Rat mir-155 generated from the IncRNA Bic is ‘hidden’
in the alternate genomic assembly and reveals the existence
of novel mammalian miRNAs and clusters
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ABSTRACT

MicroRNAs (miRNAs) are a class of small noncoding RNAs acting as post-transcriptional gene expression regulators in many
physiological and pathological conditions. During the last few years, many novel mammalian miRNAs have been predicted
experimentally with bioinformatics approaches and validated by next-generation sequencing. Although these strategies have
prompted the discovery of several miRNAs, the total number of these genes still seems larger. Here, by exploiting the species
conservation of human, mouse, and rat hairpin miRNAs, we discovered a novel rat microRNA, mir-155. We found that mature
miR-155 is overexpressed in rat spleen myeloid cells treated with LPS, similarly to humans and mice. Rat mir-155 is annotated
only on the alternate genome, suggesting the presence of other “hidden” miRNAs on this assembly. Therefore, we
comprehensively extended the homology search also to mice and humans, finally validating 34 novel mammalian miRNAs
(two in humans, five in mice, and up to 27 in rats). Surprlsmgly, 15 of these novel miRNAs (one for mice and 14 for rats) were
found only on the alternate and not on the reference genomic assembly. To date, our findings indicate that the choice of
genomic assembly, when mapping small RNA reads, is an important option that should be carefully considered, at least for
these animal models. Finally, the discovery of these novel mammalian miRNA genes may contribute to a better understanding
of already acquired experimental data, thereby paving the way to still unexplored investigations and to unraveling the function
of miRNAs in disease models.
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INTRODUCTION They originate in longer primary transcripts (pri-miRNAs)
that are cleaved in animals by the Drosha endonuclease in
the nucleus (Lee et al. 2003). Following the export of pre-
miRNAs to the cytoplasm by Exportin-5, the loop region of
the hairpin is removed by the Dicer endonuclease to produce
a short, double-stranded RNA (dsRNA) (Cullen 2004). Based

on the thermodynamic stability of each end of this duplex

Mature microRNAs (miRNAs) are short (~22 nt) noncoding
RNAs that control gene expression post-transcriptionally by
base-pairing with 3" untranslated regions (3" UTRs) of their
regulated transcripts, facilitating mRNA degradation or
translation inhibition (Bartel 2004; Bushati and Cohen
2007; Djuranovic et al. 2012). MiRNAs regulate many biolog-

ical processes and have critical roles in cell proliferation,
differentiation, and death (Shivdasani 2006; Gomase and
Parundekar 2009). Moreover, miRNA deregulation has
been found in different types of human diseases and tumors
(Lu et al. 2005; Volinia et al. 2006; Sayed and Abdellatif
2011). Precursor miRNAs (pre-miRNAs) are ~70-nt-long
RNA molecules with a characteristic hairpin structure.
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(O’Toole et al. 2006), one of the strands is preferentially in-
corporated in the RNA-induced silencing complex (RISC),
producing a biologically active mature miRNA (generally
the -5p miR), while the inactive strand (the -3p miR) is de-
graded (Kim 2005). The RISC complex inhibits translation
elongation or triggers mRNA degradation, depending upon
the degree of complementarity of the miRNA with its target
(Carrington and Ambros 2003; Bartel 2004; Djuranovic et al.
2012).

Since the seminal identification of the first miRNAs in
Caenorhabditis elegans (lin-4 and let-7) using genetic ap-
proaches (Lee et al. 1993; Reinhart et al. 2000), hundreds
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of miRNAs have been characterized experimentally in almost
170 species to date. The function of miRNAs in mice and rats
has been thoroughly investigated in order to study the path-
ogenesis of several human diseases. Interestingly, the preva-
lence of the rat as a model organism in biomedical research
is second only to humans (Jacob 2010). It has been widely
studied in physiology, pharmacology, toxicology, nutrition,
behavior, immunology, and neoplasia for its physiological
similarity to humans (Aitman et al. 2008; Huang et al.
2011). Although the importance of the rat model in gene dis-
covery was emphasized recently (Dwinell et al. 2011), it is
quite surprising that some miRNAs that are thoroughly in-
vestigated elsewhere in humans and mice (i.e., miR-155)
have never been discovered, even with the use of next-gener-
ation sequencing technologies (NGS or deep-sequencing) in
different strains and tissues (Linsen et al. 2010).

In fact, the recent advent of this technique has enabled the
simultaneous sequencing of up to millions of DNA or RNA
molecules, increasing the discovery of novel miRNAs in an
unprecedented way (Creighton et al. 2009). The rapid identi-
fication of novel miRNAs has been also accomplished by the
coupling of NGS to computational methods. Among the
most commonly used computational tools, we recall miR-
Deep (Bar et al. 2008; Friedlander et al. 2008; Oulas et al.
2009), miRanalyzer (Hackenberg et al. 2011), miRExpress
(Wang et al. 2009), deepBase (Yang et al. 2010), miRTRAP
(Hendrix et al. 2010), mirTools (Zhu et al. 2010), SSCprofiler
(Oulas and Poirazi 2011), mirExplorer (Guan et al. 2011),
MIReNA (Mathelier and Carbone 2010), DSAP (Huang
et al. 2010), UEA sRNA workbench (Stocks et al. 2012), and
miRNAkey (Ronen et al. 2010). Generally, these programs
share the same two basic principles: (1) mapping of the reads
to the reference genome and (2) checking for the presence of
hairpin structures. However, two genomic assemblies are free-
ly available. The Human Genome Sequencing Consortium
(HGSC) assembly (the reference) is a composite genome
that is derived from haploids of numerous donors (Lander
et al. 2001; International Human Genome Sequencing Con-
sortium 2004), whereas the Celera Genomics version of the
genome (the alternate) is a consensus sequence, derived
from five individuals, obtained from clone-based and random
whole genome shotgun sequencing strategies (Venter et al.
2001). Mice (Mouse Genome Sequencing Consortium et al.
2002; Blake et al. 2006; Bult et al. 2010) and rats (Gibbs
et al. 2004; Twigger et al. 2007; Dwinell et al. 2009) have alter-
native assemblies as well. In fact, Celera released these two al-
ternate genomes to help researchers to fill in the gaps and to
complete the assembly and validation of mouse and rat ge-
nome sequences, provided that Celera sequenced different
strains with respect to the reference assembly (Kaiser 2005).

Although not conclusive, various comparative analyses un-
dertaken in the past on HGSC and Celera human genome as-
semblies and their associated gene sets have revealed
discrepancies (Hogenesch et al. 2001; Li et al. 2002, 2003).
So far, no data have been obtained about miRNAs localiza-
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tion on alternate assemblies or comparisons between the
two assemblies in mice and rats.

Finally, it appears clear that even the last release of
miRBase repository (release 18.0 of November 2011) is far
from complete, as only a few miRNAs are listed for rats
(408 precursors, 680 mature) and mice (741 precursors,
1157 mature) with respect to human (1527 precursors,
1921 mature). It was recognized that some miRNAs are con-
served evolutionarily from worms to humans (Lagos-
Quintana et al. 2001). So, miRNA genes might have orthologs
in other species, suggesting a powerful way to predict the ex-
istence of novel ones. Since the differences in their numbers
cannot be accounted for merely by species-specific miRNAs
alone, we attempted to determine the reasons for such an im-
balance. Therefore, we tried to fill this gap by implementing a
bioinformatics pipeline integrated with experimental and
deep-sequencing validation experiments for the discovery
of miRNAs using homology searches on the available genome
sequences.

With our approach, we predicted many novel mammalian
miRNAs and showed that many of them are “hidden” exclu-
sively in the rat alternative assembly. This suggests that the
choice of the genomic assembly in small RNA deep-sequenc-
ing experiments can further advance the discovery of
miRNAs.

RESULTS

Hairpin mir-155 sequences in mammals

The alignment of the 11 mammalian mir-155 precursor se-
quences emphasized good conservation of mature miRNA
sequences (Fig. 1). Moreover, this information can also be
obtained by expanding the alignment of mir-155 beyond
the 11 mammalian precursor sequences employing micro-
RNAviewer (http:/people.csail.mit.edu/akiezun/microRNA
viewer/all_mir-155-align.html) (Supplemental Fig. S1; Kie-
zun et al. 2012). The length of hairpin mir-155 is variable
(mean = 68.3 nt) with the longest sequence (105 nt) belong-
ing to Ornithorhynchus anatinus (oan). The two mature
forms, miR-155-5p and miR-155-3p, were outlined in red
and in green, respectively. Of note, miR-155-5p is highly
conserved in these species, and only two main sequences
were found. The first belongs to hsa-miR-155-5p (5'-AA
UGCUAAUCGUGAUAGGGGU-3'), and the second be-
longs to mmu-miR-155-5p (5-AAUGCUAAUUGUGAUA
GGGGU-3'). They differ only in a mismatch at position 10
from the beginning of the miR-5p (Fig. 1). The sequence of
miR-155-5p in Sus scrofa (ssc) is not available in miRBase, al-
though it seems identical to that of mmu-miR-155-5p. In the
mammals considered, miR-155-3p sequences are more het-
erogeneous and present many mismatches. On the basis of
these alignment results, we hypothesized that miR-155-5p
in Rattus norvegicus might be equal to human or mouse
sequences.



mir-155 and other miRNAs in alternate assemblies

hsa-mir-155
ptr-mir-155
mml-mir-155
ppy-mir-155
mmu-mir-155
ssc-mir-155
eca-mir-155
bta-mir-155
cfa-mir-155
tgu-mir-155
oan-mir-155

Mature miR-155-5p
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1 GGGACGCCGUGGGCCGCAGGUCGUUAAUGCUAAYCEUGAUAGGGGUUUU--CU 53
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Mature miR-155-3p

to control cells. All together, these results
suggest that mouse and rat mir-155-5p se-
quence could be identical.

Only the rat alternate genomic
assembly contains the hairpin mir-
155 sequence

To amplify the hairpin mir-155 sequence
in the rat genome, we first reasoned that, if
86%-94% of rat genes have orthologs in
mice (Nilsson et al. 2001; Hancock
2004), the region encompassing rat
miRNA-155 could be quite conserved as

hsa-mir-155 CU--CCAACUGACUCCUACAUAUUAGCAUURACAG--——==—========-==- 107
ptr-mir-155 CU--CCAAAUGACUCCUACAUAUUAGCAUUAACAG-----==-=-==-==---==-=-- 107 well. Therefore, we designed a couple of
mml-mir-155 CU--CCAACUGACUCCUACAUGUUAGCAUUAACAG-=================-= 107 primers (#1 and #2 in Supplemental Table
PPy-mir-155 CU--CCAACUGACUCCUACAUGUUAGCAUUAACAG--——===========-—--~ 107 ! )
mmu-mir-155 CU--CUGACUGACUCCUACCUGUUAGCAUUAACAG-~——-——=—-=——==———— 107  S1) that are able to amplify a region sur-
ssc-mir-155 CU--CCGUCUGACUCCUACAUGUUAGCAUUAACAGGGUAUGAYG-—======-= 107 rounding the mouse mir-155 (Fig. 3). In-
eca-mir-155 CU--CGGACUGACUCCUACAUGUUAGCAUURACAG----==-—==-==-==-—== 107 . . .
bta-mir-155 CU--CGGACUGACUCCUACAUGUUAGCAUUAACA -~~~ === == mm e mm 107 tereStlngIY’ the PCR uSIHg these prlmers
cfa-mir-155 CU--CCGACUGACUCCUACAUGUUAGCAUUAACA-—==============-=== 107  gave an amplified DNA fragment of ~1
tgu-mir-155 CU--AUGACUGACUCCUACACGUUAGCAUUAACA--—=-—=-—==—-=-—--——-- 107 kb (994 bp) containing the precursor
oan-mir-155 CUGUCUGACUGACCCCUGCCCGUUAGCAUUAGCAACGUGCGGCCCCUCGAACCC 107 .

Bk dkkh ek A dkekddddk hd mir-155 sequence (see Supplemental

FIGURE 1. Multiple sequence alignment (ClustalW 2.0.12, www.ebi.ac.uk) of known hairpin
mir-155 sequences. (hsa) Homo sapiens, (ptr) Pan troglodytes, (mml) Macaca mulatta, (ppy)
Pongo pygmaeus, (mmu) Mus musculus, (ssc) Sus scrofa, (eca) Equus caballus, (bta) Bos taurus,
(cfa) Canis familiaris, (tgu) Taeniopygia guttata, (oan) Ornithorhynchus anatinus. Mature miR-
155-5p sequences are represented in red whereas the miR-155-3p forms are represented in green.
The black box indicates the mismatch in the two mature miR-155-5p consensus sequences.

Rat total RNA contains the mature miR-155-5p

Toassess experimentally the level of expression of miR-155-5p
in rats, we conducted real-time qPCR assays on a total RNA
sample from rat spleen myeloid cells employing the only
two commercially available assays for miR-155: human
(hsa-miR-155-5p) and mouse (mmu-miR-155-5p) assays.
For amplification to occur, the two assays have the forward
primer designed to perfectly hybridize on the mature
miRNA-5p sequence, thereby achieving a high degree of selec-
tivity. The use of one or the other of these assays helped us to
amplify the template and hypothesize the candidate sequence
of rat miR-155-5p. The treatment with LPS was expected to
up-regulate the expression of miR-155-5p in keeping with re-
sults previously obtained in human monocyte-derived den-
dritic cells (Ceppi et al. 2009; Del Corno et al. 2009) and in
mouse samples (Ruggiero et al. 2009; Worm et al. 2009).
The two assays gave different results for product amplification.
In fact, only the mmu-miR-155-5p assay gave a detectable
product amplification, whereas the hsa-miR-155-5p assay
did not (data not shown). Figure 2 reports the quantity of
miR-155-5p in spleen myeloid cells that were treated with
LPS relative to control (CTRL) cells. Interestingly, we found
a statistically significant up-regulation of 5.0£1.2 (P=

0.041) in myeloid cells that had been treated with LPS relative

File 1). To identify the genomic location
of the rat hairpin mir-155, we performed
a BLAST alignment on the two available
genome assemblies (reference and alter-
nate). Surprisingly, a good alignment
was found only to the alternate assembly
in the locus NW_001084660.1 (RN_Ce-
lera; Range: 12060846-12060910) of
chromosome 11. The alignment of the whole 994-bp region
or part of it (i.e., the putative mir-155 hairpin) on the refer-
ence assembly gave no significant results (Fig. 3) even when
employing less stringent BLAST algorithms (i.e., blastn or dis-
contiguous megablast instead of megablast). To confirm these
preliminary findings, we designed two rat-specific primers (#3
and #4 in Supplemental Table S1) encompassing the mir-155

miR-155 expression
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FIGURE 2. Quantitative PCR (qPCR) assay of miR-155-5p in spleen
myeloid cells treated with LPS vs. control (untreated, CTRL) cells show-
ing a statistically significant (P=0.041) up-regulation of miR-155-5p
(fold change =5.0 £ 1.2).
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Forward (primer #1)

5' -TGGGTTCATCCATTGAGTTTT-3'

FEEEErrerreereerrered
TGGGTTCATCCATTGAGTTTT
Chrl6:84713900-84713920

Forward (primer #3)

5' ~-ATAAAATGCGCGTTTGCCTA-3'

(RERRARRR AR AR RN
ATARAATGCGCGTTTGCCTA
Chrl1:12060304-12060323

Mouse genome
(994 bp)

mmu-mir-155 5

Chr16:84714385-84714449

!

Sequenced rat contig
{917 bp)
rno-mir-155
Chrl1:12060846-12060910

Reverse {primer #2)

! ~ARAAAT GCCAATTCCAAGTCT-3'
(ARRA RN
ARRAATGCCAATTCCAAGTCT

Chrl6:84714869-84714889

Reverse (primer #4)

5' -CCAGTCTTCCAAGAGGTGCT-3'

(AR RN AR RARRA NN
CCAGTCTTCCAAGAGGTGCT
Chrll:12061340-12061321

from the available sequence of Bic in hu-
mans and mice, we analyzed the similari-
ties on both the reference (Refseq) and
alternate (Celera) assemblies in order to
predict the putative sequence (and posi-
tion) of rBic. In fact, owing to the fact
that the rat mir-155 hairpin sequence
was found only on the alternate, and not
on the reference assembly, we deemed it

7 | N\

91% Identity Score on the
Rn_Celera (alternate) assembly

NO ALIGNMENT

RGSC_v3.4 (Reference)

essential to perform comparisons and in-
terspecies homology searches employing
both of these assemblies.

ok
'\l 1l

TGTATGCTGTTAATGCTAATTGTGATAGGGGTT TTGGCCTCTGACTGACTCCTACCTGTTAGCATTAACAGGATACAGTGCCT

s o

Both reference and alternate
assemblies encode for human and
mouse IncRNA Bic

The human Bic gene (Gene ID: 114614) is

el

FIGURE 3. Genomic localization of rat mir-155 hairpin. Exploiting the homology between
mouse and rat, a couple of mouse-specific primers (in green) were employed to amplify a frag-
ment of rat DNA encompassing the mouse ortholog mir-155. This region was sequenced with

rat-specific primers (in purple).

region that allowed us to amplify and sequence a contiguous
DNA region of 917 bp (see Supplemental File 1) that again
confirmed the presence of the mir-155 precursor sequence
(Fig. 3). These results suggested the presence of a region in
the rat genome (alternate assembly) potentially coding for a
novel miRNA (namely rno-mir-155) that is orthologous to
mmu-mir-155. These unexpected results led us to further in-
vestigate this region, exploiting also the information already
published for other species.

Human and mouse mir-155 precursors are encoded in
the long noncoding RNA Bic

Human and mouse hairpin mir-155 (hsa-mir-155 and mmu-
mir-155) were reported to be encoded and excised from a ge-
nomic region known as the B cell integration cluster (Bic)
gene. This region encodes for a long noncoding RNA
(IncRNA) that was originally identified as a gene transcrip-
tionally activated by promoter insertion at a common retrovi-
ral integration site in B cell lymphomas induced by the avian
leukosis virus (Tam et al. 1997). The human Bic (hBic) cDNA
exhibits 83% identity over 292 nt to the mouse Bic (mBic)
c¢DNA (Tam 2001). In humans and mice, Bic is expressed at
a relatively high level in lymphoid organs and cells, implying
an evolutionarily conserved function. In his milestone paper,
Tam reported that the comparison of Bic genes in humans,
mice, and chickens shows 78% identity over 138 nt located
in exon III of hBic and mBic, and exon II of chicken (ckBic)
(Tam 2001). No evidence of the presence of the IncRNA Bic
in rat (rBic) has been reported yet. Therefore, we investigated
the existence of the IncRNA Bic in the rat genome. Starting
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contained within a 13-kb region in the lo-
cus NC_000021.8 (GRCh37.p5; Range:
26934457-26947480) (Lander et al.
2001) or AC _000153.1 (HuRef; Range:
12337598-12350626) (Levy et al. 2007)
on chromosome 21 and has been report-
ed to have three exons (Tam 2001). Both the reference and al-
ternate assemblies encode for the whole 13-kb hBic gene with
a99.0% similarity score. Considering only the three exons, the
similarity increased to 100% (Fig. 4A; Supplemental File 2).
Therefore, similar results can be obtained by performing the
BLAST alignment of hBic on one or the other of the two as-
semblies, suggesting a high similarity.

The sequence of the mouse Bic gene was reported by Tam
(2001) but never formally annotated. The only annotated se-
quence is the miR-155 stem—loop precursor (Gene ID:
387173) in the locus NC_000082.6 (GRCm38; Range:
84714140-84714204) or AC_000038.1 (Mm_Celera; Range:
84918138-84918202) on chromosome 16. In the original pa-
per, Tam assigned at least three exons to the mBic gene (Tam
2001). The mouse hairpin mir-155 miRNA can be localized
within the third exon of the mBic gene (Tam 2001; Lagos-
Quintana et al. 2002). Although BLAST analysis failed to
align exon I of mBic to the reference or the alternate genome,
exons II and IIT in the two assemblies have a 100% similarity
score (Fig. 4B; Supplemental File 3). Therefore, except for
exon [, aligning mBic to the reference or the alternate genome
gave practically the same result. Due to this imperfect align-
ment, we decided to omit the short sequence of mBic exon |
and to perform all the following analyses employing only the
putative sequences of exons II and III.

Prediction of the long noncoding RNA Bic in the
rat genome

The presence of the rat ortholog of mouse mir-155 suggested
that the genomic coordinates of the whole IncRNA Bic gene in



mir-155 and other miRNAs in alternate assemblies

hsa-mir-155
A (11836 - 11900)

1 113 7693 7777 11749 13024

GRCh37.p5 (Reference) | ; —
HuRef (Alternate) — —
1 113 7695 7779 11751 13029
(99-100 % similarity) T:[A 12685
TAAAA 12688
* *

mmu-mir-155
B (1109 - 1173)
62 1022 2214
D o S —

1
GRCm38 (Reference) [~ =~

Mm_Celera (Alternate) [~ =~~~
1 62 1022 2214

(100 % similarity)

62 1022 2214

1
C Mm_Celera (Alternate) = I ——

PR s
Rn_Celera (Alternate) —"~—""—"""
1 62 1003 2237

(85-87 % similarity) rno-mir-155

(1194 - 1258)

FIGURE 4. Human (A) and mouse (B) long noncoding RNA Bic have
been reported to have three exons (Tam 2001). Since the mouse Bic
exon I does not align to the reference or the alternate assembly, it was
outlined with dashed lines. The alignment of the human and mouse
Bic gene to the human reference and alternate assembly shows a high de-
gree of homology. In (C), the prediction of rat Bic gene has been ob-
tained by alignment of mouse Bic to the rat alternate genome. The
hairpin mir-155 for each species is also shown.

rats could be obtained starting from the alignment of the mBic
gene to the rat genome. To carry out this alignment (Fig. 4C),
we decided to align mBic to the rat alternate assembly. We had
two reasons. The first reason was the identical sequence align-
ment of mBic (exons II and III) to the reference or the alter-
nate assembly. This allowed us to choose impartially either
of these two genomes. The second reason was to compare as-
semblies obtained primarily by the same technology (whole
genome shotgun). The BLAST alignment of the 2.2-kb mBic
gene (from exon II) to the alternate rat genome resulted in a
similarity score of 85%, whereas mBic exons II and III
(~1.2 kb) showed a similarity score of 87% (see Supplemental
File 4). It may be noted that the length of rBic exons II and III
are very similar to those of the mBic. This alignment allowed
us to predict with good confidence the putative sequence of
exon Il and I1I of the rat IncRNA Bic transcript, which is locat-
ed on chromosome 11 at position 12059653-12061889.

The rat spleen transcriptome contains the IncRNA Bic

To assess the presence of the IncRNA Bic in the rat spleen
transcriptome, several PCR reactions were executed on
c¢DNA samples. The PCR reaction with primers #5 and #9 af-
forded no amplification product, whereas amplification with
primers #6 and #9 gave a product of 957 bp that we success-
fully sequenced (see Supplemental File 1). Aimed at sequenc-

ing the full-length rBic transcript and determining the
presence of exon I and polyadenylation sites, we employed
5'-RACE and 3'-RACE techniques. Unfortunately, the small
amount of total RNA extracted from spleen myeloid cells
and the presence of two homopolymeric sequences located
near the 5-end of exon II (Ag) and the 3’-end of exon III
(T1,) prevented a successful gene amplification. These results
have two possible explanations. The first is that the rat
IncRNA Bic may be shorter than the mBic, lacking exon
I. The second is that the reverse-transcriptase employed in
the RT reaction is unable to extend the product through
homopolymeric sequences, hampering a complete Bic exten-
sion. However, additional experiments are needed to exclude
definitively the presence of the predicted exon I of rBic.

Finally, having confirmed by several techniques the exis-
tence of a novel rat miRNA (mir-155) and also having con-
firmed its genomic localization only in the alternate
assembly (Fig. 5A), we wondered how many rat miRNAs
could be “hidden” in the alternate genome and how many
novel miRNAs could be found in other mammalian species
(i.e., humans and mice). Therefore, we developed a bioinfor-
matics pipeline aimed at identifying other novel miRNAs in
human, mouse, and rat genomes (reference and alternate),
using a tailored homology search analysis (Fig. 5B).

Homologies and differences of human, mouse,
and rat miRNAs

In this step, unique stem—loop miRNA sequences from hu-
mans, mice and rats were obtained by proper filtering, since
the miRNA name alone cannot be used for sequence discrim-
ination among different species.

A Experimental assessment of mir-155 in the rat genome

3 o = = —— Sequencingof
Multiplealignment || miR-155 Amplification = =
. . mir-155 encoded
of mammalian assessment of mir-155 .
i ——— PRSP | P inthe longnon
airpin mir- yq inthe genome coding RNA Bic

B Prediction of novel mammalian miRNAs

Human, mouse = BLAST of novel Novel
and rat miRNAs Or!Iy ST miRNAs against miRNAs and
sequence datasets m|RN..As 2re reference and secondary
preparation retained alternate genomes || structures

C validation of candidate miRNAs with deep sequencing datasets

List of validated
miRNAs and
novel clustersin
human, mouse and rat

Retrieval of
small RNAs
deep sequencing
(NGS) datasets

Alignment of NGS
reads against novel
candidate miRNAs

FIGURE 5. The overall bioinformatics workflow consists of three parts:
(A) the experimental assessment of mir-155 hairpin sequence by a wet-
lab approach, (B) a complete bioinformatics prediction of novel candi-
date miRNA sequences, and (C) validation of miRNAs with NGS data.
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After interspecies alignment of miRNA sequences (Sup-
plemental File 5), we identified 12 miRNA hairpin sequences
that are identical in humans and mice, 14 between humans
and rats, and 47 between mice and rats. Of these, seven hair-
pins are identical among the three species considered (Table
1; Supplemental Table S2). Furthermore, 34 human and
mouse hairpin sequences overlap each other, whereas 23
overlap in humans and rats and 84 in mice and rats (Table
1; Supplemental Table S3). These results are in agreement
with the closer evolutionary similarity between rats and
mice than the similarity that has been observed between ro-
dents and humans (Mullins and Mullins 2004). Therefore,
these hairpins were eliminated from the data sets. We also fil-
tered out hairpin miRNAs having >80% coverage and >90%
sequence identity between species (93% for the mouse vs. rat
comparison; thresholds were identified by accuracy analysis;
see Materials and Methods for details). With these con-
straints, we obtained a list of 320 and 284 human miRNAs
that are similar to mouse and rat miRNAs, respectively. For
mice, 315 and 322 miRNAs are similar to those of humans
and rats, respectively, while for rats, 303 and 350 miRNAs
are similar to those of humans and mice, respectively (Table
1; Supplemental Table S4). After filtering out these hairpin
sequences, the final data set containing unique miRNA se-
quences for each of the three species was retained for further
homology searches. In particular, of the unique human
miRNA sequences, 1178 miRNAs were absent in mice and

TABLE 1. Analysis of mammalian miRNA sequences

Sequences Human  Mouse Rat
No. of hairpins (miRBase Rel.18) 1527 741 408
Unique sequences (initial data sets) 1498 718 407

Identical sequences
Human and mouse 12
Human and rat 14
Mouse and rat 47
Human, mouse, and rat 7

Overlapping sequences

Human and mouse 34
Human and rat 23
Mouse and rat 84
Similar sequences® Human  Mouse Rat
Human — 320 284
Mouse 315 — 322
Rat 303 350 —
Different sequencesb Human  Mouse Rat
Human — 1178 1214
Mouse 403 — 396
Rat 104 57 —

“Percent coverage>80%, percent identity>90% (human vs.
mouse and human vs. rat), or >93% (mouse vs. rat).
PPercent coverage <80%, percent identity <90% (human vs.
mouse and human vs. rat), or <93% (mouse vs. rat).
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1214 in rats. For mice, 403 and 396 unique miRNAs were ab-
sent in humans and rats, respectively. A number of 104 and
57 rat miRNAs were absent in humans and mice, respectively.
(Table 1; Supplemental Table S5).

Prediction of conserved miRNA hairpin sequences

Since the main inclusion criteria that we adopted in our bio-
informatics workflow are based on the conservation of the
whole hairpin sequence, we expected to retain only those se-
quences that might have orthologs in the other species.
Therefore, the unique miRNA hairpin sequences obtained
in the previous filtering step were employed as query se-
quences and BLASTed against the primary and alternate ge-
nome assemblies of the three species (humans, mice, and
rats). In particular, we decided to investigate the presence
of these novel miRNAs not only on the primary (reference)
assembly but also on the alternate (Celera) one, as we found
that mir-155 is located only on the rat alternate genome (Fig.
3). The majority of miRNAs found after BLAST search (cov-
erage >80%; identity >90% for human vs. mouse and rat,
93% for mouse vs. rat) aligned to both the reference and
the alternate assembly, with a few exceptions for rat. Based
on the alignment on the human genome, we predicted the
presence of 22 novel putative miRNA genes (the subject se-
quences, sseq) in both the reference and the alternate assem-
blies and one putative miRNA (hsa-mir-2182) in the
reference assembly only. For mice, 28 putative miRNA hair-
pins have been found in both assemblies. Two miRNAs
(mmu-mir-1973 and mmu-mir-3610) are present only in
the reference genome, while mmu-mir-935 is present only
in the alternate assembly. As expected from the small number
of miRNAs entries annotated so far in miRBase, rats have the
greatest number of novel putative conserved hairpin miR-
NAs. In fact, 110 miRNAs aligned to both assemblies, with
the rat mir-2182 present only in the reference genome. Sur-
prisingly, although the majority of miRNAs align on both the
reference and alternate genomes, up to 18 novel miRNA hair-
pins were predicted to align only to the alternate assembly
(Table 2). The list of miRNA sequences reported in Table 2
was filtered for already annotated miRNAs. Moreover, since
these predicted miRNA sequences may align to multiple
positions in the respective genomes, we predicted all their
possible alignments to the two assemblies (Supplemental
Table S6) reaching a final number of 508 candidate predic-
tions for the three species. The number of predicted miRNA
sequences is quite similar in the two assemblies (Table 3A),
although a slightly greater number of alignments to the refer-
ence relative to the alternate assembly was found.

Prediction of novel miRNA clusters

Interestingly, many novel putative miRNAs were found to
form clusters, that is, groups of miRNAs lying within a geno-
mic region of 10 kb. In particular, we predicted one novel
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TABLE 3. Predicted and validated mammalian miRNAs discovered
on reference and alternate genome assemblies

(A) Predicted miRNA sequences
On reference % of total On % of  Total
alternate total
Human 33 56.9 25 43.1 58
Mouse 43 51.2 41 48.8 84
Rat 183 50.0 183 50.0 366
508
(B) miRNA sequences mapped with NGS reads
On reference % of total On % of  Total
alternate  total
Human 15 57.7 11 42.3 26
Mouse 34 51.5 32 48.5 66
Rat 183 50.0 183 50.0 366
458
(@) miRDeep2 validated miRNA sequences
On reference On On Total
and alternate  reference  alternate
Human 1 1 0 2
Mouse 4 0 1 5
Rat 13 0 14 27
34

cluster for humans, three for mice, and 14 for rats (Table 4).
Once more, these findings outline the miRNA sequence con-
servation among different species, suggesting also a conserved
function for their products (mature miRNAs).

Many predicted miRNA sequences form stable
secondary hairpin structures

To verify that the miRNA predictions obtained after the
BLAST search have a secondary structure that is compatible
with a miRNA hairpin, we calculated their folding energy
by RNAfold. The results indicated that many of these predict-
ed sequences form tight hairpin structures, potentially origi-
nating a real miRNA. As an example, Figure 6 shows the
secondary structure prediction of hsa-mir-155 (the query se-
quence), the putative rat ortholog found after BLAST align-
ment to the alternate genome, and the secondary structure
of the known mmu-mir-155 already annotated in the refer-
ence mouse genome. The minimum free energy (MFE) cal-
culated for hsa-mir-155 is —29.70 kcal/mol, whereas the
putative novel rno-mir-155, whose sequence is identical to
mmu-mir-155, has a MFE of —25.62 kcal/mol. The complete
list of secondary structure predictions can be found in
Supplemental File 6.

Deep sequencing confirms the presence of many novel
miRNAs and clusters

We reasoned that, if the novel predicted sequences found
with our workflow are transcribed into miRNAs, we should
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have found them on the available small RNA NGS data sets
(Supplemental Table S7). Moreover, the reads contained in
these data sets have never been aligned to alternate genomes.
Opverall, the reads aligned to a total number of 458 sequences
out of 508 (90.1%) in the three species considered. In partic-
ular, a number of 26 putative sequences (15 on the reference
and 11 on the alternate assembly) out of 58 in human
(44.8%), 66 (34 on the reference and 32 on the alternate as-
sembly) out of 84 in mouse (78.6%), and all the 366 sequenc-
es (183 on the reference and 183 on the alternate assembly) in
rat (100%) contain at least one read spanning from 19 to 26
nt and containing no or one mismatch (Table 3B; Supple-
mental Table S8). Sometimes it is difficult to distinguish a
real miRNA from other small RNAs, such as endogenous
small interfering RNAs (siRNAs), Piwi-interacting RNAs
(piRNAs), and mRNA degradation products. Thus, a com-
putational pipeline (miRDeep2) for the systematic identifica-
tion of miRNAs from deep-sequencing data (Friedlander
et al. 2008) was applied to our set of novel putative hairpins.
This software is able to identify real hairpin miRNAs and

TABLE 4. Novel predicted mammalian miRNA clusters obtained
after BLAST alignment

Human Mouse Rat
hsa-mir-684-1;  mmu-mir-3154; rno-mir-2861; rro-mir-3960
hsa-mir- mmu-mir-
684-2 199b
mmu-mir-3552;  rno-mir-3070a/b; rno-mir-
mmu-mir- 127; rno-mir-127; rno-mir-

764 337; rno-mir-337; rno-mir-
431; rno-mir-431; rno-mir-
433; rno-mir-433; rno-mir-
540; rno-mir-540
mmu-mir-3618;  rno-mir-3093; rno-mir-9-1
mmu-mir-
1306
rno-mir-450a-2; rno-mir-450;
rno-mir-351; rno-mir-503;
rno-mir-542
rno-mir-453; rno-mir-382;
rno-mir-134; rno-mir-154;
rno-mir-377; rno-mir-382;
rno-mir-485
rno-mir-679; rno-mir-1197
rno-mir-679; rno-mir-1197;
rno-mir-379; rno-mir-299;
rno-mir-323; rno-mir-329;
rno-mir-494; rno-mir-543
rno-mir-718; rno-mir-5132
rno-mir-1306; rno-mir-3618
rno mir-15a; rno-mir-16-1
rno-mir-199b; rno-mir-3154
rno-mir-3064; rno-mir-5047
rno mir 3070a; rno-mir-
3070b
rno-mir-684-1; rno-mir-684-2

miRNAs belonging to already annotated clusters are reported in
bold italics.
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Minimum Free Energy (MFE)

MFE=

MFE= -25.62 kcal/mol

-29.70 kcal/mol

hsa-miR-155

(Query sequence no.488) mmu-miR-155

Subject Sequence

FIGURE 6. Minimum free energy calculation (MFE) of human hairpin
mir-155 compared to the predicted rat mir-155 hairpin and the known
mouse mir-155. The predicted rat mir-155 has the same sequence and
secondary structure of the already known mouse mir-155.

predict the mature (-5p and -3p) sequences. By running
miRDeep2 on a total of 185 data sets of NGS experiments,
of which 161 are reported in miRBase and an additional 24
for rats (see Supplemental Table S7), the number of miRNAs
experimentally supported in the three species decreased to
34. In particular, two miRNAs were found in humans, five
in mice, and up to 27 in rats (Table 3C). As an example,
the reads distribution for hsa-mir-1843b, mmu-mir-3552,
and rno-mir-155 was reported in Figure 7. Interestingly,
one human miRNA (hsa-mir-1843b) was found only on
the reference assembly, while for mice, only mmu-mir-935
was found on the alternate assembly. For rats, the results
are even more surprising. Although 13 novel miRNAs were
found on both assemblies, up to 14 novel miRNAs were de-
tected only on the alternate genomic assembly (Table 5; Sup-
plemental Table S9). Interestingly, a number of miRNA
clusters have also been validated. In particular, the mouse
mir-3154, mir-3552, and mir-3618 form three independent
clusters with the already known mir-199b, mir-764, and
mir-1306, respectively (Table 4). For rats, we validated the
presence of four miRNAs belonging to distinct clusters:
mir-3064 (mir-3064/5047), mir-450a (mir-450a/b), mir-
5132 (mir-718/5132), and mir-199b (mir-199b/3154). Of
note, we validated both the components of the cluster mir-
15a/mir-16 that was discovered only on the alternate assem-
bly and not on the reference genome. This latter cluster has
been already annotated for humans and mice.

Opverall, these data not only validate our bioinformatics
prediction but also predict the presence of other novel con-
served miRNAs never discovered before.

DISCUSSION

During recent years, we have assisted in a real revolution in
the field of small RNAs and miRNAs discovery in eukaryotes
by next-generation sequencing (NGS) technologies (Zhou
etal. 2011). In fact, direct small RNAs sequencing has several
advantages over hybridization-based methodologies (i.e.,

microarrays). They include (1) an inexpensive increase in
throughput that provides a more complete view of the
miRNA transcriptome, (2) no requirement for a prior knowl-
edge of candidate regions of the genome, and (3) the oppor-
tunity to identify low-abundance miRNAs or those miRNAs
with a negligible differential expression between different
samples that are otherwise undetectable by conventional

12

hsa-mir-1843b

10

Number of reads

0 5 10 15 20 25 30 35 40 45 50 55 60
Length of miRNA hairpin (nt)

135 4 mmu-mir-3552

120

40

Number of reads

20

0 " Ll — ATy
15 20 25 30 35 40 45 50 55 60 65 70 75
Length of miRNA hairpin (nt)

40001 rno-mir-155
3600 -
3200 -
2800 -
2400 -
2000 -

1600 -

Number of reads
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800 A
400 -

0

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Length of miRNA hairpin (nt)

FIGURE 7. Representation of the number of deep-sequencing reads
per base (for the whole hairpin sequence) of validated miRNAs. As in-
dicative examples, the reads for hsa-mir-1843b, mmu-mir-3552, and
rno-mir-155 are shown.
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TABLE 5. List of novel miRNAs in human, mouse, and rat

Validated human miRNAs

On reference
assembly only

mir-1843b

On alternate
assembly only
None

On reference and
alternate assembly
mir-1898

Validated mouse miRNAs
On reference

assembly only
None

On alternate
assembly only
mir-935

On reference and
alternate assembly
mir-3154
mir-3547
mir-3552
mir-3618

Validated rat miRNAs
On reference
assembly only

On alternate
assembly only

On reference and
alternate assembly

mir-1247 None let-7 g
mir-1264 mir-1297
mir-1839 mir-135a-1
mir-1843 mir-148a
mir-1895 mir-149
mir-1896 mir-155
mir-1956 mir-15a
mir-3064 mir-16
mir-3068 mir-182
mir-3084 mir-1843b
mir-450a mir-193b
mir-5132 mir-199b
mir-762 mir-26a
mir-452

hybridization-based methods. However, microarray tech-
nology is still employed to validate NGS data, as recently
reported for the discovery of miRNAs in the rat kidney
(Meng et al. 2012).

To advance the discovery of novel miRNAs and other small
RNAs, such as nuclear or nucleolar RNAs (snoRNAs),
miRNA-offset RNAs (moRNAs) (Shi et al. 2009), and iso-
miRs (Zhou et al. 2012), novel bioinformatics approaches
for miRNA prediction coupled to deep-sequencing experi-
ments are emerging continuously (Fasold et al. 2011; Guan
et al. 2011; Oulas and Poirazi 2011; Zhang et al. 2012). The
predictive strength of these and other tools generally relies
on the application of computational constraints derived
from the biological knowledge of miRNA biogenesis (i.e.,
type of Dicer cut, 5 heterogeneity of -5p miRNA, presence
of 3’ overhang between mature miRNAs, stable secondary
structure, etc.) that are useful in filtering out many false pos-
itive miRNAs.

In our work, we combined a stringent homology search
with the miRDeep2 algorithm to obtain a list of novel putative
miRNAs. First, we exploited the gene homology among hu-
mans, mice, and rats (Nilsson et al. 2001) and the sequence
conservation of the whole hairpin miRNA (instead of the ma-
ture miRNA only or its seed region) (Lewis et al. 2005). By
considering the whole hairpin sequence conservation as a
stringent criterion, we sought to reduce the rate of false pos-
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itive miRNA predictions, although we are aware that our
approach could have allowed us to predict many other novel
miRNAs by starting the bioinformatics analysis with different
criteria. Second, the integration of NGS data sets permitted
the identification of many novel rat miRNAs that were “hid-
den” in the alternative genomic assembly. In the past, these
“hidden” miRNAs were never identified in analogous homol-
ogy search studies (Weber 2005; Artzi et al. 2008), and RefSeq
assemblies were always employed as reference genomes
(Bentwich et al. 2005; Berezikov et al. 2006; Sheng et al. 2007).

It may be noted that the approach employed permitted the
identification of novel miRNA clusters. Not all were
completely new, since some had already been found in other
species. For example, the human and rat cluster mir-684-1/-2
is already known in mice, while the rat mir-15a/16-1 was al-
ready validated in humans and mice.

To the best of our knowledge, this is the first homology
study for the discovery of miRNAs performed since the ad-
vent of NGS technology. Indeed, our approach allowed us
to identify for the first time the existence of the novel rat
mir-155 in the alternate assembly and to validate the mature
miR-155-5p form, both through a classic molecular biology
approach and a NGS approach (on available data sets). In hu-
mans and mice, miR-155 is one of the most studied miRNAs
for its manifold functions. It is highly expressed in tumors
(Eis et al. 2005; Du et al. 2011; Han et al. 2012) and has an
important role in tumorigenesis (O’Connell et al. 2008; Jiang
etal. 2010; Chang et al. 2011), inflammation (O’Connell et al.
2007, 20105 Tili et al. 2011), immunity (Trotta et al. 2012),
autoimmune diseases (Bluml et al. 2011; Murugaiyan et al.
2011), dendritic cell maturation and function (Dunand-
Sauthier et al. 2011), infections (Oertli et al. 2011), brain dis-
eases (Junker et al. 2009; Murugaiyan et al. 2011), and trans-
plant complications (Ranganathan et al. 2012). We expect
that the discovery of this novel miRNA in rats will pave the
way for further model studies focused on specific human dis-
eases. Moreover, our study suggested that the rat reference
genome has some differences compared to the alternate ge-
nome and that a newer release (the current is almost 10 yr
old) is highly desirable and is recommended to fill these
gaps. In fact, the availability of a good reference genome
and a reliable physical map is fundamental for comparative
genomics studies (Lewin et al. 2009). Moreover, the fact
that the choice of different genomic assemblies can deter-
mine a different final result is not a novel concept. A system-
atic comparative analysis between the human HGSC and
Celera assemblies has been performed by Li et al., who found
that most of the unique genes from either genome assembly
could be mapped back to the other assembly, suggesting that
the gene set discrepancies do not reflect differences in local
sequence content but rather in the assemblies and especially
the different gene-prediction methodologies (Li et al. 2003).
On the other hand, a critical comparison of the Celera and
public mouse assemblies has concluded that, although differ-
ing in ~10%, each assembly has advantages over the other
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(Xuan et al. 2003). Celera has higher accuracy in base pairs
and overall higher coverage of the genome, whereas the pub-
lic assembly has higher sequence quality in some regions.
Thus, the authors highly recommended that the two mouse
genome assemblies be used in an integrated fashion rather
than separately.

Finally, future small RNAs sequencing studies will also im-
prove the prediction capability of software such as miRDeep
(Friedlander et al. 2008) or miRTRAP (Hendrix et al. 2010),
which will perform better when higher genomic coverage is
available. Many small RNA molecules (i.e., moR/moR*) of
unknown function were recently recognized by deep sequenc-
ing experiments and bioinformatics approaches (Hendrix
et al. 2010; Bortoluzzi et al. 2011). We expect that, as the
deep-sequencing experiments on rat models increase, so will
the accuracy of predictions and the discovery of novel small
RNA species and of conserved and nonconserved miRNAs.

MATERIALS AND METHODS

Overall workflow

The overall workflow (Fig. 5) consists of three parts. Starting from the
experimental assessment of a novel miRNA (mir-155) in the rat ge-
nome (Fig. 5A), we extended the prediction of novel candidate
miRNAs in humans, mice, and rats by BLAST alignment to reference
and alternate genomes and secondary structure analysis (Fig. 5B).
Then, we validated the candidate miRNAs by applying miRDeep to
an ensemble of 185 small RNA sequencing data sets (Fig. 5C).

Mammalian mir-155 sequences and data set generation

The sequences of hairpin miRNAs were downloaded from miRBase
(www.mirbase.org; Release 18.0, Nov 2011) in FASTA format. This
miRBase release contains 18,226 hairpin precursor miRNAs, ex-
pressing 21,643 mature miRNA products in 168 species. The mir-
155 hairpin sequence of 11 mammalian species (Homo sapiens,
hsa; Pan troglodytes ptr; Macaca mulatta, mml; Pongo pygmaeus,
ppy; Mus musculus, mmu; Sus scrofa, ssc; Equus caballus, eca; Bos
taurus, bta; Canis familiaris, cfa; Taeniopygia guttata, tgu; and
Ornithorhynchus anatinus, oan) were selected and aligned by
ClustalW  (2.0.12)  (http:/www.ebi.ac.uk/Tools/msa/clustalw2/)
(Larkin et al. 2007).

Reference and alternate genome assemblies

The available human, mouse, and rat genomes (reference and alter-
nate assemblies) were retrieved from NCBI (http:/www.ncbi.nlm.
nih.gov/genome/). GRCh37.p5 is the human reference assembly
that was released on June 24, 2011 by the Genome Reference
Consortium, whereas HuRef is the alternate assembly that repre-
sents a composite haploid version of the diploid genome sequence
from a single individual (]J. Craig Venter). GRCm38 (Dec 2011) is
the mouse genome reference assembly that was produced by the
Mouse Genome Reference Consortium, and Mm_Celera is the al-
ternate Celera Genomics whole mouse genome shotgun assembly.
For rats, RGSC_v3.4 is the reference composite assembly that was

made from the WGS data plus finished BAC clone sequences pro-
duced by the Baylor College of Medicine Human Genome
Sequencing Center (BCM-HGSC) as part of the Rat Genome
Sequencing Consortium (RGSC) (November 2004). The whole ge-
nome shotgun alternate assembly (Celera Genomics) is represented
by Rn_Celera.

Rats and isolation of spleen cells

Female Wistar rats (8—10 wk old) were purchased from Charles
River. All animals were manipulated in accordance with the Local
Ethical Committee guidelines.

Total spleenocytes were isolated by cutting rat spleens into small
fragments. The fragments were then digested with type III collage-
nase (1 mg/mL, Worthington Biochemical) and DNase I (325
KU/mL, Sigma) in RPMI 1640 containing 10% heat-inactivated
FBS (Cambrex) with periodic pipetting, for 25 min at room temper-
ature. At the end of the incubation, EDTA (0.1 M, pH 7.2, Sigma)
was added for an additional 5 min, to allow disruption of cell-to-
cell complexes. The cells were then washed in PBS without Ca**
and Mg, resuspended in RPMI 1640 containing 10% heat-inacti-
vated FBS, penicillin (100 U/mL), streptomycin (100 pg/mL), 2 mM
glutamine, 50 uM 2-mercaptoethanol (all reagents were purchased
from Cambrex), and cultured for 2 h at 37°C, 5% CO,, in 6-well-
plates (10° cell/mL). Nonadherent cells, represented mostly by lym-
phocytes, were then removed by washing with PBS without Ca*"
and Mg>", while the adherent myeloid cell population was main-
tained in a fresh complete medium containing 200 ng/mL of ultra-
pure lipopolysaccharide (LPS) from Escherichia coli (serotype
EH100, Alexis Biochemicals). Twenty-four hours later, the cells
were collected for RNA isolation.

Quantitative PCR analysis of rat miR-155

To assess the presence of the mature form of rat miR-155 (namely,
rno-miR-155-5p), total RNA from rat spleen myeloid cells was ex-
tracted with the Total RNA Purification Kit (Norgen Biotech
Corp.) and reverse-transcribed by use of stem—loop primers that
were specifically designed for the analysis of mmu-miR-155-5p
(Assay ID: 002571). For comparison purposes, we employed also
the human assay for hsa-miR-155-5p (Assay ID: 002623). cDNA
was synthesized from 5 ng of total RNA using the TagMan Micro-
RNA Reverse Transcription kit (Applied Biosystems) according to
the manufacturer’s instructions. Quantitative PCR was performed
in triplicate employing the RT product, SensiMix II Probe Kit (Biol-
ine Inc.) and the specific miRNA assay (Applied Biosystems). Am-
plification and detection were undertaken with a 7900HT Fast
Real-Time PCR System (Applied Biosystems). The endogenous con-
trol U6 snRNA (Assay ID: 001973) was employed for normalization.
The relative quantity (RQ) of miR-155 in LPS-treated cells vs. con-
trol (untreated cells) was calculated by the 2722t method (Livak
and Schmittgen 2001).

PCR amplification of a rat genomic region containing
the mir-155 hairpin sequence

To amplify the region of the rat genome putatively containing the
whole mir-155 hairpin sequence, a classic polymerase chain reaction
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(PCR) was employed. We decided to exploit the gene homology be-
tween mice and rats (Nilsson et al. 2001). First, we designed a couple
of primers (#1 and #2, see Supplemental Table S1) encompassing
the mouse mir-155 hairpin region (Chrl16:84714385-84714449)
and enclosed in a fragment of ~1 kb (989 bp), 485 bp upstream of
the beginning of mmu-mir-155 (forward primer) and 440 bp
downstream from its end (Chr16:84713900-84714889) (reverse
primer). PCR was carried out using the BIO-X-ACT Long DNA
Polymerase (Bioline USA Inc.), which included also the 10x
OptiBuffer, a 5x Hi-Spec Additive, and a 50 mM MgCl, solution.
Each PCR reaction mix contained 1x OptiBuffer (2.5 uL), 100 mM
dNTP Mix (0.25 pL), primers 10 uM each (0.25 pL), 50 mM
MgCl, Solution (1 pL), BIO-X-ACT Long polymerase 4 U/uL (0.5

uL), template (rat DNA) (1 uL; ~20 ng), and water to reach a final
volume of 25 pL. The PCR conditions were as follows: a step of 4

min at 94°C, followed by 40 cycles of 30 sec at 94°C, 30 sec at 61°
C, I min at 72°C, and then finishing with a 7-min incubation at
72°C. The PCR was also repeated using a couple of rat-specific prim-
ers (#3 and #4, Supplemental Table S1) with the same PCR program
but changing the primer’s annealing temperature (65°C). Product
visualization was obtained with agarose gel (2%) electrophoresis
that was stained with Gel Red (Biotium Inc.). PCR reactions were
purified with the QIAquick Gel Extraction Kit (Qiagen), and se-
quencing was performed on an 8-capillary 3500 Genetic Analyzer
using the BigDye terminator (V3.1) protocol.

Sequencing a fragment of the long noncoding RNA Bic
containing mir-155 hairpin

Total RNA was extracted from rat spleen tissue (~100 mg) with
TRIzol Reagent (Life Technologies) according to the manufacturer’s
protocol. Total RNA (1 pug) was reverse-transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen) that includes an ef-
fective reaction step to remove genomic DNA contamination in
RNA samples. The RT-PCR reaction was started from 1 pL of
cDNA using a couple of primers (#6 and #8 in Supplemental
Table S1) that were specifically designed to amplify a 957-bp region
in the exon II of the Bic transcript. The RT-PCR conditions were a
step of 4 min at 94°C, followed by 45 cycles of 30 sec at 94°C, 30 sec
at 62°C, 1 min at 72°C, and then finishing with a 7-min incubation
at 72°C. To confirm the presence of the mir-155 hairpin sequence,
we employed primers #6, #7, #8, and #9 (see Supplemental Table S1)
for sequencing.

Selection of novel candidate miRNAs by homology
search

MirBase (ver.18) includes 1527 sequences of hairpin miRNAs for
humans, 741 for mice, and 408 for rats. After grouping identical se-
quences, these data sets were reduced to 1498 unique miRNAs for
humans, 718 for mice, and 407 for rats (Table 1). Then, all possible
interspecies alignments of hairpin miRNA sequences were generated
by BLAST (i.e., human vs. mouse, human vs. rat, and mouse vs. rat)
(Altschul et al. 1997). The results were combined in a single file for
clarity (Supplemental File 5). Pairs of ortholog hairpin miRNAs
were identified by sequence similarity and removed from the data
set (coverage, i.e., alignment length/query length, >80% and identi-
ty >90% for human vs. mouse and human vs. rat comparison and
>93% for mouse vs. rat comparison). Thresholds for coverage and
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identity were selected by accuracy analysis (Supplemental File 7).
Briefly, we constructed 100 sequence sets, including 849 pairs of
true miRNA orthologs (i.e., sequence conservation and identical
name) and 849 pairs of randomly selected miRNAs. After an all
vs. all BLAST search, we computed the accuracy ACC = (True
Positives + True Negatives)/(Positives + Negatives) at different val-
ues of coverage and identity for each sequence set and for each
pair of species independently, as the species have different degrees
of divergence (Supplemental File 7). The cut-off values correspond-
ing to the highest accuracy were coverage > 80% and identity > 90%
(human vs. mouse and rat) or 93% (mouse vs. rat).

The final list contained miRNAs with no orthologs in one or two
of the other species. Then, we searched for their genomic localiza-
tion by aligning the miRNAs identified in the previous step to the
reference and alternate assemblies using BLAST with the same
thresholds as above.

Secondary structure analysis and free energy
calculation

To inspect the secondary structure of the predicted miRNA se-
quences and calculate their minimum free energy, we employed
the software RNAfold that is implemented in the Vienna package
(Gruber et al. 2008). To facilitate comparisons, we ran RNAfold
on the original miRNA sequences (fseq), the query sequences
(gseq), and the subject sequences (sseq) identified by BLAST. The
MFE for gseq and sseq were reported in Supplemental File 6.

Validation of predicted miRNAs with deep-sequencing
data

To validate the miRNAs that were predicted in the previous steps, we
retrieved from Gene Expression Omnibus (GEO, www.ncbi.nlm.
nih.gov/geo/) 185 small RNA NGS data sets (161 were already em-
ployed to validate human and murine known miRNAs annotated in
miRBase, while the remaining 24 represent all the rat small RNA
NGS data sets available to date) (Supplemental Table S7). In partic-
ular, 79 data sets were obtained from humans, 82 from mice, and 24
from rats. First, NGS reads in base-space were trimmed based on
quality values. Then, together with reads in color-space, they were
mapped with Bowtie (ver 0.12.7) (Langmead et al. 2009;
Langmead and Salzberg 2012) on the novel candidate miRNA se-
quences using the sequential trimming strategy recently described
(Marco and Griffiths-Jones 2012). Only those reads that were 18
to 26 nt in length and aligned to candidate miRNA sequences
with zero or one mismatches were considered. Mapped reads were
then submitted to the miRDeep2 algorithm for further validation.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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