecords 4 (Xiao
et al., 2009) and predictions were downloaded from TargetScan 6.1
(Lewis et al., 2005) and microrna.org (Betel et al., 2008). Outdated
miRBase miRNA symbols were mapped to the newest v21 miRBase
symbols.

The coordinator bed file of all human genes was downloaded from
the UCSC Genome Browser. One GFF file with genome coordinates of
all human miRNA were downloaded from miRBase v21. The accession
or identifier conversions between different databases were achieved
by db2db (Mudunuri et al., 2009). We used UCSC Genome Browser
tools LiftOver to convert other human assembly coordinates to Hg19.

2.2. Evolutionary analysis

Weperformedmultiple sequence alignment usingClustalX 2 (Larkin
et al., 2007) and edited the results with BioEdit. MEGA 6.0 was used for
constructing Neighbor-Joining trees based on Kimura's 2-parameter
distance (Kimura, 1980; Saitou and Nei, 1987; Tamura et al., 2013)
and illustrated using iTOL (Letunic and Bork, 2007). The secondary
structure and distance between structures were predicted and calculat-
ed using programs (RNAfold and RNAdistance) in the ViennaRNA pack-
age version 2.1.7 (Lorenz et al., 2011). A sequence divergence index,
using Kimura's 2-parameter distance was calculated with the function
dist.dna() in the R package ape version 3.2 with parameter model
equal to K80 (Paradis et al., 2004).

We first used ClustalX 2 to create multiple alignments of all cluster
sequences. Because the cluster miRNAs had uniform distribution on
sequences spanning different lengths and because there were four
miRNAs from the same family, we set gap extension to a small value
of 0.5 and kept others as default parameters. We then split the multi-
alignment results based on the human pre-miRNA coordinates. Every
cluster sequence from 58 species was cleaved into nine segments, in-
cluding five putative pre-miRNA and four inter-precursor sequences.
Since, the whole process was based on the multi-alignment result file
output from ClustalX, the gaps were reserved.

We built two evolutionary trees using MEGA 6.0: one analysis was
based on the multi-alignment of the complete cluster sequences and
the other was based on the joined sequences of the five pre-miRNAs
(inter-precursor sequence sequences were removed). The neighbor
joining algorithm was used for tree reconstruction, using Kimura's
2-parameter model to calculate the divergence. The number of boot-
strap replications was set to 1000. The resulting output Newick format
tree files and annotation files were uploaded into iTOL for visualization.

Based on the same multi-alignment of the complete cluster
sequence produced in ClustalX, we compared sequence differences
among all species against human. We used a sliding window of 77
nucleotides along the alignment of human and other species. This pa-
rameter was selected since it is the average size of a pre-miRNA (Li
et al., 2010). By moving the sliding window base by base, we calculated
the rate of nucleotide substitution within the window. A sequence di-
vergence index based on Kimura's 2-parameter distance was calculated
and recorded for plotting. Likewise, comparison among all species and
human were made based on the split alignment result, but this time
we removed all the gaps. From these data, we predicted secondary
structure using RNAfold with default parameters, and finally, we used
RNAdistance to make the 2D distance comparison with humans for
each part of the alignment.

To identify orthologs of miR-302-3p and miR-367-3p, we identified
their 7-mer seed sequences and searched all miRBase v21 mature
sequences with the same seed (Mohammed et al., 2014). For consider-
ation of miRNAs with potential seed shifting, we only searched starting
at 0, 1, and 2 nt offsets for perfect sequence matches.

2.3. NGS data analysis

We applied Chipster 3.0 (Kallio et al., 2011) for generating miRNA-
seq data from ENCODE. Bam files and miRNA coordinates files were
uploaded to Chipster andwe choseHTSeq toperformmiRNAexpression
analysis. Normalized counts were used as Reads per Million (RPM).

RPM ¼ miRNAread � 106

total mappedread

miRNA and gene expression associations with cancer were analyzed di-
rectly using the Level 3 dataset in TCGA. For KIRC, KIRP and KICH
datasets, we not only chose matched miRNA-seq and RNA-seq, but
also tumor and normal matched datasets. Samtools-1.0 was applied to
generate the depth data for Chip-seq data. For identifying and counting
isomiRs, we wrote in-house Perl scripts. We filtered isomiR sequences
with the set length threshold and set the region to be located within
5 bp of the 3′ and 5′ arm of the canonical mature miRNA coordinate,
mismatches were not allowed.

2.4. Target analysis

We used miRTarBase, Tarbase, and miRecords as well-known and
regularly updated validated miRNA target databases for identifying
high quality validated target genes. We downloaded the full list of
miRNA-target gene pairs from miRTarBase and miRecords and filtered
the targets of miR-302a/b/c/d and 367. Tarbase could only be manually
searched andwe downloaded the target gene for everymiRNAmember
in the cluster. Old versions of miRNA symbols were converted to the
new version miRBase v21 and target gene names were converted to
the official gene symbol. All validated target genes from public data-
bases were retained.

We used miRanda and TargetScan for miRNA target gene prediction
(Enright et al., 2003; Lewis et al., 2005). The miRanda algorithm
focusses on three properties: complementarity, thermodynamic stabili-
ty, and conservation (Enright et al., 2003). The source code and predic-
tion of targets were obtained from http://www.microrna.org/. Human
miRNA targets from microRNA.org (August 2010 Release) with a good
mirSVR score and conserved miRNA were chosen. The target list was
filtered by setting another criterion score: align_score N 120, for all the
targets that had already obtained a favorable mirSVR score (Betel
et al., 2010).

http://www.microrna.org/
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TargetScan algorithm seeks out conserved 8mer and 7mer sites that
match the seed region of each miRNA. The predicted conserved targets
list was downloaded from TargetScan (Release 6.1, http://www.
targetscan.org/cgi-bin/targetscan/data_download.cgi?db=vert_61). All
predictions from TargetScan were saved. Only targets of miR-302a/b/
c/d-3p and miR-367-3p were available in both databases and we
applied them to strengthen the functional analysis of the dominant
miR-302 family and miR-367-3p in the cluster. Targets of miR-302a/b/
c/d-5p andmiR-367-5pwere extracted from validated targets database,
most of them records in Tarbase. A Perl script was used for extracting,
ranking, and combining the target genes. DAVID (http://david.abcc.
ncifcrf.gov/) was used for GO and KEGG enrichment analysis (Huang
da et al., 2009).

For analysis of the interaction ofmiRNAswith themiR-302/367 clus-
ter, we searched for all possible miRNA target sites both upstream and
downstream 3 kb of the miR-320/367 cluster. The source code (Release
6.1) of TargetScan, miRNA sequences and families were obtained from
http://www.targetscan.org/cgi-bin/targetscan/data_download.cgi?
db=vert_61. Based on the miRNA sequences and families available in
TargetScan, 12 species were chosen: chicken (Gallus gallus), chimpan-
zee (Pan troglodytes), cow (Bos taurus), dog (Canis familiaris), horse
(Equus caballus), human (Homo sapiens), macaque (Macaca mulatta),
mouse (Mus musculus), opossum (Monodelphis domestica), platypus
(Ornithorrhynchus anatinus), rat (Rattus norvegicus) and X. tropicalis
(Xenopus tropicalis). We did not find the cluster in teleost fish. Multiple
sequence alignment was applied to 5′ and 3′ 3 kb flanking regions and
the cluster region from these 12 species separately. TargetScan could
detect conserved 8mer and 7mer target sites in the alignment, and
could score them by Pct value and context score (Grimson et al., 2007;
Friedman et al., 2009). Circos 0.64 was used for illustrating the interac-
tion between miRNAs and their target sites (Krzywinski et al., 2009).

2.5. Differential expression analysis

We simply employed a t-test to identify genes differentially
expressed (Callow et al., 2000). Because the data are tumor and tumor
adjacent paired, here we apply two-sample t-test to rank the differen-
tially expressed genes.

Normalized counts vector of gene i in tumor adjacent tissue is Ni =
[N1, N2, …, Nn], while Ti = [T1, T2, …, Tn] is for tumor tissue, and n is
the size of sample. N and T are the sample mean from Ni and Ti.

The t statistic to test whether gene expressions (normalized counts)
are different can be calculated as follows:

t ¼ T−N
� �

STN �
ffiffiffi
1
n

r

where:

STN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2T þ S2N

q

STN is the grand standard deviation.
We perform function t.test() in the basic stats R package to test

genes in two types of sample. Each gene could get a p-value as return
and rank them on the basis of the p-value.

3. Results

3.1. Evolutionary analysis

Using annotated sequences in miRBase, sequences downloadable
fromEnsembl, and sequences searched from theUCSCGenomebrowser
followed by structure prediction, we observed the presence of the miR-
302/367 cluster in 58 species with all members present in nearly all
mammalian species, amphibians, and birds (Table 1). A notable discov-
ery was the platypus, a semi-aquatic egg laying mammal. We were not
able to detect the cluster in fish, insects, nematodes, bacteria, or plants.
Many of the miRNAs in the cluster had been previously confidently
characterized and curated in miRBase (14 species) (Table 1, Supple-
mentary Table 1). For species not curated in miRBase, the cluster
could be predicted based on available sequences in Ensembl, based on
BLASTN and RNAFold (32 species). For the remaining 12 species avail-
able from the UCSC Genome Browser, the pre-miRNA sequences were
obtained based on multiple sequence alignment. We applied miPred
to predict whether the homologous pre-miRNAswhich are not annotat-
ed by miRBase and Ensembl are real pre-miRNAs (Jiang et al., 2007).
Only a small number of species appear to have lost miR-302 family
members within the cluster. Rat has lost part of mir-302c, anole lizard
is missing mir-302a/c while X. tropicalis is missing mir-302c and part
ofmir-302b. Dolphin ismissingmir-302a/d in the cluster, but it appears
with another copy ofmir-302a in a sequenced scaffold.Minkewhale has
all members of the cluster with extra copies of mir-302a andmir-367 in
another scaffold (Supplementary Table 2). We were not able to detect
any instances of clusters where the miR-302 family was present, but
mir-367 was missing. We also did not find instances of mir-367 inde-
pendent from the cluster. Several species had incomplete sequences,
with ambiguous “NN” sequences in the cluster region and, therefore,
our analyses of these species (orangutan, tree shrew and sloth) were
not determinable (Supplementary Table 1). In chicken and turkey,
another miRNA, mir-1811, appears to have emerged in the miR-302/
367 cluster (Glazov et al., 2008). In gorilla, we find a duplication of the
same cluster in a nearby region (gorGor3.1: 4:122081981:122082677:1;
gorGor3.1: 4:122095855:122096551:-1; Coordinate format is Assembly:
chromsome:steart:end:strand), due to an apparent LARP7 duplication in
gorilla (Supplementary Table 2). We were able to detect the LARP7
gene or a homologous LARP7 gene in 56 species (Table 1). In species
where the LARP7 genewas absent, wewere not able to detect the cluster.

A high level conservation in a miRNA gene among distantly related
organisms reflects various evolutionary pressures acting on these re-
gions, and suggests that these gene regions are essential for processing
and function (Warthmann et al., 2008). We compared the divergence
between the human miR-302/367 cluster and the other 57 species
using Kimura's 2-parameter distance. We observed more significant
divergence among species in inter-precursor sequence regions of the
cluster (i.e. regions between precursor miRNAs), not only between
closely related species, such as gorilla and chimpanzee, but between
human and mouse (Fig. 2A). Comparisons to all analyzed species are
shown in Supplementary Fig. 1. The seed region appears to be the
most conserved, and other precursor miRNA regions are also well
conserved.

We also extended this analysis to secondary structure. After predicting
the 2D structure for the precursor miRNAs and inter-precursor sequence
regions separately, we compared human to the other 57 species separate-
ly and created a heat map (Fig. 2B). The figure clearly shows the large
differences in inter-precursor sequence compared to precursormiRNA re-
gions. We also noticed that some miRNA precursors are more conserved
structurally such as mir-302a, whereas both of the inter-precursor
sequence regionsflankingmir-302a appear to be themost structurally di-
verged (Fig. 2B). We made pairwise comparisons between species for
each pre-miRNA's 2D structure, represented in five heat maps for mir-
302a/b/c/d and mir-367, respectively (Supplementary Fig. 2). The results
show different conserved patterns in the five pre-miRNAs as follows:
1) Secondary structure ofmir-302a ismost conserved inmammals except
for megabat and platypus; 2) Secondary structure of mir-302b is similar
in 8 primates and all reptiles; 3) Secondary structure of mir-302c is well
conservedwithin taxonomicclasses, especially inmammals; 4)Secondary
structure of mir-302d is conserved in primates, aves and reptiles; 5) Sec-
ondary structure of mir-367 appears to bemore diverse in comparison to
the other pre-miRNAs, although it achieves the best sequence similarity
performance between species.

http://www.targetscan.org/cgi-bin/targetscan/data_download.cgi?db=vert_61
http://www.targetscan.org/cgi-bin/targetscan/data_download.cgi?db=vert_61
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://www.targetscan.org/cgi-bin/targetscan/data_download.cgi?db=vert_61
http://www.targetscan.org/cgi-bin/targetscan/data_download.cgi?db=vert_61


Table 1
The information of miR-302/367 cluster in 58 species.

Species Latin name Common name Class Remark miRBase LARP7 miR-302b miR-302c miR-302a miR-302d miR-367

1 Gallus gallus Chicken Av IN + + +++ +++ +++ +++ +++
2 Pan troglodytes Chimpanzee M CO + + +++ +++ +++ +++ +++
3 Bos taurus Cow M CO + + +++ +++ +++ +++ +++
4 Canis familiaris Dog M CO + + +++ +++ +++ +++ +++
5 Equus caballus Horse M CO + + +++ +++ +++ +++ +++
6 Homo sapiens Human M CO + + +++ +++ +++ +++ +++
7 Macaca mulatta Macaque M CO + + +++ +++ +++ +++ +++
8 Mus musculus Mouse M CO + + +++ +++ +++ +++ +++
9 Monodelphis domestica Opossum M CO + + +++ +++ +++ +++ +++
10 Oryctolagus cuniculus Rabbit M CO + + +++ +++ +++ +++ +++
11 Anolis carolinensis Anole lizard R DE + + +++ – – ++ +++
12 Ornithorhynchus anatinus Platypus M CO + + +++ ++ +++ ++ ++
13 Xenopus tropicalis Xenopus Am DE + + – – +++ + +++
14 Taeniopygia guttata Zebra finch Av CO + + ++ ++ ++ ++ +++
15 Vicugna pacos Alpaca M CO – + ++ ++ ++ ++ ++
16 Dasypus novemcinctus Armadillo M CO – + ++ ++ ++ ++ ++
17 Otolemur garnettii Bushbaby M CO – + ++ ++ ++ ++ ++
18 Felis catus Cat M CO – + ++ ++ ++ ++ ++
19 Pelodiscus sinensis Chinese softshell turtle R CO – + ++ ++ ++ ++ ++
20 Anas platyrhynchos Duck Av OU – + ++ ++ ++ ++ ++
21 Loxodonta africana Elephant M CO – + ++ ++ ++ ++ ++
22 Mustela putorius furo Ferret M CO – + ++ ++ ++ ++ ++
23 Ficedula albicollis Flycatcher Av CO – + ++ ++ ++ ++ ++
24 Nomascus leucogenys Gibbon M CO – + ++ ++ ++ ++ ++
25 Gorilla gorilla Gorilla M DU – + ++ ++ ++ ++ ++
26 Cavia porcellus Guinea pig M CO – + ++ ++ ++ ++ ++
27 Erinaceus europaeus Hedgehog M CO – + ++ ++ ++ ++ ++
28 Procavia capensis Hyrax M CO – + ++ ++ ++ ++ ++
29 Dipodomys ordii Kangaroo rat M CO – + ++ ++ ++ ++ ++
30 Callithrix jacchus Marmoset M CO – + ++ ++ ++ ++ ++
31 Myotis lucifugus Microbat M CO – + ++ ++ ++ ++ ++
32 Microcebus murinus Mouse lemur M CO – + ++ ++ ++ ++ ++
33 Papio anubis Olive baboon M CO – + ++ ++ ++ ++ ++
34 Ailuropoda melanoleuca Panda M CO – + ++ ++ ++ ++ ++
35 Ochotona princeps Pika M CO – + ++ ++ ++ ++ ++
36 Ovis aries Sheep M CO – + ++ ++ ++ ++ ++
37 Ictidomys tridecemlineatus Squirrel M CO – + ++ ++ ++ ++ ++
38 Tarsius syrichta Tarsier M CO – + ++ ++ ++ ++ ++
39 Meleagris gallopavo Turkey Av IN – + ++ ++ ++ ++ ++
40 Chlorocebus sabaeus Vervet-AGM M CO – + ++ ++ ++ ++ ++
41 Echinops telfairi Lesser hedgehog tenrec M CO – + ++ ++ ++ + ++
42 Pteropus vampyrus Megabat M CO – + ++ ++ + + ++
43 Sus scrofa Pig M DU – + ++ ++ ++ + ++
44 Rattus norvegicus Rat M DE – + ++ – ++ + ++
45 Sorex araneus Shrew M CO – + ++ + ++ ++ ++
46 Sarcophilus harrisii Tasmanian devil M DE – + ++ ++ ++ – ++
47 Macropus eugenii Wallaby M DE – + ++ ++ ++ – ++
48 Alligator mississippiensis American alligator R CO – + + + + + +
49 Melopsittacus undulatus Budgerigar Av CO – ? + + + + +
50 Cricetulus griseus Chinese hamster M CO – + + + + + +
51 Trichechus manatus Manatee M CO – + + + + + +
52 Geospiza fortis Medium ground finch Av CO – + + + + + +
53 Balaenoptera acutorostrata Minke whale M OU – + + + + + +
54 Heterocephalus glaber Naked mole-rat M CO – + + + + + +
55 Chrysemys picta Painted turtle R CO – + + + + + +
56 Saimiri boliviensis Squirrel monkey M CO – + + + + + +
57 Ceratotherium simum White rhinoceros M CO – ? + + + + +
58 Tursiops truncatus Dolphin M OU/DE – + + + – – +

Species Latin name: The Latin name of the species we used in this study.
Common name: The common name of the species we used based on Ensembl and UCSC Genome Browser.
Classes: M = Mammalia; R = Retilia; Av = Aves; Am= Amphibia.
Remark: CO= common cluster; IN = miRNA insertion; DE= miRNA deletion; DU = cluster duplication; OU = cluster members could be found outside of the cluster.
miRBase: If the miRNA exists in miRBase, this column is marked by +, otherwise it is marked –. The latest miRBase version 21 is used.
LARP7: If the cluster is located in the intron of gene LARP7, this columnwill bemarked by+. If the gene LARP7 gene is missing or unannotated in this species, this columnwill bemarked by ?.
miR-302b, miR-302c,miR-302a, miR-302d andmiR-367: If thismiRNA exists inmiRBase, this column ismarked by+++. If thismiRNA is annotated in Ensembl as predicted, this column
is marked by ++. If it is predicted to be a true microRNA precursor by miPred, this column is marked by +. If this miRNA is deleted or not present, – is used.
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To obtain a detailed view of precursormiRNA divergence, we looked
for a human miRNA precursor with SNP data available. mir-367 has 4
SNPs, three are located in the seed region of the 5p mature miRNA
and one in the loop region. We aligned the mir-367 precursor with
other available sequences (Fig. 2C). Consistent with our previous find-
ings, the SNPs in the seed region were highly conserved, while the
SNP in the loop region was highly diverged. In the 3p seed region, we
found only X. tropicalis, which has a one base difference. Other aligned
pre-miRNAs are shown in Supplementary Fig. 3. Based on the align-
ments, we observed three different patterns relating to loss of miRNAs:
1) 3′ arm of mir-302 is conserved but 5′ arm is lost or not existent,
for example, seen in X. tropicalis (302b), tasmanian devil (302d), and
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wallaby (302d); 2) only loop and seed region in 3′ arm is lost, as seen
in rat (302c); 3) totally lost or not existent, for example, seen in
X. tropicalis (302c), anole lizard (302a, 302c), and dolphin (302a, 302d).

As our analysis indicted different divergence rates depending upon
the region studied, we constructed evolutionary trees based upon the
entire miR-302/367 cluster, and miR-302/367 precursor sequence
only without inter-precursor sequences (Fig. 2D). While species clus-
tered together well according to class for the miRNA precursor regions
only, mammals were separated when clustering the entire sequence.
The marsupials (opossum, wallaby, and tasmanian devil) and platypus
are clustered in a clade with aves and reptilia.

We also studied the cluster's length difference among various spe-
cies. In Supplementary Fig. 4, we show that the scale of the cluster
tends to be steady in mammalian clade, especially among primates.
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in the alignment, y axis is the Kimura's 2-parameter distance. Kimura's 2-parameter distancew
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inter-precursor sequence between pre-miRNAs. Shown are 57 rows representing the species
highlights the primates.We first predicted the 2D structure for each region sequence (pre-miRN
human to the other 57 species and calculated the 2D structure distance as described inMethods
distancematrix was normalized and the Heat map was created inMatlab. C. mir-367multi-ali
seed region. Black frames indicate the location of SNPs in human. Different taxonomic classes ar
bottomby “*” symbol. Alignment of other pre-miRNAs are shown in Supplementary Fig. 3. From
rs376629554, and rs369489772, respectively.WebLogo 3.4 (http://weblogo.berkeley.edu/)was
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If the pre-miRNA is lost in the cluster the reliability is 0. The trees were built using MEGA 6 an
Based on our datasets, X. tropicalis was the outgroup in our
phylogenetic analysis. We observed that the cluster was evolution-
arily stable, especially in primates, with some deletion events of
certain miRNAs in specific taxonomic groups. To trace a possible
earlier origin for the cluster, we followed methods described by
Mohammed et al. (2014). We broadened the concept of miRNA
family and searched for mature miRNAs which have exactly the
same seed sequence and are also homologous in other regions
among all the species in miRBase v21. We found a large number
of homologous mature miRNA of miR-302 and a small number of
miR-367 sequences. Interestingly, these include highly homolo-
gous miR-367 mature miRNA in Ciona intestinalis (cin-miR-367)
and Saccoglossus kowalevskii (sko-miR-4818a/b/c/d/e/f/g)
(Supplementary Fig. 5).
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3.2. Targets analysis of miR-302/367 cluster

We downloaded target genes of the miR-302/367 cluster (both pre-
dicted targets and those validated by biological experiments) from pub-
lic databases. miRTarBase 4.5, Tarbase 7.0 and miRecords 4 were used
for validated targets, and they yielded a total of 412 targets for miR-
302a/b/c/d-3p and 94 targets for miR-367-3p. The 5′ arm products
miR-302a-5p, miR-302c-5p, and miR-302d-5p had 73, 40 and 50
validated targets, respectively. The TargetScan algorithm, which seeks
out conserved 7mer and 8mer sites that match the seed region of each
miRNA, predicted 893 and 844 conserved target genes for miR-367-3p
andmiR-302a/b/c/d-3p, respectively. Target genes predicted bymiRan-
da are based on three properties: sequence complementarity, free ener-
gies of RNA-RNA duplexes, and conservation of target sites. Under the
criterion integrating mirSVR score and conserved character, 2843 and
3283 target genes for miR-367-3p and miR-302a/b/c/d-3p, were
observed, respectively. It should be noted that miR-302a/b/c/d-3p
have different target gene sets in miRanda and the intersection set
size is 3283, butmiR-302a/b/c/d-3p targets the same 844 by the predic-
tion method of TargetScan.

In order to obtain more credible predicted target genes and fewer
false positives, we further strengthened our selection by reducing the
candidate target gene set size based on: 1) top 200 target genes with
higher reliability from TargetScan and miRanda which rank target
genes according to a specific strategy; 2) target genes appearing in
both databases. Genes that satisfied either 1) or 2) could be reserved,
and finally we obtained 885 target genes for miR-367-3p and 1181 tar-
get genes for miR-302a/b/c/d-3p via adding experimental validated
genes. After a union of the validated targets of miR-302-5p, there
were 157 targets for miR-302a/c/d-5p, although they did not share the
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same seed. Cluster function analysis by GO and pathway enrichment
was applied on the intersection sets, different sets and union sets of
miR-367-3p, miR-302a/b/c/d-3p and miR-302a/c/d-5p target genes
(Fig. 3).

Both miR-302a/b/c/d-3p and miR-367-3p unique target sets
were enriched for regulation of macromolecule metabolic process
(GO:0060255). Using the GO molecular function ontology, miR-302-3p
targets were enriched for DNA binding (GO:0003677), miR-367-3p tar-
gets were enriched for protein binding (GO:0005515) while miR-302-
5p targets were enriched for RNA binding (GO:0003723). The union of
targets indicated protein binding (GO:0005515), binding (GO:0005488),
and transcription regulator activity (GO:0030528). KEGG enrichment
revealed that cluster targets play a role in cell cycle and cancer. Overall,
the enriched target categories show enriched transcription regulation ac-
tivity suggesting a coordinated function of their targets. The full list of
enriched GO and KEGG categories are shown in Supplementary Table 3.

3.3. Regulation of miR-302/367 cluster

Because themiR-302/367 cluster is transcribed as a single transcrip-
tional unit, we wanted to gain insight into its regulation. Previous
studies have delineated the core promoter region and important
transcription factors in the 5′ flanking region (Barroso-delJesus et al.,
2008; Marson et al., 2008). We were also able to observe the binding
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of NANOGandOCT-4 to the 5′flanking region frompublic Chip-seq data
confirming earlier studies that used classicalmolecular biologymethods
(Supplementary Fig. 6). We also hypothesized that other forms of tran-
scriptional control could be used. We analyzed whether the miR-302/
367 cluster itself could be under control of miRNAs or function as a
miRNA sponge and regulate other RNA transcripts by competing for
shared microRNAs. We observed hundreds of miRNAs that could target
the cluster and region both 5′ and 3′ around the cluster. For example, in
a putative pri-miRNA region, defined as from TSS start to the end in
Fig. 4, we could find that the 3′ downstream and cluster region were
enriched in target sites for miRNAs. No miRNAs were detected 5′ up-
stream of the pri-miRNA. To find many target sites near the TSS start
is not surprising since the promotor regions are highly conserved
across the 58 species. In addition, 14 miRNAs belonging to two fam-
ilies (family 130 ac/301ab/301b/301b-3p/454/721/4295/3666, and
17/17-5p/20ab/20b-5p/93/106ab/427/518a-3p/519d, which are
defined by TargetScan base on seed), were found that targeted the
end of the cluster (Fig. 4).

We then analyzed the expression levels of the individual miRNAs
within the cluster. All miRNAs in both the miR-302 family and miR-
367 had abundant counts from small RNAs isolated from cells. However,
some members of the miR-302 family, miR-302b for example, have
specific isomiRs expressed in nucleus or cytosol (Fig. 5). IsomiRs
were abundantly expressed throughout the family as well, with the 3p
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being the dominant form, with the exception of miR-302a, which abun-
dantly utilizes both 5p and 3p mature miRNA arms (Fig. 5). The most
dominant isomiRs and a comprehensive list of isomiRs can be found in
Supplementary Fig. 7.

3.4. miR-302/367 cluster targets as cancer biomarkers

Previous studies have suggested that the miR-302/367 cluster has a
role in cancer. By analyzing availablemiRNA-seq data from cancer tissues
wewere able to confirm the presence or absence ofmaturemiRNAs from
this cluster. We found the ESC specific miR-302/367 cluster is preferen-
tially expressed in tumor samples of LGG, TGCT andUVM(Supplementary
Fig. 8). The cluster also tends to be expressed (but, expression is very low)
in the tissues adjacent to cancer (here, called normal sample) in KIRC,
KIRP andKICH.Agoodexamplewas fromadata set that containedKidney
renal clear cell carcinoma tumor tissue and adjacent normal tissue from
71 patients. These tissues showed clear expression of miR-302 family
members in normal tissue, but few instances of expression in tumor tis-
sues from these patients (Fig. 6A). We were not able to detect the pres-
ence of miR-367 in either normal or tumor tissues. Taking the top 50
significantly regulated validated targets provided us with 13 down-
regulated and 37 up-regulated genes in normal tissues. For miR-302-5p,
the top ten significantly expressed validated target genes are shown in
the heat map in Fig. 6. Clustering of these genes demonstrated that 68
of the 71 tissues could be classified as tumor or normal. A t-test indicated
that these top 50 validated targetswere significantly regulated in the nor-
mal versus tumor samples. The same analysis for KIRP and KICH is shown
in Supplementary Fig. 9.
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4. Discussion

Previous studies have suggested that miRNA clusters evolve by tan-
dem duplication, construction by putting together miRNAs, construc-
tion by left together miRNAs, cluster fissioning followed by mRNA
acquisition, or by formation of new hairpins (Marco et al., 2013;
Mohammed et al., 2014). We observed an emerging mir-302b in the
cluster in X. tropicalis. We found few instances of mir-367 present in
other species and located in other loci, so our data support a tandemdu-
plication model. This is further supported by analysis of the function of
themiR-302 family andmiR-367, based on validated and predicted tar-
get analysis. Functions of both the miR-302 family and miR-367 appear
to be similar. We did uncover support for de novo hairpin formation
within the cluster as well, as a complete duplication of the cluster in a
primate species.

To address the question of whether the cluster co-evolves with-
in the mRNA where it is located, even though they are expressed on
different strands, we analyzed the coincident presence of LARP7
and miR-302/367. We found 71 species (including fish) with the
LARP7 gene present and among these, 56 species also had the
miR-302/367 cluster located within the intron. In only a few
species, such as budgerigar (Melopsittacus undulatus) and white
rhinoceros (Ceratotherium simum), we found the cluster but not
the LARP7 gene. The remaining species that had LARP7 but not
the miR-302/367 cluster belonged to the classes: Actinopterygii,
Hyperoartia and Sarcopterygii. Thirteen of these species are verified
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expression 5′ arm products.
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by BLAT (no similar sequence found). They are tetraodon (Tetraodon
nigroviridis), amazon molly (Poecilia formosa), cave fish (Astyanax
mexicanus), stickleback (Gasterosteus aculeatus), spotted gar (Lepisosteus
oculatus), platyfish (Xiphophorus maculatus), medaka (Oryzias latipes), at-
lantic cod (Gadus morhua), Nile tilapia (Oreochromis niloticus), zebrafish
(Danio rerio), fugu (Takifugu rubripes), lamprey (Petromyzon marinus),
coelacanth (Latimeria chalumnae). Such a discordance would not support
the hypothesis that the LARP7 gene and miRNA cluster are co-evolving.

Next, we looked at conservation of different structural regions of the
miRNAcluster.miR-367 is highly conserved across species.miR-302a/b/
c/d remains conserved in the seed region, but appears to bemore highly
variable in inter-precursor sequence regions. These more diverged
inter-precursor sequence regions could be used to generate new
miRNAs or to harbor sequence variation. In addition, SNPs between
miR-302d and miR-367 were also found to be variable in other species,
and we found another SNP rs13136737 with a high minor allele
frequency (MAF = 0.391644). The context is palindromic (GCAA
TTGCGTTAACG, SNP is underlined). The extent to which this site has
functional significance is currently under study by other groups and
may provide a further tool to view cluster divergence.

We observed another potential source of novel miRNAs that
could allow novel functions via expression of different arms and
isomiRs. The 3′ arm products are the dominant expression form
in this cluster. While 5′ products were expressed, they had lower
levels of expression and also had very diverse isomiRs. This type
of miRNA isomiRs have been found in a wide range of human tis-
sues, including embryonic stem cells (Neilsen et al., 2012; Tan
et al., 2014), and may have functional consequences. Since we per-
formed functional analysis for every miRNA form of the miR-302/
367 cluster, we were able to find similar functions of the miR-302
family and miR-367 despite the differences in their seed se-
quences. This supports the notion that the miR-302/367 cluster
evolved to perform specific related functions. Thus, the individual
miRNAs from the cluster can perform coordinated gene regulatory
events during specific biological processes.
Other studies have shown a role for the miR-302/367 cluster in
cancer (Murray et al., 2011; Khalili et al., 2012; Cai et al., 2013;
Jamshidi-Adegani et al., 2014). Our search through the TCGA can-
cer data sets revealed only low expression in most cancer tissues,
as well as in normal adjacent tissues. A notable exception was in
the KIRC set. The results suggest that miR-302/367 might have a
role in only a limited number of cancers. High levels of expression
in adjacent normal versus tumor tissues in patients were observed.
When gene expression levels of validated targets were evaluated,
only a limited subset was found to have the profile (down regulat-
ed in the presence of a miR-302 family member). This suggests that
miR-302 might target only a subset of known validated targets,
which depends upon the tissue studied and the physiologic state.
Moreover, a highly significant concordance between the lack of
miR-302 family members and up-regulation of validated target
genes suggests the identity of specific genes regulated by miR-
302 in KIRC. These genes or miR-302 itself might therefore be use-
ful as biomarkers for kidney tumors.
5. Conclusions

The analysis presented here shows a highly conserved but still
evolving miRNA cluster. Tandem duplication and de novo construction
of new miRNAs within the cluster allows continued evolution of miR-
302/367. As expected of a polycistronic unit with a common function,
tight regulation of its expression appears to bemaintained via transcrip-
tional control. The correlated expression of miR-302/367 and its targets
together with the inverse correlation in healthy and adjacent tumor tis-
sue suggests a role for this miRNA in kidney renal cell carcinomas. As
more sequence data becomes available, the precise targets of miR-
302/367 in specific contexts and therefore its precise function(s) will
be better understood.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cbd.2015.08.002.
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