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MicroRNAs (miRNAs) are small RNAs widely present in animals and plants and involved in post-transcriptional regulation of
gene transcripts. In this study we identified and validated 58 miRNAs from an EST dataset of Spodoptera litura based on the
computational and experimental analysis of sequence conservation and secondary structure of miRNA by comparing the
miRNA sequences in the miRbase. RT-PCR was conducted to examine the expression of these miRNAs and stem-loop RT-
PCR assay was performed to examine expression of 11 mature miRNAs (out of the 58 putative miRNA) that showed
significant changes in different tissues and stages of the insect development. One hundred twenty eight possible target
genes against the 11 miRNAs were predicted by using computational methods. Binding of one miRNA (sli-miR-928b) with
the three possible target mMRNAs was confirmed by Southern blotting, implying its possible function in regulation of the
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Introduction

MiRNAs are small endogenous regulatory RNAs. They usually
are only about 22 nucleotides long and their precursor can fold
into a stem-loop structure [1]. Since the second miRNA let-7 was
reported in 2000 [2], these vital participators in post-transcrip-
tional gene regulation have received more and more attention and
many efforts have been made to discover new miRNAs in different
species. More than 15000 miRNAs have been identified from
different species, such as Bombyx mori, Caenorhabditis elegans,
Arabidopsis thaliana and Homo sapiens, by either computational or
experimental method and deposited in the miRbase (release 16.0
by mirbase) (http://www.mirbase.org).

MiRNA plays important roles in many physiological processes,
such as growth, development, metabolism, behavior and apoptosis
by mRNA cleavage or translational repression [1,3,4,5,6,7,8,9]. It
is found that one miRNA can target mRNA of several genes. In
human, mRNAs of one-third of genes are regulated by miRNA as
transcriptional or developmental factor; on the other hand, one
molecule of mRNA can be bound by several different miRNAs
[10].

Cloning usually is a direct approach to identify miRNAs,
however, significant variation in their expression levels has made it
difficult to clone low abundant miRNAs [11,12]. Therefore,
computational methods have become a helpful approach to
identify miRNAs by searching for signature structure of miRNA
molecules [13].

So far, the research of miRNA mainly focuses on mammals
(such as Homo sapiens and Mus musculus) and eudicotyledons (such as
Medicago truncatula and Arabidopsis thaliana). Insect miRNA identi-
fication 1s far behind nematodes, mammals and plants. Totally
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more than 2300 insect miRNAs have been identified from 22
insect species, including Drosophila melanogaster, Anopheles gambiae,
Apis mellifera, Bombyx mori, D. pseudoobscura and deposited in
miRbase (release 16.0). Most of these insect miRNA are identified
by computational method and have not been experimentally
validated. No miRNA are reported in agricultural pest insects.

In this study we used computational and experimental methods
to identify miRNAs in the lepidopteran species Spodoptera litura, one
of the most destructive agricultural insect pests in tropical and
subtropical areas of the world. We examined the spatial and
temporal expression profiles of these miRNAs in the midgut,
epidermis and fat body during development from egg to adult
stages. We also predicted possible target genes for some of these
identified miRNAs.

Results

Computational Identification of S. litura miRNAs
Homologue search method was used to identify miRNAs in S.
litura. By using bl2seq program to analyze 1,132 un-annotated
ESTs, 90 sequences were found to contain the fragments
homologous to the 403 known miRNAs from five insect species,
including B. mori, A. gambiae, D. pseudoobscura, D. melanogaster and A.
mellifera in the miRbase (release 12.0) (Fig. 1). The homologous
regions of these 90 sequences had no more than five nucleotides
mismatch to the known miRNAs. Approximately 100 bp frag-
ments, including the homologous region and the upstream and
downstream flanking regions, of these 90 sequences were extracted
and used for RNA secondary structure analysis by RNAfold [14].
Fifty eight fragments were found to satisfy the prerequisite of a free
energy threshold [15] and considered to be encoded by potential
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Figure 1. Identification pipeline of miRNA from Spodoptera litura. The numbers in the boxes on the right are the ones for corresponding ESTs

or miRNAs identified.
doi:10.1371/journal.pone.0037730.g001

miRNAs. According the nomenclature of miRNA [16-17], these
S. litura miRNAs were signed identity as shown in Table 1.

Most of these 58 miRNAs have multiple homologues in
different species. Over all the 58 miRNAs, the average similarity
between the homologues reached 85% and some of them had
similarity up to 96%, with only 1~2 bp difference. The
homologous miRNAs were generally conserved on the middle
region of the sequence, but diversed at either 5" or 3’ ends. For
example, mature sli-miR-33b had 17, out of 24, nucleotides
identical to its homologues in other insects, with 7 nucleotides
being diverse and mainly locating at the both ends of the mature
miRNAs (Fig. 2).

Analysis of the 58 miRNA revealed that they were grouped into
46 miRNA families, among which 24 are found to be exclusively
present in arthropod species (miRbase), while 22 miRNA families
are conserved in more than one phylum. Two miRNA families
(miR-7 and miR-71) have been found in at least seven phylum,
implying that they conserved in evolution and may be involved in
regulation of the gene transcripts in important physiological
process.

One pair of the identified miRNAs sli-miR-3329 and sli-miR-
1814a was found to locate in the same EST sequence with an
msert of 126 nucleotides between them (Fig. 3). They are
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considered as clustered miRNAs [18] and may be involved in
co-regulation of a same biology process.

Expression of the Identified miRNAs

To examine the expression of these 58 miRNAs, stem-loop RT-
PCR were performed using a mixture of total RNA isolated from
eggs, larvae, pupae and adults and using U6snRINA as control,
which is believed to be highly conserved in eukaryotes [19]. The
results indicated that the expression levels of 11 potential miRNAs,
clones 12 (sli-miR-307), 18 (sli-miR-71), 23(sli-miR-283), 25(sli-
miR-928a), 29 (sli-miR-33a), 30(sli-miR-33b), 31(sli-miR-983), 32
(sli-miR-1890), 35(sli-miR-928b), 39 (sli-miR-210) and 40(sli-miR-
34), were significantly higher than the control U6snRNA (at least
>2 folds) (Fig. 4). The expression levels of other 45 potential
miRNAs were similar or lower than UbsnRNA, with ratios being
between 0.1~1. Two miRNAs, clones 14 (sli-miR-954) and 49 (sli-
miR-3001), had extremely low levels of expression with a ratio of
the miRNA to the control being smaller than 0.01. The results of
the stem-loop RT-PCR suggested that 56 out of 58 potential
miRNAs were expressed in S. litura and were probably functioning
miRNAs, while sli-miR-954 and sli-miR-3001 needed to be
further confirmed.
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Table 1. Predicted miRNA in Spodoptera litura.

No. miRNA Mature sequence No. miRNA Mature sequence

1 sli-miR-211 CUGUGCGUUGUACACACGGCUA 30 sli-miR-928b GUGGCUGUAGAGGCGGCGAC

2 sli-miR-125 UCACUGAGACCAAAACUCCUGA 31 sli-miR-1890b UGACAUAAUAACGAUUUCA

3 sli-miR-283a UAAGUAGUAGCUUUAAUUCU 32 sli-miR-928a CUGGCUGUGGAGCUGGCGCU

4 sli-miR-928¢-1 CUGGCUGUGGAAGCUGGCGAA 33 sli-miR-970 ACAUACUACACUACCCGGCUAU

5 sli-miR-13 CACAUCACUAGGGCUGUGAUA 34 sli-miR-928c-2 CUGGCUGUGGAAGCUGGCGAA

6 sli-miR-10 ACAAAUUCGGAUCAAAAGACA 35 sli-miR-71 UGAAAGACUGGUGUGAGUGA

7 sli-miR-1890a-1 UGACAUCUUUGAUUAGGUCU 36 sli-miR-1000 ACUCCUGUCCAAGACAAUAA

8 sli-miR-286 UGAUUAGACCUACACACUCGCG 37 sli-miR-29b GCUGAGCCCAAAUGGGGCUA

9 sli-miR-263b-1 AUUGACACCGGAAGAAUUCGC 38 sli-miR-263b-2 GUGCAUACUUCAUGCCAAG

10 sli-miR-305-1 AUUGUACUUCUUGUUGGUCUG 39 sli-miR-983 UCAUUAGAUCAUACGCACUAU

11 sli-miR-283b UUAAUAACCACGCUAAUAUUUA 40 sli-miR-307 UCAGCAUCUCCUUGGGUGAC

12 sli-miR-283c AAAAUGUCGCUGGUAAUUCC 41 sli-miR-1175 UUACUUCGUGAGAGUAGAAACUCA
13 sli-miR-79 AUGCUAUUUUAAAUAUAGCUUUA 42 sli-miR-316 UGUGUUUUUCACUUUGCUGCAG
14 sli-miR-954 UCUGGGUGUCAUUGUGUAU 43 sli-miR-184 UCGACGAACAACUAUAAGGG

15 sli-miR-981 UUCGUAUGACAUGAAACCUG 44 sli-miR-15 CGGACGGAGUAGUCUUUAGGG

16 sli-miR-31a CACAAUAUGUCGCGUAGCUGA 45 sli-miR-278 GCCCAUUUGACUUGCCGUCCA

17 sli-miR-989 UGUGAUGCUAAUGUAGAUGCUAC 46 sli-miR-14 CGGGGAGAGAACUGGAAGAGG

18 sli-miR-210 UUGUUCGUGAUCGCAGCGGCUU 47 sli-miR-2771 UAACAUUAUGAGGAUGGGUUGAACUG
19 sli-miR-1006 UAAGAAUAGGAAGAACUCGAAUUU 48 sli-miR-2809 AAAACAGCAGACGGAUCACCUGAU
20 sli-miR-6 AAAAAGACCAGCCCUCUGGUA 49 sli-miR-3001 AACUCUACAAUUAUUUAAAUUUA
21 sli-miR-1890a-2 UGACAUCUUUGAUUAGGUCU 50 sli-miR-3242 CACGCGGGCGGGCGUAUCGCGUUGGA
22 sli-miR-7 UGAGAUAAAGGUUGUUUUGU 51 sli-miR-3279 UAUGUUAUACAAUAUUUAUGACU
23 sli-miR-33a GUGCAUUUGUAGUCGCAUU 52 sli-miR-3291 AAAUUCAUAUAUUUAGGUACAAA
24 sli-miR-981 UUCGUUGUAAGAAACUUACA 53 sli-miR-3290 UGUGUGAUUAUACUUAUGAUUUU
25 sli-miR-305-2 AUUGUACUUCUUGUUGGUCUG 54 sli-miR-3329 UCUGUAAUAAAUAAUUGUAUGU
26 sli-miR-279a UGACUAGCUCCCCCCUCAC 55 sli-miR-1814a AGGGUUUUUGAUUUUGUUUU

27 sli-miR-34 UGACAGUGUGGACAGGUGGC 56 sli-miR-3375 GAAAAUCUUUGAAAAAUUUGGAAUA
28 sli-miR-279b UGACGAGAUGCACUCAU 57 sli-miR-2478 UGGUGUCAGAAGUGGGAUCC

29 sli-miR-33b GUGCAUUUGUAGUUGCAUUGCA 58 sli-miR-2507a UUUUACGCACAAAAUUGUACAAC
doi:10.1371/journal.pone.0037730.t001

dme-miR-33-5p |- |-

dps-miR-33 .E

ame-miR-33 |- |-
hsa-miR-33-5p

_|: gga-miR-33
sli-miR-33b

bmo-miR-33 |-|-
mmu-miR-33-5p

Qlajalalalalalald

clejeje|e|aje|ae|
alalalalalaljalala
laejeje|aejaja|e|@
alajalalajajajala

Figure 2. Sequence comparison and phylogenetic tree analysis of the members of the miR-33 family. The stars show the nucleotides
that are conserved in all the members of the miR-33 family. sli: S. litura; dme: Drosophila melanogaster; dps: Drosophila pseudoobscura; ame: Apis
mellifera; hsa: Homo sapiens; gga: Gallus gallus; bmo: Bombyx mori; mmu: Mus musculus.

doi:10.1371/journal.pone.0037730.g002
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Figure 3

Figure 3. A miRNA cluster that contains sli-miR-1814a and sli-miR-3329 in the same EST isolated from 5. /itura.

doi:10.1371/journal.pone.0037730.9003

Analysis of Expression Patterns of the Selected 11

miRNAs in Different Stages

Because regulation of target mRNA transcripts by miRNA
usually is a negative controlling mechanism [1], those miRNAs
that are up-regulated are more interested in our study. Those 11
miRNAs that highly expressed in the insect (Fig. 4) were further
analyzed for their expression pattern in eggs, larvae, pupae and
adults by using stem-loop RT-PCR (Fig. 5). The results indicated
that the expression of sli-miR-307 varied across the nine
developmental stages. High levels of expression were detected
at egg, pupal and adult stages, while low levels of expression
were detected in larval stages (particularly in ond instar) except
6™ instar stage. Sli-miR-71 and sli-miR-283 showed similar
patterns of expression. Relative higher expression was found
starting from 5" instar stage to pupal stage. Sli-miR-928a and sli-
miR-33a shared a very similar expression pattern with the
highest levels of expression in 6™ instar larvae and pupae. They
also have a moderate level of expression in eggs and adults. The
expression of Sli-miR-33b was similar to that of sli-miR-33a and
sli-miR-928a from egg to pupal stages, but no expression was
detected at adult stage. The expression pattern of sli-miR-1890
was similar to that of sli-miR-928b, but had much higher levels
of expression at egg and adult stages. These two miRNAs
increased their expression gradually during the development
from 5™ instar larvae to pupae. The expression pattern of sli-
miR-983 was basically similar to sli-miR-928b, but sli-miR-983
had lower expression than sli-miR-928b at the egg, larval and
adult stages. Sli-miR-210 and sli-miR-34 highly expressed at 5
and, particularly, 6" instar stages and then the expression
decreased at pupal and adult stages.

@ PLoS ONE | www.plosone.org

In summary, all of the 11 miRNA exhibited high levels of
expression during the 6" instar larval and pupal stages. Sli-miR-
928b, sli-miR-928a, sli-miR-307, sli-miR-983, Sli-miR-33a and
Sli-miR-33b also expressed in eggs. Sli-miR-928b, sli-miR-928a,
sli-miR-307, sli-miR-1890, sli-miR-283 and Sli-miR-33a ex-
pressed to different extent at adult stage. Most of the miRNAs
had low levels of expression during the larval development from
1 to 4™ instar stages.

Analysis of Expression Patterns of the Selected 11
miRNAs in Different Tissues

Because the selected 11 miRNAs highly expressed at 6™ instar
larval and pupal stages (Iig. 5) and the original ESTs were from
three stages of 6 instar larvae (day 1, 3 and 6 after ecdysis into
the 6™ instar stage), detailed analysis of expression of the
miRNAs in different tissues of these three stages of 6™ instar
larvae was performed. Total RNA was extracted from the
midgut, fat body and epidermis at L6D1, L6D3 and L6D6 for
stem-loop RT-PCR analysis. The results indicated that sli-miR-
1890 maintained at a relatively stable and high expression level
in the three tissues during the 6" instar stage (Fig. 6). Sli-miR-
33a and sli-miR-34 had similar expression pattern in the midgut,
while Sli-miR-33a had much higher expression at L6D3 in the
fat body and at L6D6 in the epidermis than sli-miR-34. sli-miR-
928b basically displayed a similar expression pattern as Sli-miR-
33a and sli-miR-34, but with lower levels, in different tissues at
the 6™ instar stage. sli-miR-1890, Sli-miR-33a, sli-miR-34 and
sli-miR-928b were clustered together because in general they are
expressed in all the tissues of 6™ instar larvae. Sli-miR-928a and
sli-miR-33b did not express in the epidermis, but expressed in

May 2012 | Volume 7 | Issue 5 | e37730



Spodoptera litura miRNA

Figure 4

Figure 4. Expression of the 58 predicted miRNA detected by stem-loop RT-PCR. The expression levels of the 58 predicted miRNA of S. litura
by stem-loop RT-PCR were digitized by ImageQuantTL after gel electrophoresis and the relative expression levels of the miRNAs were calculated as
log10(miRNA/U6snRNA). The digital numbers were converted into image by using Cluster/Treeview. The scale bar shows the relative expression
levels of the miRNAs over the control (U6snRNA) from —3 to 3 folds (0.001 to 1000 folds). The numbers in the figure were corresponding to those in

Table 1.
doi:10.1371/journal.pone.0037730.g004

the midgut and fat body at different levels. Sli-miR-307, sli-miR-
983 and sli-miR-71 had a similar expression pattern in the
midgut and epidermis, for example, they were much higher
expression at L6D3 than at L6D1 and L6D6 in these two tissues.
In the fat body, Sli-miR-307 and sli-miR-983 had a high
expression at L6D3, while sli-miR-71 was not expressed. Sli-
miR-210 and sli-miR-283 had high expression in the epidermis
through 6™ instar larval stage, while Sli-miR-210 also expressed
in the midgut and sli-miR-283 expressed in the fat body. Sli-
miR-283 did not express at all in the midgut. Sli-miR-307, sli-
miR-983, sli-miR-71, sli-miR-210 and sli-miR-283 were clustered
into a group because they expressed in the epidermis, separating
from sli-miR-928a and sli-miR-33b, which did not express in the
epidermis.

In summary, sli-miR-1890, sli-miR-33a, sli-miR-34 and sh-
miR-928b appeared to express in all the tissues during the 6™
stage, while sli-miR-928a, sli-miR-33b sli-miR-307, sli-miR-983,
sli-miR-71, sli-miR-210 and sli-miR-283 were more tissue- and
stage-specific in 6" instar larvae.

Target Gene Prediction of the Selected 11 miRNA

To identify potential target genes of the selected 11 miRNAs,
we used the Targetscan and PicTar programs [20] to search
Class I target genes and used RNAhybrid [21] to search Class 1T
target genes. Totally, 211 potential target genes were identified

@ PLoS ONE | www.plosone.org

for the 11 miRNAs, with 189 belonging to Class I and 22
belonging to Class II (Table 2). These target genes are involved
in metamorphosis, metabolisms, apoptosis, binding activity and
signal transduction.

Binding of miRNA with Target Genes

The identified miRNA sli-miR-928b has four predicted target
genes, CG2781, mRpL27, Af-2 and CG1776. CG2781 is involve in
fatty acid elongation [22,23] and CGI776 encodes a calcium-
dependent protein kinase [24,25,26]. mRpL27 and Atf-2 encode
mitochondrial ribosomal protein L27 [27,28] and activating
transcription factor-2 [29,30], respectively. To examine the
possibility of sli-miR-928b binding to the transcripts of its
predicted target genes, the 3'UTR c¢DNA fragments that
contained the sli-miR-928b complementary sequence of the four
target genes were amplified by RACE-PCR. Sli-miR-928b
miRNA was synthesized and labeled with *P-ATP as a probe.
Southern blot hybridization between the 3'UTR ¢DNA of four
target genes and the sli-miR-928b probe was performed. The
results showed that CG2781, Aif-2 and CG1776 could bind with
the sli-miR-928b probe in various degrees, while imRpL27 could
not (Fig. 7). The results suggested that sli-miR-928b may target
the transcripts of the CG2781, Atf-2 and CGI1776 genes in vivo.
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Figure 5. Developmental expression of the 11 selected miRNAs at different stages from eggs to adults of S. /itura. The expression
levels of the miRNA by stem-loop RT-PCR were digitized by ImageQuantTL after gel electrophoresis and the relative expression levels of the miRNAs
were calculated as log10(miRNA/U6snRNA). The digital numbers were converted into image by using Cluster/Treeview. The scale bar shows the
relative expression levels of the miRNAs over the control (U6snRNA) from —3 to 3 folds (0.001 to 1000 folds).
doi:10.1371/journal.pone.0037730.9005
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Figure 6. Spatial expression of the 11 selected miRNAs in the midgut, fat body and epidermis during the 6™ (last) instar larval stage
of S. litura. The expression levels of the miRNA by stem-loop RT-PCR were digitized by ImageQuantTL after gel electrophoresis and the relative
expression levels of the miRNAs were calculated as log10(miRNA/U6snRNA). The digital numbers were converted into image by using Cluster/
Treeview. The scale bar shows the relative expression levels of the miRNAs over the control (U6snRNA) from -3 to 3 folds (0.001 to 1000 folds). Mg:
midgut; Fb: fat body; Ep: epidermis. D1, D3 and Dé: day 1, 3 and 6 in 6™ instar stage, respectively.

doi:10.1371/journal.pone.0037730.g006
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Discussion

Reliability of Identified S. litura miRNA

Totally, 58 S. litura miRNAs were identified in this study. Firstly,
these miRINAs were identified from 1,132 ESTs, which have no-
hit homologues in the public databases, by sequence comparison
with the 403 known miRNAs of insects, including B. mor, A.
gambiae, D. pseudoobscura, D. melanogaster and A. mellifera. Some of
these known insect miRNA had been demonstrated to express or
function in the insects [31]. Secondly, these potential miRNAs
were further confirmed by stem-loop RT-PCR. Stem-loop RT-
PCR has been used to specifically amplify miRNA in many species
[32,33,34]. In stem-loop RT-PCR the primers were designed
based on specific miRNA structure, therefore, only those miRNAs
that have the same nucleotide sequences as the primers can be
amplified by RT-PCR. All of the 58 potential miRNA could be

@@ 3\-@@ s\'d"é; 4}'@6
.

—— — —

Figure 7

Southern blot

Figure 7. Southern blotting analysis of sli-miR-928b binding
with the mRNA transcripts of its predicted potential target
genes, CG2781 (GenBank accession number: 40943), mRpL27
(GenBank accession number: 318825), Atf-2 (GenBank acces-
sion number: 37978) and CG1776 (GenBank accession number:
36002). The 3'-UTR cDNA fragments that contained the sli-miR-928b
complementary sequence of the four target genes were amplified by
RACE-PCR (lower panel). Sli-miR-928b miRNA was synthesized and
labeled with 32P-ATP as a probe and used for the hybridization with the
3’-UTR fragments of the genes (upper panel).
doi:10.1371/journal.pone.0037730.9g007
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Table 2. Potential target genes of the selected 11 miRNAs.

No. miRNA No. of target genes Selected potential target genes

1 sli-miR-33a 2 CG18561, CG13492

2 sli-miR-33b 6 CG32062, CG14006, CASK

3 sli-miR-34 21(1)* Katanin60, bruchpilot, synaptotagmin, mbl
4 sli-miR-71 14(3) Obstructor-E, scabrous, cnc, neurotactin
5 sli-miR-210 27(2) LanB2, Khc-32, Or35a, fifl, tou, crb, pygo
6 sli-miR-283 14(1) Cnc, Gr59¢, mbl, Nacalpha

7 sli-miR-307 39(2) Sr, fkh, Atg4, elF-5A, kkv, LpR1, Or41a

8 sli-miR-928a 39(6) R, Cip4, B-H1, smg, kuz, AP-47, Atf-2

9 sli-miR-928b 44(7) R, Rab23, bur, how, AP-47, hbs, Tollo

10 sli-miR-983 5 CG8546, CG12996

11 sli-miR-1890 0 =

*The numbers in the parenthese are for the second class of miRNA target genes.

doi:10.1371/journal.pone.0037730.t002

amplified in this study, indicating that they possessed the miRNA
structure. Thirdly, three known B. mor: miRNA (bmo-let-7,bmo-
miR-7,bmo-bantan; http://miRbase.org) were used along with
another three 22-bp sequences within the B. mori genes as negative
control to test the efficiency of the stem-loop RT-PCR. The results
showed that all of the three known B. mori miRNAs could be
amplified by stem-loop RT-PCR, whereas no PCR products were
amplified from the negative control. All these results together
indicate that this approach used in this study can efficiently
identify the potential miRNA in S. &tura.

Expression and Potential Function of S. litura miRNAs

Eleven miRNAs mainly expressed from late larval stage
(L5~L6) to pupa stage. This changing pattern in expression of
miRNA is similar to another Lepidoptera insect, Bombyx mori [33]
and fly. In fly, the expression of miRINA targets decreases starting
from larval periods and lasting to adulthood, implying that the
expression of miRNAs tends to be high from early larval stage
(L24h) to adult [35] in fly.

Expression pattern analysis and target gene prediction can
provide some clues for potential function of the . ftura miRNAs
identified in this study. For example, miR-33 has been found to be
involved in the metabolism of high density lipoprotein (HDL) and
cholesterol in the pathway of fatty acid metabolism [36,37]. In this
study, sli-miR-33b was found to highly express in eggs, 6" instar
larvae and pupae (Fig. 5), particularly in the midgut of prepupal
larvae (Fig. 6). Potential target genes for sli-miR-33b were
predicted as CG32062, CG2781 and CASK. CG32062 encode
Ataxin-2 binding protein 1 and involved in nervous system
development and imaginal disc-derived wing vein specification
[38]. €G2781 is also a protein coding gene and involved in very
long-chain fatty acid biosynthetic process [23]. CASK'is involved in
neurotransmitter secretion and cell shape [39,40]. A high level of
sli-miR-33b expression in eggs may imply that sli-miR-33b
regulates the nervous system development. However, sli-miR-
33b also had a high level of expression in the fat body of prepupal
and pupal stages, implying that it may regulate the fatty acid
elongation. On the other hand, although CG52062 is predicted as
a potential target gene for sli-miR-33b, but it appeared not to
express in the epidermis. Whether or not this miRNA is involved
in regulation of imaginal disc-derived wing vein specification is
suspected.
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The predicted target genes for sli-miR-307 are sr, fkh, Stat92F,
(632467, Or42a and kkv. sris involved in central nervous system
development and ectoderm development [41,42]. fkh is involved in
negative regulation of cell growth [43]. Stat92E is involved in
ovarian follicle cell development [44]. (G32467 is involved in
compound eye development [45]. Or42a is believed to be involved
in olfactory behavior and sensory perception of smell [46,47]. kkv is
suggested to be involved in chitin-based embryonic cuticle
biosynthetic process [48,49]. sli-miR-307 had a high level of
expression in eggs (Fig. 5), implying that it may regulate the central
nervous system, ectoderm development and chitin-based embry-
onic cuticle biosynthesis during the embryo development. Sli-miR-
307 also exhibited high levels of expression at the last larval, pupal
and adult stages, indicating that it may be also involved in ovarian
follicle cell development, eye development and olfactory behavior.

Sli-miR-928a and sli-miR-928b had similar expression patterns
and both had high levels of expression in eggs, later 6™ instar
larvae, pupae and adults (Fig. 5). However, this similar expression
pattern was detected only in the midgut and fat body, whereas
their expression was different in the epidermis (Fig. 6). Sli-miR-
928b expressed in the epidermis but sli-miR-928s did not. The
predicted target genes common for both of sli-miR-928a and sli-
miR-928b are R [50] and seq [51,52], which regulated the cell
shape and axon extension, respectively. How these miRNAs
accurately and correctly regulate different processes in the tissues
at various stages Is interesting.

Predicted target gene of sli-miR-983 is CG8546, which has been
suggested to have molecular function of ligand-gated sodium
channel activity [53]. It may be involve in sodium ion transport by
down-regulate the potential target CG8546. Sli-miR-283 was
highly expressed in the epidermis of 6™ instar larvae (Fig. 6). One
of its potential target genes was mbl, which has been demonstrated
to be in involved in apoptosis [54] and compound eye
photoreceptor [55]. Sli-miR-71 highly expressed in the midgut
and epidermis of 6" instar feeding larvae (Fig. 6). One of its
possible target genes was obstractor-E, which has been found to be
involved in chitin metabolic process [56]. Therefore, it is possible
that sli-miR-71 may play a role in inhibition of obstractor-E and
then chitin degradation in the midgut and epidermis during larval
feeding stage. Similar to sli-miR-283, a potential target gene of sli-
miR-34 is mbl that is involved in apoptosis. In fact, several studies
reported that miR-34 is associated with inhibition of apoptosis
[57,58,59].

Sli-miR-210 highly expressed in the epidermis, as well as
midgut, in 6™ instar larvae (Fig. 6). miR-210 has been found to
play an important role in endothelial migration, vascular
reconstruction [60] and arteriosclerosis [61]. The predicted
potential target genes of sli-miR-210 are CG5246 and CG6359,
which are involved in serine-type endopeptidase activity and
phosphatidylinositol binding, respectively [62,63,64], implying
that sli-miR-210 may be involved in process of proteolysis,
phagocytosis and engulfment of the epidermis.

No potential target genes were predicted for sli-miR-33a and sli-
miR-1890 when the 3"UTR of D. melanogaster was used to analysis.
Sli-miR-1890 expressed in all the tissues tested in 6™ instar larvae
(Fig. 6). Sli-miR-33a was the most highly expressed miRNA
among all of the identified miRNAs and it expressed in all the
tissues, particularly in the midgut of 3-day-old 6" instar larvae and
prepupal larvae (day 6 of 6™ instar stage) and in the epidermis of
prepupal larvae. Because these two miRNAs always have high
levels expression, it is probably they suppress some genes that are
not benefic to cellular functions or activities.

Eleven potential TFs (CG52062, mbl, cne, CG11776, CG15455,
CG34209, fkh, pdm3, CG14478, Aif-2, His4:CG33907) were found
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among the 128 predicted target genes, being about 8.5% of the all
target genes identified. The ratio of TFs to nuclear proteins in
human is 50% (19/38) and to all the target genes in cellular
signaling networks is 11.9% (19/159) [65]. Based on the search in
the MicroCosm (http://www.ebi.ac.uk/enright-srv/microcosm/
cgi-bin/targets/v5/search.pl), the ratio of all the TFs and co-
factors to all the target genes in human is 6.7% (2363/34788). In
D. melanogaster this number i3 7.2% (869/12046); in A. gambuae it is
6.2% (606/9721); in Mus musculus it is 7.6% (2316/30484). These
data indicate that the TFs apparently account for less than 10% of
the total miRNA target genes in these species.

Materials and Methods

Experimental Insects

Second instar larvae of Spodoptera litura was provided by The
Entomology Institute of Sun Yat-Sen University, Guangzhou,
China, and reared at 27*1°C a relative humidity of 65%~75% in
the laboratory until adults. The larvae at the selected stages were
placed on ice and carefully dissected to isolate different tissues such
as midgut, epidermis and fat body for RINA extraction, or
immediately put into liquid nitrogen and stored at —80°C until
use.

EST Dataset Generation

Total RNA were extracted using Trizol Reagent (Gibco, USA)
and mRNAs were isolated using Oligotex mRNA Kits (Qiagen,
USA) from the midguts of the 5 to 6 instar molting larvae (day 1
in 6™ instar, L6DO0), 6™ instar feeding larvae (day 3 in 6™ instar,
L6D3) and prepupae (day 6 in 6" instar, L6D6). cDNA libraries
were constructed using pBluescript II KS (+) ¢cDNA Library
Construction Kit (Stratagene, USA). Bacterial clones were
randomly selected from the three ¢cDNA libraries and subjected
to 5'-single pass sequencing using Applied Biosystems (ABI) 3730
DNA sequencer, generating 6,827 high-quality ESTs (Qili Feng et
al., data not published). The ESTs were assembled and blast
searched for homologues in the public databases such as nr, nt and
dbEST databases of NCBI GenBank (http://www.ncbinlm.nih.
gov/genbank/), InterPro  (http://www.ebi.ac.uk/Tools/pfa/
iprscan/)  and  ExPASy  (http://expasy.org/proteomics/
protein_sequences_and_identification).

Computational Prediction

A pipeline was set up for homologue searching and identifica-
tion of miRNA from expressed sequence tags of S. ltura (Fig. 1).
Firstly, 403 known insect miRNAs in the miRbase were used to
blast the annotated 1,132 ESTs that were obtained from the
midgut cDNA libraries of S. litura and do not contain complete
open reading frames (Qili Feng et al., unpublished data). The EST
sequences that had less than 5 mismatching nucleotides against the
known miRNAs were regarded as the homologous sequences of
the corresponding miRNAs and the franking regions plus the
matching nucleotide sequences were taken as the potential
miRNA precursors. Analysis of secondary structure and free
energy of these sequences was conducted by using the RNAfold/
Mfold program [66,67]. A threshold value of free energy was set at
AG=-20 kcal/mol. Classical stem-loop structure, core mfe,
Ch_ratio, GC content and mismatch nucleotides were also set
up and used as criterions for identification of putative miRNAs
[33]. Only those sequences that satisfied all these criterions would
be considered as a potential miRNA. If more than one precursor
agrees with those criterions for a potential miRNA, the one with
lowest free energy was considered as a possible precursor.
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Total RNA Extraction and Small RNA Enrichment

Total RNAs were extracted using RNAiso Plus (TAKARA)
according the manufacturer’s instruction from eggs, 1* instar to
6" instar larvae, pupac and adults, respectively. The quality of
total RNAs was examined by spectrum analysis using Nanodrop
ND-100 Spectrophotometer (GE Healthcare Life Sciences, Piscat-
away, USA) and gel electrophoresis.

Small RNAs (less than 200 nt) were enriched by PEG 6000
centrifugation (in 13% NaCl). The size range of small RNAs was
examined by electrophoresis in polyacrylamide gel.

Synthesis of cDNA and PCR Analysis of miRNAs

cDNA was synthesized from the small RNAs by using miRNA
specific stem-loop primers, which were obtained from Invitrogen
(California, USA). The mix of RNA template and primers
contained 150 ng small RNA sample, 0.5 pl stem-loop R'T primer
(10 mM), 0.5 ul dNTPs (10 mM) and RNase-free ddH;O up to
7 ul. The mixture was degenerated at 65°C for 5 min and
immediately cooled down on ice in 2 min. Reverse transcriptase
reactions contained 7 ul of the template/primer mix, 2.5 U
Reverse Transcriptase XL (AMV), 2 ul 5xAMV buffer, 20 U
RNase inhibitor in a total of 10 pl. The reactions were carried out
at 16°C for 30 min; then follow by 60 cycles at 20°C for 30 sec, at
42°C for 30 sec, at 50°C for 2 sec; at 85°C for 10 min and then
hold at —20°C. The synthesized ¢cDNAs were used for PCR
analysis of miRNA expression or stored at —80°C for use later.

For PCR analysis, the PCR mixtures contained 1 pul cDNA
without dilution, 2 U Taq (5 U/ul), 3.6 ul 10xPCR buffer
(10 mM), 1 wl ANTPs (10 mM), 0.8 pl F-primer (10 mM), 0.8 pl
URP (10 mM) in a total volume of 20 pl. The PCR reaction were
performed in 200 pl micro-tube at 95°C for 10 min; at 55°C for
2 min; followed by 30 cycles at 95°C for 1 sec, 65°C for 1 min,
and finally at 72°C for 5 min. The PCR products were analyzed
by electrophoresis in 3% agarose gel containing ethidium bromide
(0.5 ug/ul) and photographed using ImagaQuant 300 (GE
Healthcare Life Sciences, Piscataway, USA).

Cloning of S. litura miRNA

After electrophoresis, PCR products were recovered from the
gels according to Gel DNA Fragment Recovery Kit V 2.0
(Axygen, Hangzhou, China). The recovered cDNA products were
ligated to pMD-18T vector (TaKaRa Co., Dalian, China) using
T4 ligase and the recombinant DNA vectors were used to transfect
Escherichia coli DH50 competent cells. Positive clones were selected
and confirmed by PCR reaction (0.1 pl Taq, 0.2 pl dNTPs, 1 pl
10x PCR buffer, 0.2 ul F-primer, 0.2 pl URP, add ddH,O up to
15 pl). The reaction conditions were 94°C for 3 min; the follow by
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30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min and
finally 72°C for 10 min. DNA of the positive clones was then
extracted and sequenced.

Prediction of Target Genes for miRNAs

For predicting miRNA target genes, 3'UTR sequences of
Drosophila melanogaster genes from the unigene database in NCBI
were subjected to predict the first class of target genes by using the
Targetscan(http://www.targetscan.org/fly_12/) and PicTar pro-
grams [20] (http://pictar.mdc-berlin.de/) with default parameters
at threshold value of free energy AG<<—20 kcal/mol. Fragments
of 12" nt~ (x—Q)th nt (x is the total length of the selected miRINA)
of miRNAs were also used to blast the 3'"UTR of D. melanogaster
genes using RNAhybrid [21] (http://bibiserv.techfak.uni-bielefeld.
de/) to determine the free energy. When the free energy AG
between two molecules was smaller than —20 kcal/mol, the genes
were considered as potential target genes for the corresponding
miRNAs.

Southern blot analysis was performed to examine binding of
identified miRNAs to the predicted potential target genes. Total
RNA was extracted from the larval midgut at days 1, 2 and 3 of 6
instar stage and then mixed together. The 3'UTR fragments of the
predicted target genes were cloned from S. litura using primers
designed based on the target gene sequences and by RACE-PCR
according to SMART RACE ¢cDNA Amplification Kit protocol
(Clontech, California, USA). The amplified DNA was sequenced
for confirmation. The DNA was then detected by electrophoresis
on 1% agarose gel and then transferred to Amersham Hybond™-
N* membrane. DNA Probes complementary to the miRNA were
synthesized and labeled with [y-">P] ATP. Membrane was pre-
hybridized in prehybridization solution containing 6xSCC,
10xDenhardt’s solution and 0.2% SDS at 65°C, 3 rpm for at
least 4 h. The membrane was then hybridized in hybridization
solution containing 6XxSSC, 5XxDenhardt’s solution, 0.2%SDS
with 1~5x10° cpm [y-*2P] ATP -labeled probe at 42°C, 3 rpm
for about 24 h. The membrane was washed three times for 5 min
each at room temperature with 6 xSSC and 0.2%SDS and then
washed once with 6xSSC and 0.2%SDS at 42°C for 15 min.
After final wash, the membrane was exposed to phosphorus screen
for about 48 h and the signal was detected using a Typhoon Trto
Vanriable Mode Imager (Amersham, Piscataway, USA).

Author Contributions

Conceived and designed the experiments: ZR QF. Performed the
experiments: ZR WH. Analyzed the data: ZR WH. Contributed
reagents/materials/analysis tools: LL. SZ LH QF. Wrote the paper: ZR
QF.

9. Carrington JC, Ambros V (2003) Role of microRNAs in plant and animal
development. Science 301: 336-338.

10. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell
120: 15-20.

11. Lai EC, Tomancak P, Wiliams RW, Rubin GM (2003) Computational
identification of Drosophila microRNA genes. Genome Biology 4.

12. Lim LP, Glasner ME, Yekta S, Burge CB, Bartel DP (2003) Vertebrate
MicroRNA genes. Science 299: 1540-1540.

13. Kim VN, Nam JW (2006) Genomics of microRNA. Trends in Genetics 22:
165-173.

14. Denman RB (1993) Using RNAFOLD to predict the activity of small catalytic
RNAs. Biotechniques 15: 1090-1095.

15. Liu SP, Li D, Li QB, Zhao P, Xiang ZH, et al. (2010) MicroRNAs of Bombyx
mori identified by Solexa sequencing. Bmc Genomics 11.

16. Griffiths-Jones S (2004) The microRNA Registry. Nucleic Acids Research 32:
D109-D111.

May 2012 | Volume 7 | Issue 5 | e37730



18.
19.
20.

21.

22.

23.

24.

27.

28.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42,

Griffiths;Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ (2006)
miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids
Research 34: D140-D144.

Oakley BR (2000) An abundance of tubulins. Trends Cell Biol 10: 537-542.
Brow DA, Guthrie C (1988) Spliceosomal RNA U6 is remarkably conserved
from yeast to mammals. Nature 334: 213-218.

Nam S, Li M, Choi K, Balch C, Kim S, et al. (2009) MicroRNA and mRNA
integrated analysis (MMIA): a web tool for examining biological functions of
microRNA expression. Nucleic Acids Research 37: W356-362.

Kruger J, Rehmsmeier M (2006) RNAhybrid: microRNA target prediction easy,
fast and flexible. Nucleic Acids Research 34: W451-W454.

Gleason JM, Jallon JM, Rouault JD, Ritchie MG (2005) Quantitative trait loci
for cuticular hydrocarbons associated with sexual isolation between Drosophila
simulans and D-sechellia. Genetics 171: 1789-1798.

Szafer-Glusman E, Giansanti MG, Nishihama R, Bolival B, Pringle J, et al.
(2008) A role for very-long-chain fatty acids in furrow ingression during
cytokinesis in Drosophila spermatocytes. Current Biology 18: 1426-1431.
Champagne MB, Edwards KA, Erickson HP, Kiehart DP (2000) Drosophila
stretchin-MLCK is a novel member of the Titin/Myosin light chain kinase
family. Journal of Molecular Biology 300: 759-777.

Baker DA, Meadows LA, Wang J, Dow JA, Russell S (2007) Variable sexually
dimorphic gene expression in laboratory strains of Drosophila melanogaster.
Bmc Genomics 8.

Neubueser D, Hipfner DR (2010) Overlapping roles of Drosophila Drak and
Rok kinases in epithelial tissue morphogenesis. Molecular Biology of the Cell 21:
2869-2879.

Marygold SJ, Roote J, Reuter G, Lambertsson A, Ashburner M, et al. (2007)
The ribosomal protein genes and Minute loci of Drosophila melanogaster.
Genome Biology 8: R216.

Huang JL, Wang X, Argyris E, Chen KY, Liang ZH, et al. (2007) Cellular
microRNAs contribute to HIV-1 latency in resting primary CD4(+) T
lymphocytes. Nature Medicine 13: 1241-1247.

Ha EM, Lee KA, Seo YY, Kim SH, Lim JH, et al. (2009) Coordination of
multiple dual oxidase-regulatory pathways in responses to commensal and
infectious microbes in drosophila gut. Nature Immunology 10: 949-U919.
Okamura T, Shimizu H, Nagao T, Ueda R, Ishii S (2007) ATF-2 regulates fat
metabolism in Drosophila. Molecular Biology of the Cell 18: 1519-1529.
Griffiths-Jones S (2006) miRBase: the microRNA sequence database. Methods
Mol Biol 342: 129-138.

Feng JL, Wang K, Liu X, Chen SN, Chen JS (2009) The quantification of
tomato microRNAs response to viral infection by stem-loop real-time RT-PCR.
Gene 437: 14-21.

. Yu XM, Zhou Q, Li SC, Luo QB, Cai YM, et al. (2008) The Silkworm (Bombyx

mori) microRNAs and Their Expressions in Multiple Developmental Stages.
Plos One 3.

Xue XY, Sun J, Zhang QF, Wang ZX, Huang YF, et al. (2008) Identification
and Characterization of Novel MicroRNAs from Schistosoma japonicum. Plos
One 3.

. Yu Z, Jian Z, Shen S-H, Purisima E, Wang E (2006) Global analysis of

microRNA target gene expression reveals that miRNA targets are lower
expressed in mature mouse and Drosophila tissues than in the embryos. Nucleic
Acids Research 35: 152-164.

Moore KJ, Rayner KJ, Suarez Y, Fernandez-Hernando C (2011) The role of
microRNAs in cholesterol efflux and hepatic lipid metabolism. Annual Review
of Nutrition, Vol 31 31: 49-63.

Fernandez-Hernando C, Suarez Y, Rayner KJ, Moore KJ (2011) MicroRNAs in
lipid metabolism. Current Opinion in Lipidology 22: 86-92.

Koizumi K, Higashida H, Yoo S, Islam MS, Ivanov Al, et al. (2007) RNA
interference screen to identify genes required for Drosophila embryonic nervous
system development. Proceedings of the National Academy of Sciences of the
United States of America 104: 5626-5631.

Martin JR, Ollo R (1996) A new Drosophila Ca2+/calmodulin-dependent
protein kinase (Caki) is localized in the central nervous system and implicated in
walking speed. EMBO J 15: 1865-1876.

Muller D, Kugler SJ, Preiss A, Maier D, Nagel AC (2005) Genetic modifier
screens on Hairless gain-of-function phenotypes reveal genes involved in cell
differentiation, cell growth and apoptosis in Drosophila melanogaster. Genetics
171: 1137-1152.

Strumpf D, Volk T (1998) Kakapo, a novel cytoskeletal-associated protein is
essential for the restricted localization of the neuregulin-like factor, vein, at the
muscle-tendon junction site. Journal of Cell Biology 143: 1259-1270.

Inbal A, Volk T, Salzberg A (2004) Recruitment of ectodermal attachment cells
via an EGFR-dependent mechanism during the organogenesis of Drosophila
proprioceptors. Developmental Cell 7: 241-250.

@ PLoS ONE | www.plosone.org

10

43.

44.

46.

47.

48.

50.

51.

53.

54.

56.

57.

59.

60.

61.

62.

63.

64.

66.

67.

Spodoptera litura miRNA

Cao C, Liu Y, Lehmann M (2007) Fork head controls the timing and tissue
selectivity of steroid-induced developmental cell death. J Cell Biol 176: 843-852.
Ozdowski EF, Mowery YM, Cronmiller C (2009) Stall encodes an ADAMTS
metalloprotease and interacts genetically with Delta in Drosophila ovarian
follicle formation. Genetics 183: 1027-1040.

del Alamo D, Mlodzik M (2008) Self-modulation of Notch signaling during
ommatidial development via the Roughened eye transcriptional repressor.
Development 135: 2895-2904.

Couto A, Alenius M, Dickson BJ (2005) Molecular, anatomical, and functional
organization of the Drosophila olfactory system. Current Biology 15:
1535-1547.

Fishilevich E, Domingos Al, Asahina K, Naef I, Vosshall LB, et al. (2005)
Chemotaxis behavior mediated by single larval olfactory neurons in Drosophila.
Current Biology 15: 2086-2096.

Luschnig S, Batz T, Armbruster K, Krasnow MA (2006) serpentine and
vermiform encode matrix proteins with chitin binding and deacetylation
domains that limit tracheal tube length in Drosophila. Current Biology 16:
186-194.

Gangishetti U, Breitenbach S, Zander M, Saheb SK, Muller U, et al. (2009)
Effects of benzoylphenylurea on chitin synthesis and orientation in the cuticle of
the Drosophila larva. European Journal of Cell Biology 88: 167-180.
Huelsmann S, Hepper C, Marchese D, Knoll C, Reuter R (2006) The PDZ-
GEF Dizzy regulates cell shape of migrating macrophages via Rapl and
integrins in the Drosophila embryo. Development 133: 2915-2924.

Ivanov Al, Rovescalli AC, Pozzi P, Yoo S, Mozer B, et al. (2004) Genes required
for Drosophila nervous system development identified by RNA interference.
Proceedings of the National Academy of Sciences of the United States of
America 101: 16216-16221.

Petrovic M, Hummel T (2008) Temporal identity in axonal target layer
recognition. Nature 456: 800-803.

Giannakou ME, Dow JAT (2001) Characterization of the Drosophila
melanogaster alkali-metal/proton exchanger (NHE) gene family. Journal of
Experimental Biology 204: 3703-3716.

Vicente-Crespo M, Pascual M, Fernandez-Costa JM, Garcia-Lopez A,
Monferrer L, et al. (2008) Drosophila Muscleblind Is Involved in troponin T
Alternative Splicing and Apoptosis. Plos One 3.

Begemann G, Paricio N, Artero R, Kiss I, Perez-Alonso M, et al. (1997)
muscleblind, a gene required for photoreceptor differentiation in Drosophila,
encodes novel nuclear Cys3His-type zinc-finger-containing proteins. Develop-
ment 124: 4321-4331.

Behr M, Hoch M (2005) Identification of the novel evolutionary conserved
obstructor multigene family in invertebrates. FEBS Lett 579: 6827-6833.

He L, He XY, Lowe SW, Hannon GJ (2007) microRNAs join the p53 network -
another piece in the tumour-suppression puzzle. Nature Reviews Cancer 7:
819-822.

Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, et al.
(2007) Transactivation of miR-34a by p53 broadly influences gene expression
and promotes apoptosis. Molecular Cell 26: 745-752.

Raver-Shapira N, Marciano E, Meiri E, Spector Y, Rosenfeld N, et al. (2007)
Transcriptional activation of miR-34a contributes to p53-mediated apoptosis.
Molecular Cell 26: 731-743.

Fasanaro P, D’Alessandra Y, Di Stefano V, Melchionna R, Romani S, et al.
(2008) MicroRNA-210 modulates endothelial cell response to hypoxia and
inhibits the receptor tyrosine kinase ligand Ephrin-A3. Journal of Biological
Chemistry 283: 15878-15883.

Li TR, Cao HC, Zhuang JM, Wan J, Guan M, et al. (2011) Identification of
miR-130a, miR-27b and miR-210 as serum biomarkers for atherosclerosis
obliterans. Clinica Chimica Acta 412: 66-70.

Ross J, Jiang H, Kanost MR, Wang Y (2003) Serine proteases and their
homologs in the Drosophila melanogaster genome: an initial analysis of
sequence conservation and phylogenetic relationships. Gene 304: 117-131.
Shah PK, Tripathi LP, Jensen L], Gahnim M, Mason C, et al. (2008) Enhanced
function annotations for Drosophila serine proteases: A case study for systematic
annotation of multi-member gene families. Gene 407: 199-215.
Stroschein-Stevenson SL, Foley E, O’Farrell PH, Johnson AD (2006)
Identification of Drosophila gene products required for phagocytosis of Candida
albicans. Plos Biology 4: 87-99.

Cui Q, Yu Z, Purisima EO, Wang E (2006) Principles of microRNA regulation
of a human cellular signaling network. Mol Syst Biol 2: 46.

Zuker M (2003) Mfold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Research 31: 3406-3415.

Markham NR, Zuker M (2008) UNAFold: software for nucleic acid folding and
hybridization. Methods Mol Biol 453: 3-31.

May 2012 | Volume 7 | Issue 5 | e37730



