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Abstract

Background: This study reports the first collection of validated microRNA genes in the sea squirt,
Ciona intestinalis. MicroRNAs are processed from hairpin precursors to ~22 nucleotide RNAs that
base pair to target mRNAs and inhibit expression. As a member of the subphylum Urochordata
(Tunicata) whose larval form has a notochord, the sea squirt is situated at the emergence of
vertebrates, and therefore may provide information about the evolution of molecular regulators of
early development.

Results: In this study, computational methods were used to predict 14 microRNA gene families in
Ciona intestinalis. The microRNA prediction algorithm utilizes configurable microRNA sequence
conservation and stem-loop specificity parameters, grouping by miRNA family, and phylogenetic
conservation to the related species, Ciona savignyi. The expression for 8, out of 9 attempted, of the
putative microRNAs in the adult tissue of Ciona intestinalis was validated by Northern blot analyses.
Additionally, a target prediction algorithm was implemented, which identified a high confidence list
of 240 potential target genes. Over half of the predicted targets can be grouped into the gene
ontology categories of metabolism, transport, regulation of transcription, and cell signaling.

Conclusion: The computational techniques implemented in this study can be applied to other
organisms and serve to increase the understanding of the origins of non-coding RNAs,
embryological and cellular developmental pathways, and the mechanisms for microRNA-controlled
gene regulatory networks.

Background expression by base pairing to target mRNA. MicroRNAs

Small non-coding RNA genes have emerged in recent
years as regulators of transcription and translation in a
time and cell-state dependent manner. In particular,
mature microRNA (miRNA) molecules of approximately
22 nucleotides in length have been shown to inhibit gene

have been implicated in gene regulation during embryo-
logical development, disease, and cell differentiation [1].
Specifically, recent studies have linked miRNA to many
diverse biological processes such as clearing of maternal
mRNA during zebrafish embryogenesis [2], regulation of
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the life span in Caenorhabditis elegans [3], and involve-
ment in tumorigenesis in human cancer [4].

Although miRNAs were first discovered in the early
1990's, it has only been in the past five years that there has
been an explosion in the literature on their formation and
gene regulatory mechanisms, and on their abundance in
the genomes of different organisms. MicroRNAs are now
projected to occur at a frequency of approximately
0.5-1.5% of the total genes in the genome [5]. For the
human genome, which contains approximately 30,000
protein coding and large non-coding RNA genes, there are
currently 470 miRNAs reported in the miRNA database
[6]. It is estimated that possibly 20 to 30% of human
genes are targets of miRNA [7]. Since many miRNAs are
evolutionarily conserved [8], discoveries in model organ-
isms may contribute to understanding the role of specific
miRNAs in gene regulatory networks for other organisms.

Recent studies have revealed many of the biological char-
acteristics of miRNA formation and mechanism, which
can be used for computational prediction of new miRNAs
and their targets [9]. The microRNA primary transcripts
(pri-miRNAs) contain one or multiple hairpin secondary
structures. The ribonuclease Drosha complexes with a
double-stranded RNA binding protein DGCRS, to process
the pri-miRNA into a 70-100 nucleotide precursor
miRNA (pre-miRNA). The pre-miRNA is exported from
the nucleus to the cytoplasm via an Exportin-5 transport
mechanism. Once in the cytoplasm, the RNase III enzyme
Dicer cleaves the loop of the hairpin. The strands are sep-
arated, allowing the single-stranded mature microRNA
whose 5'end has lower stability base pairings, to associate
with the RNA-induced silencing complex (RISC), while
the other strand is degraded. In RISC, the miRNA acts as a
guide to recognize mRNA targets via base pairing. The
mechanism of regulation is not entirely known, but the
current model suggests that if the base pairing of the
mature miRNA in the RISC complex shows sufficient
complementarity to the mRNA target, then there will be
cleavage and degradation of the mRNA target. With less
complementarity, the miRNA/RISC represses translation
of the mRNA target [10].

For animal miRNAs that partially base pair to target
sequences, several general characteristics further constrain
miRNA target prediction [10]. First, the miRNA binds to
the 3' untranslated region (UTR) in most of the estab-
lished mRNA targets in metazoans. Second, the strongest
base-pairing between the miRNA and mRNA seems to
occur at the 5' end of the miRNA, especially in the first 8
or 9 nucleotides. Third, sequence conservation in the
UTRs of orthologous genes is a strong indicator of func-
tional binding sites, and reduces false positive targets.
Fourth, miRNA target regulation has been shown to occur
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when the same miRNA can recognize multiple sites in the
3'UTR of an mRNA target. Recently, multiple miRNAs in
the same family, i.e., mir-48, mir-84, and mir-241 in C.ele-
gans, were found to act in concert to control developmen-
tal genes [11]. Accurate target prediction must consider all
of these properties of miRNA. Target prediction is difficult
because of the very short length of the mature miRNA and
the imperfect binding to the target. A variety of methods
have been reported in the literature for the computational
prediction of microRNA sequences and their targets [12].

This study involves the combination of computational
and biological techniques to identify and validate micro-
RNAs in the sea squirt, Ciona intestinalis. We performed
these analyses in C. intestinalis for several reasons. First, as
a member of the subphylum Urochordata (also known as
Tunicata) whose larval form has a notochord, the sea
squirt is situated phylogenetically at the emergence of the
vertebrates [13], and therefore can provide information
about the evolution of molecular regulators of early devel-
opment. Second, the C. intestinalis genome has been com-
pletely sequenced [14], and another related urochordate
genome, Ciona savignyi, has also been sequenced. Third, it
has a compact genome of approximately 160 megabases
(Mb), containing few repeated sequences. This small size
and the consequent optimization of intergenic regions
makes the genome tractable to study computationally.
Fourth, Ciona is relatively easy to obtain and culture, and
embryos can be manipulated experimentally with genetic
techniques [15-17].

While another group has computationally predicted
microRNAs for Ciona intestinalis [18], there are currently
no experimentally validated microRNAs for Ciona intesti-
nalis in the Sanger microRNA database, miRBase [6] (for-
merly known as "The microRNA Registry" [19]). To
qualify for inclusion into the miRBase database, the
expression of the microRNA must be detected using either
the Northern blotting method, or from a library of cDNA
made from size-fractionated RNA [20].

In the present study, we implemented microRNA gene
and target prediction techniques to examine the genomes
of the marine organisms Ciona intestinalis and Ciona
savignyi. In our parameterized approach, we capitalized on
the phylogenetic conservation of known miRNA gene
families to screen quickly the genome of an organism for
the possible presence of homologous miRNA genes. This
technique greatly reduces the number of putative miRNAs
that must be validated experimentally. Using the current
approach, we predicted 14 miRNA sequences for Ciona
intestinalis. We validated 8, out of 9 attempted, of the pre-
dicted miRNA sequences by Northern blot experiments.
Following the prediction of the miRNA sequences, we
computationally predicted and tabulated the most proba-
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ble mRNA targets for these miRNAs. A subset of these tar-
gets exhibit conservation across phylogeny [21], and
therefore may point to microRNA-controlled regulatory
functions across evolutionary pathways.

Results and Discussion

Collection of known miRNA statistics

To tune the miRNA prediction algorithm parameters,
miRNA and precursor sequences were analyzed to deter-
mine physical and sequence conservation characteristics,
using the following three pairs of organisms: Caenorhabdi-
tis elegans vs. Caenorhabditis briggsae, Drosophila mela-
nogaster vs. Drosophila pseudoobscura, and Homo sapiens vs.
Pan troglodytes. Additional File 1 summarizes the statistics
gathered for these three pairs of closely related organisms.
For each species examined, the average percent identity of
the two hairpin stem sequences was 78% or better, with a
minimum of 65% identity. The average percent identity of
the mature miRNA sequence between closely related spe-
cies was 98%. The average hairpin loop length was 20
nucleotides, and ranged from 7 to 58 nucleotides. The
percent GC content in the mature and precursor
sequences was approximately 45%. These characteristics
directed our microRNA prediction algorithm.

Computational prediction of the Ciona intestinalis
microRNAs

Using the parameters from the statistical analysis (Figure
1), we predicted 14 miRNAs for Ciona intestinalis. Map-
ping the locations of these putative Ciona miRNAs to the
Ciona genome yielded additional information for com-
parison to the available known miRNAs. Additional File 2
lists the putative C. intestinalis miRNAs, their mature
miRNA sequence, oligonucleotide probe sequence, scaf-
fold number, coordinates, strand, position, and nearest

Align all known mature miRNAs
against entire C.intestinalis genome against entire C.savignyi genome

3229 mature miRs X 2501 scaffolds\ / 3229 mature miRs X 446 scaffolds
Retain only the 10-mer seed matches
to both C.intestinalis and C.savignyi.

l 3157 miRNA in 13554 matches

Align all known mature miRNAs

Retain only the mature matches to C.elegans and/or H.sapiens.
Extend matches 10nts downstream to create 20-mers.
425 unique miRNAs
1708 potential C.int hairpins
A4 2125 potential C.sav hairpins
Align C.int X C.sav 20-mers. Keep matches >= 90% identity.
Extend 20-mers by +/- 100 nts to create 220-mers.
257 matching miRNAs
106 C.int 220-mers
v 104 C.sav 220-mers
Mfold 220-mers to find hairpins in C.int and C.sav
42 C.int hairpins
36 C.sav hairpins
14 microRNA families appear in both C.intestinalis and C.savignyi

Figure |
Flow diagram for microRNA prediction algorithm.
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neighboring gene. Figures 2 and 3 show the mfold pro-
gram's text and graphical output for the putative miR-72
and let-7 for Ciona and C. elegans. The mfold output dem-
onstrates the conservation of the precursor hairpin struc-
ture with the related species, Ciona savignyi. Using the
ClustalX program, the predicted mature miRNA
sequences for C. intestinalis and C. savignyi were aligned
with known mature miRNA sequences from other organ-
isms. Figure 4 shows the mature miRNA multiple
sequence alignments which in turn demonstrate the
membership of the predicted Ciona miRNAs in existing
miRNA gene families.

The number of miRNAs from this computational predic-
tion is likely to be lower than the actual number of
miRNA genes in C. intestinalis. Since miRNAs are believed
to occur at a frequency of approximately 0.5-1.5% of the
total genes in the genome [5], Ciona's 15,000 genes
should have generated between 75 - 225 miRNAs. Of the
19 miRNA families that appear in both C. elegans and H.
sapiens [22], our algorithm only predicted 5 of these fam-
ilies in C. intestinalis (Figure 5). We expected to find all of
the miRNA families that were present in both C. elegans
and H. sapiens. Therefore, this may be an indication that
our algorithm is underpredicting the miRNAs. The param-
eters of our prediction algorithm could be relaxed in
future studies, in order to produce additional miRNA
sequence candidates.

Experimental validation of predicted miRNA sequences
We experimentally validated 8, out of 9 attempted, of the
putative C. intestinalis miRNA sequences using Northern

Ciona miR-72 homolog: ' UGGCAAGAUGUUGGCAUAGCU>

C.intestinalis miRNA precursor:

8) U A G U AU
CUGGU CUA GGC AGAUGUUGGCAUA CUAU UCAC \
GAUCA GGU UCG UCUAUAAUCGUGU GAUA AGUG G

§) U A - U UA

C.savignyi miRNA precursor:

A U A G AAAAAU
CUAGC CUA GGC AGAUGUUGGCAUA CUAU \
GAUCG GGU CCG UCUGUAAUCGUGU GAUA G

C U A - CAAAUU

C.elegans miR-72 precursor: (from Sanger miRBase)
* AGGCAAGAUGUUGGCAUAGC®’

-—= A UA AG U AU AUGAUCGC
AGGUCC  CGUCAG GC GGCA AUGU GGC AGCUGA U
ERN R e A A
UCCAGG  GUAGUC CG CCGU UACA CCG UCGACU U

AGU A CA cu - CU AUCAACAA

Figure 2

RNA folding structure as calculated by the program
mfold for miR-72. Text output of putative miR-72 for Ciona
intestinalis, Ciona savignyi and C.elegans.
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Ciona let-7 homolog: ° UGAGGUAGUUGGUUGUAUUGUU?

C.intestinalis miRNA precursor:

C G U U UCCCUUG
UCGUGG UGAG UAGU GGUUGUAU GUU U
GGUACC AUUC AUCG CCGACAUA CAA G

A G C U UUGUAAU

C.savignyi miRNA precursor:

A - U UUACA U
UCACAG UGAGGU AGUUGGUUGUAU GUU cc \
GGUGUC AUUUCA UCGACCGACAUA CAA GG U

- A U UAGC- C

C.elegans let-7 precursor: (from Sanger miRBase)
' UGAGGUAGUAGGUUGUAUAGUU>’

****** UACA GGA U --- AAUA
CUGU UCCGGUGAGGUAG AGGUUGUAUAGUUU GG U
PEEE LR e EE e 1
GACA AGGCCAUUCCAUC UUUAACGUAUCAAG ccC U
AGCUUCUCAA --G U UGG ACCA
Figure 3

RNA folding structure as calculated by the program
mfold for let-7. Text output of putative let-7 for Ciona intes-
tinalis, Ciona savignyi and C.elegans.

blot analysis (Figure 6). To validate the strand polarity of
the predicted mature miRNAs, we performed the North-
ern blot analysis with sense and anti-sense probes for the
top and bottom strands of the let-7 and miR-72 C. intesti-
nalis homolog predictions. In both the let-7 and miR-72
homologs, no hybridization to the anti-sense strand
occurred. Therefore, the strand polarity of these two pre-
dicted miRNA sequences was confirmed.

As a control, equal quantities of total RNA from C. elegans
and C. intestinalis were run on the same Northern blot
[results not shown]. When hybridizing against the probes
for the miR-72 and let-7 Ciona homologs, the C. intestina-
lis lanes showed strong positive signals. The C. elegans
lanes showed a weak response to the Ciona miR-72
homolog probe, and no response to the Ciona let-7
homolog probe. These results were as expected, since
Northerns are extremely sensitive to the probe sequence.
Since there were known mismatches to the probe at the
ends of the C. elegans sequence, it did not hybridize as
well to the miR-72 probe as C. intestinalis. Similarly, since
the Ciona let-7 sequence contained 2 alignment gaps in
the middle section the C. elegans sequence, we did not
expect to see hybridization.

Hybridizations with 7 of the remaining predicted C. intes-
tinalis miRNAs were attempted, yielding 6 additional pos-
itive Northern blot results. For these putative miRNA
sequences, probes were made against the predicted
mature miRNA sequences only, not against the bottom
sequences of the hairpin structure.

http://www.biomedcentral.com/1471-2164/8/445

MicroRNA expression data from other organisms con-
firmed the results that we obtained in the Northern anal-
yses of our predicted C. intestinalis miRNA sequences [22-
26]. For example, let-7 is highly expressed in adult tissue
of C. elegans, D. melanogaster, and vertebrates [23]. There-
fore, we were not surprised to find the let-7 homolog
expressed in the adult tissue of C. intestinalis. Conversely,
miR-47 has been experimentally validated in C. elegans,
but has not yet been predicted or validated in vertebrates
[22]. Although computationally there appears to be a
miR-47 homolog in C. intestinalis, we were not able to
detect its expression by Northern analysis. Since C. intesti-
nalis is phylogenetically located at the emergence of verte-
brates, the expression of miR-47 in C. intestinalis may be
more like vertebrates in this case.

We chose not to validate our predictions of miR-302a,
miR-33, miR-452*, miR-520d, and miR-7, based upon
reports of the expression of these homologs in the litera-
ture. The miR-302a sequence was validated by others in
mouse and human by cloning from embryonic stem cells.
Likewise, the miR-7 sequence was found in early embry-
onic development of the Drosophila (embryo to 6 hours)
[23]. Our validation was done with adult tissue. The miR-
452* and miR-520d sequences were detected by the array-
cloning technique [27]. The miR-33 sequence failed to
validate by Northern in any of the tissues tested in a pre-
vious study, which included Hela cells, mouse kidney,
adult fish, frog ovary, and S2 cells [23]. Therefore, since it
was unlikely to detect these homologs with Northern
analyses in adult tissue, we have not attempted to validate
them at this time.

Computational prediction of the Ciona intestinalis mMRNA
targets

Application of the target prediction algorithm allowed
stepwise refinement of the 14,866 potential mRNA targets
to a high confidence list for validation. The algorithm for
mRNA target prediction was based upon the observed bio-
logical mechanism of miRNA in the regulation of gene
expression. That is, the target prediction algorithm
addresses the following miRNA properties: reverse com-
plementary partial binding of the miRNA to the target; the
most critical binding at the 5' end of the miRNA strand;
and the binding to the 3'UTR of the target. Figure 7 con-
tains a summary of the results of the computational target
prediction. The 14,866 mRNA sequences were input to
the prediction pipeline as potential targets for the Ciona
miRNA. The Smith-Waterman alignment algorithm,
highly sensitive to small sequences, reduced the number
of potential targets to 572 unique mRNAs. These
sequences were filtered to retain only reverse complemen-
tary matches in which the miRNA 5'end had the strongest
affinity for the target.
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KEEKKE KKK

EREEE K XXX

E:g-:z-;ab hsa-miR-34c
hsa-let-7c czl-m[ﬁ;%;}1
i cbr-miR-
hsa-miR-98 Pt
dps-miR-34
cint-miR-34
csav-miR-34

csav-let-7

let-7 / miR-98

AR REFE REAEXEEEE
cint-miR-72 GGG
csav-miR-72 UGGC,
csav-miR-31 HUGGC,
cint-miR-31 HGGC,
hsa-miR-31 - GGC
cel-miR-72  AGGC,
cbr-miR-72  AGGC,

T

miR-72 / miR-31
REXRRREAAREE RXEKEE cint-miR-141
cint-miR-25 GC G ICCCG csav-miR-141
csav-miR-25 ; ICCCG hsa-miR-141
hsa-miR-ZS e CUCG 1
cint-miR-200
cint-miR-153 csav-miR-200
csav-miR-153 hsa-miR-200a
hsa-miR-153 hsa-miR-200b

hsa-miR-200c
1

HEREEKKEEE  KEERERR

cint-miR-47

csav-miR-47

cel-miR-47

cbr-miR-47 G GGCGC C

Figure 4

KEEKEKKRRKRKRK KR KK KR

hsa-miR-126
cint-miR-126
csav-miR-126

Eg E F E dme-miR-33
CCGUGAG C dps-miR-33
..... 10........20. cint-miR-33

miR-126

http://www.biomedcentral.com/1471-2164/8/445

B KKK KKK KKK KKK KKK KK KKK

cint-miR-7 f.
csav-miR-7 f.
dme-miR-7 f.
hsa-miR-7 Gl G

T, 10........ 20. ..
miR-7

csav-miR-33 GG
hsa-miR-33

cint-miR-302a
csav-miR-302a
hsa-miR-302a

miR-302a

KEEK KERRRREE K RARRXR

cint-miR-452* ).
csav-miR-452* ;
hsa-miR-452* G

miR-452*

miR-200

KAKEEAKE KX KARAKEE Kk

cint-miR-520d
csav-miR-520d CG
hsa-miR-520d

miR-520d

ClustalX alignments of the miRNA predictions. The first two columns contain the alignments for the miRNAs that we
attempted to validate. The third column contains the alignments for the five miRNAs that we did not attempt to validate.

If 20 to 30% of the genes for an organism are regulated by
miRNA, then Ciona intestinalis should have approximately
3000 to 4500 mRNA targets based upon its 15,000 gene
size. However, since our algorithm underpredicted the
number of Ciona miRNAs by approximately a factor of 10,
this would explain a corresponding reduction of predicted
targets. Therefore, 240 targets for 14 gene families is a rea-
sonable number of possible targets. Preliminary experi-
mentation with the program parameters demonstrated
that varying the seed alignment lengths and sequence
identity percentages reflected a direct correlation to the
number of predicted targets. Configuring these parame-

ters may then be used to adjust the system to produce
more or less targets. Through computational analysis, we
assigned functional descriptions to the target genes which
had miRNA matches to the 3'UTR of the mRNAs. The tar-
get genes were also grouped according to their Gene
Ontology (GO) terms (Figure 8). The majority of target
gene functions are involved in metabolism, membrane
transport, and cell signaling.

To enforce the relationship between the miRNA binding
location and its potential to elicit a regulatory effect in the
target gene, we computationally calculated and assigned
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C. elegans H. sapiens

/NI

C. intestinalis

Figure 5

Venn diagram summarizing the distribution of the
predicted C. intestinalis miRNAs into the C. elegans
vs. H. sapiens families. Family counts for C. elegans, and for
the intersection of C. elegans with H. sapiens were based on
conserved 6-mer seeds [22]. The family count for H. sapiens
was extracted from the miFam.dat microRNA family data file
available from the miRNA database [6].

binding locations to each target. The results were tabu-
lated and sorted according to the mRNA target match
locations occurring in the 3' untranslated region (3'UTR),
5' untranslated region (5'UTR), and protein coding sec-
tion (CDS). This procedure divided the 572 target
matches of the Ciona mRNA sequences into the following
subsets: 240 matches to the 3'UTR, 262 matches to the

miRNA Northern 5S rRNA |Result
homolog
let-7 v |y [y |positive
miR-72 - w2 Y |positive
miR-34 H positive
miR-126 [ - positive
miR-25 n positive
miR-47 = not detected
miR-141 B - positive
miR-153 - | & | positive
miR-200 u positive
Figure 6

PAGE Northern blot validation of miRNA predic-
tions. PAGE Northern blot analyses using adult C. intestinalis
total RNA were performed to determine the indicated miR-
NAs. Ethidium bromide staining of the 5S rRNA is shown as
a control for RNA loading and quality. Anti-sense (AS)
probes were tested for let-7 and miR-72.
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'UTR 3'UTR
5'U I CDS I = MRNA
3|J.U.V.UJ5 miRNA Potential targets
Alignment of miRNA to 14.866
C. intestinalis mRNA target sequences '
Filter to retain only reverse complement matches which
exhibit strong “seed” binding at the 5’end of miRNA 579
Computationally assign functional descriptions to
matched mRNA targets
Determine binding site locations of miRNA
on the mRNA targets, by comparing match locations to
the coordinates of the longest open reading frame (ORF) )
* 240in 3UTR

List of predicted miRNA :: mRNA target pairs

Figure 7
High level flow diagram of mRNA target prediction algo-
rithm.

5'UTR, and 70 matches to the CDS. As most established
miRNA targets exhibit binding in the 3'UTR [28], this
region was examined more closely. Further manual cura-
tion yielded three instances of multiple hits to the 3'UTR
of the same target by different miRNAs. Additional File 3
contains a list of the predicted targets with single and mul-
tiple hits to the 3'UTR region. The predicted targets which
contained multiple hits would be interesting to validate
because there is evidence in other organisms that multiple
miRNA binding sites in the 3'UTR contribute to more
potent regulation [11,29].

Finally, we attempted to use phylogenetic homology with
the C. savignyi genome to further prune the list of targets.
There are no functional gene descriptions available for C.
savignyi, and surprisingly, the C. intestinalis and C. savignyi
genomes are more divergent than we had expected. There-
fore, this step removed virtually all of the potential targets,
and had to be abandoned from our algorithm. Other stud-
ies have also found that approximately 50% of the targets
would have been missed if conservation had been used

[2].

Because we could not use phylogenetic conservation with
C. savignyi for the final step, we assessed whether other
features supported the strength of the microRNA to
mRNA target pairings. That is, we evaluated seed region
match quality; we excluded G:U wobble pairs; and we
examined whether some amount of compensatory bind-
ing at the 3' end of the miRNA was present. Figure 9 shows
a sampling of the predicted mRNA targets. The RNAhy-
brid program [30] was applied to these miRNA:mRNA
sequence pairs, to calculate the minimal free energy of the
hybridization. The values obtained from RNAhybrid were
consistent with energetically favorable hybridizations.
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3%

5%

5%

12%

Figure 8
Gene ontology (GO) terms grouping of the mRNA targets.
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M metabolism

M carrier proteins/membrane transport
effectors/modulators; cell
communication

M nucleoside, nucleotide and nucleic acid
metabolism

M intracellular transducers, signal
transduction
cytoskeleton organization and
biogenesis

M stress response
lipid metabolism

W receptor activity

M cell cycle
RNA processing (e.g., spliceosomal,
helicases)

m amino acid metabolism

M apoptosis
protein synthesis

B DNA repair
protein modification
microtubule associated complex

tRNA metabolism

Notably, for approximately 25% of the predicted targets,
these functional gene orthologs were also predicted for
human/mouse/rat using the PicTar target prediction pro-
gram [21].

Conclusion

In this study, we used computational methods to predict
14 miRNA sequences in the Ciona intestinalis genome. Of
the 9 miRNA sequences tested experimentally using
Northern blot analyses, we successfully validated the pres-
ence of 8 of our predicted Ciona miRNA homologs in the
RNA of the adult tissue of Ciona intestinalis. Currently, no
experimentally validated miRNAs are reported in the
Sanger miRBase for Ciona intestinalis. The addition of our
eight validated sequences to the database strengthens the
evidence of phylogenetic miRNA sequence conservation.
Additionally, a computational algorithm for mRNA target
prediction was developed in this study, which takes
advantage of the known biological properties of miRNA
function and their target binding behavior.

Although previous studies have used phylogenetic homol-
ogy for the prediction of miRNAs, our algorithm involved
several novel concepts. First, since Ciona is located in an
area of the phylogenetic tree for which miRNAs have not
yet been validated, we chose to search for potential
miRNA sequences across widely divergent phyla and sub-
phyla. In other homology-driven approaches, the organ-

ism under study could be examined for known miRNAs
from a member of the same Class or Order [31-33]. Sec-
ond, in the initial step of our algorithm, the strongest con-
straint for alignment was placed upon the first 10
nucleotides, which includes the seed region of the
miRNA. This differs from other methods that searched
along the entire mature miRNA for perfect or near-perfect

C.intestinalis microRNA to mRNA target binding Functional gene
category
AU
€i0100146217 5 AAC-AUAC-ACCA ACUACCUCA3
Galactosyl-
PEE e e el transferase
let-7/miR-98 3'UUG UAUG UGGU--UGAUGGAGU®'
U U mfe: -26.8 kcal/mol
U
ci0100143185 5'AGC-AUG--AAC AUCUUGCCA3 ATP binding
FEE e e e cassette (ABC)
miR-72/miR-31 3'UCG UAC UUG-UAGAACGGU> transporter
A GG
mfe: -23.3 kcal/mol
cC A UcU
ci0100142874 5 UCACUUU UGU UA  CUAUGCA?® Uroporphyrinogen
FEEEEEE Tee 1l [ARRERN] decarboxylase
miR-153 3 AGUGAAA-ACA-AU---GAUACGUU®’
mfe: -20.8 kcal/mol
a
ci0100133471 5'AC AUU-CUCAGGCAGUAUUA3’ Kinesin motor
PP D e domai
miR-200 3'GUG UAA G-GUCCGUCAUAAUS' omain
G U mfe: -25.5 kcal/mol

Figure 9

Sampling of predicted mRNA targets. ("mfe" is the
minimal free energy of the duplex, as calculated by RNAhy-
brid.)
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matches [12,34-36]. This constraint was chosen because
the seed region is important in target binding [7], and has
been used in other studies as the basis for determining
miRNA family membership [22]. Third, our algorithm
used a second homology filter to compare the miRNA
candidates between two species for which miRNAs have
not yet been validated. Because the two genomes of Ciona
are so divergent, these conserved ~22 nucleotide
sequences are even more compelling as potentially valid
miRNA genes.

In the course of this study, another laboratory published
an initial computational prediction of miRNAs for Ciona
intestinalis [18], based upon homology between predicted
precursor hairpin structures in Ciona intestinalis, Ciona
savignyi, and Oikopleura dioica. Their published prediction
of 41 miRNA precursor sequences overlapped with ours
by just one microRNA, let-7. In a subsequent study [37], a
clustering approach was used with the Ciona non-coding
RNA candidate sequences. By this method, the authors
predicted 58 miRNAs, of which only let-7, miR-7, miR-
124, and miR-126 coincided with known miRNAs. Our
method predicted let-7, miR-7, and miR-126, aswell as 11
other conserved miRNA families. While their approach
exhibits great potential for predicting conserved and novel
miRNA candidates, they report no experimental valida-
tion in either study, so we cannot evaluate the accuracy of
their prediction method's results.

Our miRNA prediction code was written to be highly con-
figurable, allowing for different binding strengths, as well
as step-wise refinement to prune the candidates by phylo-
genetic conservation with homologous miRNA gene fam-
ilies. The entire prediction pipeline was designed so that
intermediate results could be extracted at each step and
examined for interesting patterns. As more characteristics
of miRNA are discovered, code modules can be added and
removed to reflect the changing paradigm. Establishing
statistics for the characteristics of known miRNA genes in
other organisms enabled the creation of a parameterized
prediction approach with a high success rate. Genomic
sequence analysis for conserved miRNA genes, coupled
with secondary structure folding, is not necessarily suffi-
cient to find miRNA genes in an organism unless parame-
ters are applied to aid in the selection process. In a recent
study involving the prediction of porcine miRNA genes
through homology, only 7 out of 20 attempted predic-
tions were validated by Northern blot [31]. The details of
the prediction algorithm in this study were not shown, so
it is not clear if parameterization was applied during the
process. Our code was also designed so that parameters
could be configured to tighten or relax the constraints on
the matches. The current parameters may be too restric-
tive, if the percentages reported in the literature [5] are
extendable from human miRNAs to Ciona miRNAs. That

http://www.biomedcentral.com/1471-2164/8/445

is, we should have obtained approximately 75 to 225
mi