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MicroRNAs (miRNAs) are endogenous small non-coding RNAs that post-transcriptionally regulate gene expres-
sion in eukaryotes. In Drosophila melanogaster, up to 240 miRNAs have been identified by computational
methods or experimental approaches. However, most of their biological functions are still unknown. Here, we
identified miR-960 as a suppressor of Hedgehog (Hh) signaling pathway. Ectopic miR-960 obviously represses
the expression levels of target genes. This activity is mediated by direct inhibition of Smoothened (Smo),
Costal-2 (Cos2) and Fused (Fu), which are essential signaling transduction components of Hh pathway. Through
in vivo sensor assay and in vitro luciferase assay, we found that miR-960 directly binds to the 3′UTRs of smo, cos2
and fu mRNAs to block their translation. Additionally, we demonstrated that miR-960 cannot suppress Wg and
Dpp signaling pathways. Together, our results indicate that miR-960 can specifically suppress Hh pathway by
directly targeting three important signaling transducers Smo, Cos2 and Fu.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are small (18-24 nucleotides) endogenously
expressed non-coding RNAs that mediate post-transcriptional gene
silencing by annealing to complementary sequences in the 3′UTRs of
target mRNAs [1]. This type of regulation modulates gene expression
through the inhibition of protein synthesis and/or mRNA stability
[2,3]. Since the genetic identification of the miRNAs lin-4 and let-7 in
Caenorhabditis elegans [4,5], many miRNAs have now been identified
by experimental and computational approaches in animals, plants,
and viruses [6–8]. In addition, increasing evidence suggests that
miRNAs play important roles in diverse physiological processes such
as homeostasis, metabolism, development and cancer pathogenesis
[5,9–11]. However, the biological functions of most miRNAs are still
unknown.

The Hedgehog (Hh) signaling pathway, which is highly conserved
from Drosophila to vertebrate, governs a wide variety of processes
during embryonic development and adult tissue homeostasis [12].
Dysregulation of Hh signaling contributes to many human diseases
including birth defects and cancers [12]. In Drosophila wing disc, Hh
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protein is produced by posterior compartment cells and forms gradient
in the anterior compartment to specify distinct cell fates. The Hh signal-
ing is transduced through a reception system that includes the 12 trans-
membrane protein Patched (Ptc) and seven transmembrane protein
Smoothened (Smo). In the absence of Hh, Ptc inhibits Smo to transduce
signals to an intracellular complex containing the Kinesin related pro-
tein Costal2 (Cos2), the protein kinase Fused (Fu) and the transcription
factor Cubitus interruptus (Ci) [13]. This complex phosphorylates
full-length Ci generating a truncated repressor form to block the expres-
sion of Hh responsive genes [14–16]. The presence of Hh relieves the
inhibition of Ptc on Smo, inducing Smo cell-surface accumulation and
Phosphorylation [17,18]. Then, phosphorylated Smo transduces signal
to the intracellular Cos2–Fu–Ci complex to attenuate Ci cleavage
[19–21], which further promotes nuclear translocation of Ci to induce
the expression of target genes, such as ptc, col and dpp [22].

MicroRNAs are important regulators of the Hh pathway. Previous
work in zebrafish shows that miR-214 enables precise specification of
muscle cell types by sharpening cellular responses to Hh signaling
through targeting the negative regulator Su(fu) [23]. In a miRNA high-
throughput profile screening, miR-125b, miR-326 and miR-324-5p
have been found to directly bind to smo 3′UTR and inhibit Hh signaling
in mammalian cancer cells [24]. Drosophila miR-12/miR-283/miR-304
cluster can directly repress the expression of smo, cos2 and fu [25].
miR-212 displays tumor-promoting properties in non-small cell
lung cancer cells by targeting the receptor PTCH1 [26]. Recently,
our work also identified that miR-5 can suppress Hh signaling by di-
rectly targeting Smo [27]. In this report, we investigated the role of
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miR-959/miR-960/miR-961/miR962 cluster (miR-960C) in the Hh
pathway. We found that miR-960 suppressed Hh signaling by targeting
Smo, Cos2 and Fu. We confirmed the binding of miR-960 to the 3′UTRs
of smo, cos2 and fu by GFP sensor assay and dual luciferase assay. Fur-
thermore, we found that miR-960 is not involved in the Wg and Dpp
signaling pathways, which also control wing morphogenesis. Taken to-
gether, our data confirmed the importance of miRNAs in the Hh signal-
ing regulation and introduced miR-960 as new suppresser of the Hh
signaling pathway in Drosophila.

2. Materials and methods

2.1. Drosophila genetics

All stocks were maintained and crossed at 25 °C according to
standard procedures. The en-Gal4, ap-Gal4 and MS1096-Gal4 lines
were obtained from Bloomington stock center. The UAS-GFP-GPI,
UAS-GFP-GPI-miR-960C and UAS-DsRed-miR-960C transgenic flies were
generated using the PhiC31 integrase-mediated site-specific transgenesis
system. The miR-960-sensor, tub-EGFP, tub-EGFP-smo-3′UTR, tub-EGFP-
cos2-3′UTR and tub-EGFP-fu-3′UTR flies were generated by P-element
transformation.

2.2. Plasmid construction

To generate the pWALIUM10-moe-GFP-GPI-miR-960C construct,
GFP-GPI which contains GFP sequence followed by the GPI signal
from Dlp (amino acids 695–765) was inserted in the BglII site of
pWALIUM10-moe vector [28]. Approximately 706 bp of genomic DNA
containing miR-959/miR-960/miR-961/miR-962 was amplified by PCR
and cloned downstream of GFP-GPI in the XbaI site of pWALIUM10-
moe vector. PCR primers are:

forward, 5′-GCTCTAGAGCTwvAATGCCCCAGTGGCGTG-3′;
reverse, 5′-GCTCTAGAATGTATCTCAATGAATTGCCG-3′.

A similar strategy was used to make the pWALIUM10-moe-
DsRed-miR-960C construct; DsRed was inserted into the EcoRI site
of pWALIUM10-moe vector, and the miR-960C fragment was cloned
into the NdeI and NheI sites.

The tub-EGFP-smo-3′UTR was generated by cloning a 596 bp frag-
ment of smo 3′UTR downstream of pCaSpeR-tub-EGFP [29] (a gift
from T. Kai), through NotI and XhoI sites. The PCR primers are:

smo forward, 5′-TAGCGGCCGCAAGGTTCAAAAACTCTTACA-3′;
smo reverse, 5′-GACTCGAGTACACAAATTATTATGTATA-3′.

A similar strategy was used to make the tub-EGFP-cos2-3′UTR and
tub-EGFP-fu-3′UTR constructs. The PCR primers are:

cos2 forward, 5′-GCGTTTAAACCCAGGACGATATTATAAGGTT-3′;
cos2 reverse, 5′-TAGCGGCCGCCCAACAATATCCACACAAAGC-3′.
fu forward, 5′-GCGTTTAAACCGTGCAGCGCATATGGAATGG-3′;
fu reverse, 5′-TTGCGGCCGCCGACGAACTGCTCGACTACTT-3′.

To generate the miR-960-sensor construct, the following primers
are annealed (95 °C for 5 min, then slowly cold down to room temper-
ature) in the annealing buffer (10 nMTris-HCl, pH=7.5, 100 mMNaCl,
1 mM EDTA), and then directly cloned into the pCaSpeR-tub-EGFP vec-
tor through NotI and XhoI sites.

miR-960-sensor forward, 5′-GGCCGCGCTATGCAATCTGGAATACTC
AAATCACA CGCTATGCAATCTGGAATACTCAC-3′
miR-960-sensor reverse: 5′-TCGAGTGAGTATTCCAGATTGCATAGCG
TGTGATT TGAGTATTCCAGATTGCATAGCGC-3′
2.3. Luciferase assay

For validation of miR-960 that target smo 3′UTR, cos2 3′UTR and
fu 3′UTR, a 596 bp fragment of the smo 3′UTR was amplified by PCR
from wild-type genomic DNA and cloned downstream of Renilla lu-
ciferase in the psiCheck-2 vector (Promega). PCR primers are:

smo forward, 5′-GGTTTAAACAAGGTTCAAAAACTCTTACA-3′;
smo reverse, 5′-TTGCGGCCGCTACACAAATTATTATGTATA-3′.

In the same way, a 979 bp fragment of cos2 3′UTR was cloned
downstream of psiCheck-2 vector with the primers:

cos2 forward, 5′-GCGTTTAAACCCAGGACGATATTATAAGGTT-3′;
cos2 reverse, 5′-TAGCGGCCGCCCAACAATATCCACACAAAGC-3′.

A 910 bp fragment of fu 3′UTR including 136 bp Fu coding sequence
was cloned downstream of psiCheck-2 vector with the primers:

fu forward, 5′-GCGTTTAAACCGTGCAGCGCATATGGAATGG-3′;
fu reverse, 5′-TTGCGGCCGCCGACGAACTGCTCGACTACTT-3′.

smo mutant 3′UTR, cos2 mutant 3′UTR and fu mutant 3′UTR were
generated by changing the miR-960 seed sequence (AATACTC) to
(GGCGCGCC). Transfections were performed in 12 well plates by
using effectene transfection reagent in S2 cells. In each well, 1 μg of
total DNA was added. After 48 hours, the cells were lysed in passive
lysis buffer, dual luciferase assays were carried out (Promega), and the
results were analyzed on the luminometer.

2.4. Whole-mount staining and microscopy

Fixation and antibody staining in imaginal discs was performed as de-
scribed [30]. Primary antibodies used for the immunostaining were:
mouse anti-Ptc (1:40; DSHB, Apa-1), rat anti-Ci (1:10; DSHB, 2A1),
rabbit anti-Col (1:1000; made in our laboratory), mouse anti-Smo
(1:50; DSHB, 20C6), mouse anti-Cos2 (1:5; DSHB, 17E11), mouse
anti-Fused (1:50; DSHB, 22F10), mouse anti-Wingless (1:5; DSHB, 4D4),
guinea pig anti-Senseless (1:200; made in our laboratory), rat anti-Sal
(1:100; made in our laboratory), mouse anti-Distal-less (1:50). The
primary antibodies were detected by fluorescent-conjugated secondary
antibodies from Jackson ImmunoResearch Laboratories, Inc. Confocol
images were collected using a Zeiss 780 confocal microscope with 40X/
1.30 oil objectives. Adult wing images were obtained using a Zeiss Axio
Imager Z2 microscope. Images were processed using Adobe Photoshop.
For quantification of confocal images, the raw data were exported in
tiff format. The plot values were measured from selected regions using
Image J (NIH).

2.5. RNA extraction and quantitative RT-PCR

Total RNA was isolated from a pool of 80 wing imaginal discs with
Trizol (Invitrogen) according to the manufacturer's protocol, and
re-suspended in RNase-free water. First-strand cDNA was generated
from 1 μg of these samples using random primers with the M-MLV
Reverse Transcriptase System (Promega). Quantitative PCR was
performed using the Brilliant SYBR Green QPCR Master Mix (Promega)
on a CFX96 detection system (Bio-Rad). The primers were:

smo forward: 5′-AACGACTACTATGCCCTGAA-3′;
smo reverse: 5′-CGTATCTGTCGGAACCAAA-3′;
cos2 forward: 5′-TATCTATCCAAGCATCCGAAG-3′;
cos2 reverse: 5′-TCGCCCGAAGAACTTTCCAGA-3′;
fu forward: 5′-AACTGGTCTGCCACTTGGTAC-3′;
fu reverse: 5′-GACAATCCGTTCTACAAGCTC-3′;
Gapdh2 forward: 5′-GCCGAATACATCGTGGAG-3′;
Gapdh2 reverse: 5′-GGGTGTCGCTGAGGAAAT-3′.
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2.6. Bioinformatics

MicroRNA (http://www.microrna.org) and TargetScan (http://
www.targetscan.org) were used to identify targets of four miRNAs.
The DeepBase (http://deepbase.sysu.edu.cn/browseExpress.php) was
used to display the tissue expression profiles of four miRNAs.
3. Results

3.1. Overexpression of miR-960 cluster suppresses Hh signaling pathway

miRNAs can drive from their own transcription units or from
exons or introns of other genes [31]. Consecutive miRNAs with the
same transcriptional orientation within relatively short distances
can be considered as clustered. In Drosophila, over 35% of miRNAs
form clusters, which are defined by default as a 3 kb genomic region
[32]. The miR-960 cluster (miR-960C) in Drosophila encodes 4 distinct
miRNAs: miR-959, miR-960, miR-961 and miR-962 (Fig. 1A). Recent-
ly, we performed a miRNA screening in Drosophila wing to identified
miRNA regulators of the Hh pathway [27]. We cloned 400–800 bp
pri-miRNA fragments into the pWALIUM10-moe construct [28], and
madeUAS-GFP-GPI-miRNA transgenic flieswhich effectively produce ac-
tive miRNAs and functional GFP as a cell-autonomous marker (Fig. 1B).
Interestingly, overexpression of miR-960 cluster using MS1096-Gal4
results in an obvious reduction of the intervein region between L3 and
L4 (Fig. 1D), where Hh signaling is directly responsible for patterning
[33]. This result implies that miR-960 cluster might suppress the Hh
signaling.

To further confirmwhether miR-960 cluster can regulate Hh signal-
ing, we examined the expression of Hh target genes. In the Drosophila
wing discs, Hh is produced by posterior cells and activates the expres-
sion of the high-threshold targets Patched (Ptc) and Collier (Col;
Knot), and stabilizes another low-threshold target Cubitus interruptus
(Ci) in the adjacent anterior cells at different concentrations [34,35].
Fig. 1.miR-960 cluster suppresses Hh signaling in Drosophilawing. (A) The miR-959/960/961
below each region are the sizes in base pairs. (B) Schematic representation of the pW
UAS-GFP-GPI fly. (D) Overexpression of miR-960 cluster causes reduction of the intervein r
In wild type discs, the levels of these target genes are virtually identical
in the dorsal and ventral compartments (Fig. 2A–C). However, when
miR-960 cluster was induced at the dorsal compartment of wing
pouch by ap-Gal4, the levels of Ptc, Col and Ci were strongly reduced
in the cells marked by GFP expression (Fig. 2D–F″). The morphological
abnormalities together with the modulation of target gene expression
indicate that miR-960 cluster could suppress Hh signaling in the fly
wing disc.
3.2. Smo, Cos2 and Fu are predicted as potential targets of miR-960

In general, members of one miRNA cluster show conservation pat-
terns of sequences and functions. However, miRNAs are especially sub-
ject to change, adaptation and diversification, whichmake the variation
among members of one cluster. In view of the above results, one inter-
esting question is whether the reduction of Hh signaling results from
one single miRNA or the combinatorial expression of multiple miRNAs.
To test this possibility, we performed bioinformatics analysis.

The seed sequence (2–8 nt at the 5′ end region of miRNAs) is critical
for miRNA function with perfect (or near perfect) complementary
binding to the mRNA of targets. If the four miRNAs share similar seed
sequence, they might regulate common mRNAs by recognizing the
same target sites. However, there is not any similarity among the seed
sequences of four miRNAs, which suggest they might have different
target genes (Fig. 3A). To further test the possibility, we searched and
compared the predicted target genes of all four miRNAs. As shown in
Fig. 3B, these miRNAs have their own specific targets, with little
overlapping genes among each other based on the predicted results by
TargetScan [36]. Similarly, only a small intersection was observed if we
enlarged the target gene sets of eachmicroRNA based on the annotation
by microRNA.org (Fig. 3C) [37].

Then,we testedwhether individualmember of the cluster potential-
ly regulates theHh signaling pathway. A close examination of the 3′UTR
of the Hh pathway components revealed that miR-960 but not other
/962 cluster is located in the 56E region on the left arm of chromosome 2. The numbers
ALIUM10-moe-GFP-GPI-miR-960 cluster construct. (C) Adult wing of MS1096-Gal4;
egion between L3 and L4.

http://www.microrna.org
http://www.targetscan.org
http://www.targetscan.org
http://deepbase.sysu.edu.cn/browseExpress.php


Fig. 2.miR-960 cluster inhibits the expression of Hh target genes. (A–C) Ptc, Col and Ci expression patterns inwild-typewing discs, oriented dorsal up and anterior left. (D–F″) Expression
of miR-960C induced in dorsal compartment of the wing discs using ap-Gal4 inhibits the expression of these Hh target genes.

Fig. 3. Smo, Cos2 and Fu are predicted as potential targets of miR-960. (A) Sequence alignment of four miRNAs indicates that they have different seed sequences. (B–C) Venn diagrams
summarizing overlapping target genes of four miRNAs. Based on two databases, these four miRNAs have their own specific targets, with little overlapping genes among each other.
(D) miR-960 targeting site in the 3′UTR of smo gene is highly conserved in different Drosophila species. (E) miR-960 targeting site in the 3′UTR of cos2 gene is less conserved.
(F) miR-960 targeting site in the 3′UTR of fu gene is only conserved in D. erecta.
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miRNAs ismore relevant to the suppression of theHhpathway. The smo
3′UTR contains one putative target site for miR-960, which is highly
conserved among the sequenced Drosophila species (Fig. 3D). The
3′UTRs of cos2 and fu also contain two predicted target sites for
miR-960 (Fig. 3E and F), whereas there is no Hh signaling transduc-
tion components targeted by the other threemiRNAs. It is most likely
that miR-960 strongly suppresses the Hh signaling by simultaneous-
ly targeting three important signaling transduction components
Smo, Cos2 and Fu.

3.3. miR-960 is uniformly expressed in the wing imaginal disc

The expression profiles of miRNAs are important for the functional
analysis. To investigate expression patterns of miR-960, we generated
themiR-960-sensor line. Two complementary siteswith perfectmatches
Fig. 4.miR-960 is uniformly expressed in thewing imaginal disc. (A–B) The uniformdecrease of
miR-960 is uniformly expressed in thewing imaginal disc. The pictures shown in A and Bwere
UAS-DsRed-miR-960 under the control of dpp-Gal4 did not affect the expression of a contro
miR-960-sensor line is sensitive to miR-960. (E) Based on the data of DeepBase, all four microR
the wing discs.
formiR-960were placed downstream of EGFP controlled by the ubiqui-
tously expressed tubulin (tub) promoter. miR-960 binds to their com-
plementary sequence and blocks the translation of EGFP mRNA and
thereby decrease the level of EGFP. To verify that the sensor line is really
sensitive to miR-960, we induced miR-960 in the dpp expression
domain along the A/P boundary of the wing disc using dpp-Gal4 driver.
The EGFP expression level is reduced in the sensor line (Fig. 4D–D″),
indicating the sensor line can be used to investigate the expression pro-
files of miR-960. Comparedwith the tub-EGFP control line (Fig. 4A), the
miR-960-sensor line shows a uniform decreased EGFP expression level
(Fig. 4B). This result shows that miR-960 is uniformly expressed in the
wing imaginal disc.

The newly developed DeepBase database contains deep sequencing
data from 185 small RNA libraries from diverse tissues and cell lines of
seven organisms including Drosophila melanogaster [38]. From the
theGFP level inmiR-960-sensor (B) comparedwith the tub-EGFP control (A) indicates that
obtained with a similar laser setting on the confocal microscope. (C–D″) Cells that express
l tub-GFP sensor (C–C″), but strongly inhibited miR-960 sensor (D–D″), indicating the
NAs including miR-960 have very similar tissue expression profiles and are expressed in

image of Fig.�4
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expression heatmap of small RNAs, we found that all four miRNAs in
the cluster have very similar tissue expression profiles and are
expressed in the wing discs (Fig. 4E). This result indicates that they
might be co-transcribed in a pre-miRNA. In addition, they are highly
enriched in the male testis tissues. It will be of great interest to investi-
gate their functions in male testis development processes.

3.4. miR-960 targets Smo, Cos2 and Fu by directly binding to their 3′UTRs

To determine whether miR-960 indeed inhibits the expression of
Smo, Cos2 and Fu, we performed an in vivo immunostaining assay in
the developing wing imaginal discs. Endogenous Smo protein is
expressed ubiquitously throughout the wing pouch, with higher level
in posterior compartment and lower level in anterior compartment
(Fig. 5A and G). Expression of miR-960 at the dorsal compartment of
Fig. 5.miR-960 suppresses the protein levels of Smo, Cos2 and Fu. (A–C) Smo, Cos2 and Fu a
partment induced by ap-Gal4 causes strong reductions of Smo, Cos2 and Fu in both anterio
from selected areas (boxed) in images A–F. The y-axis indicates relative fluorescence intensi
partment of the wing discs.
thewing pouchusing ap-Gal4 inhibited Smo expression in both anterior
and posterior compartments (Fig. 5D–D″ and 5G′). Similarly, the ex-
pressions of Cos2 and Fu, with higher levels in anterior compartment,
are also repressed by miR-960 (Fig. 5E–F″ and 5H–I′).

To further confirmwhethermiR-960 can directly regulate the 3′UTRs
of smo, cos2 and fu, we established sensor lines consisting of
tubulin-EGFP fused with their 3′UTRs. In the absence of microRNA
induction, these sensor lines displayed uniform EGFP expression in
wing discs (data not shown). However, when miR-960 was induced
in the dpp domain, EGFP expression decreased in all three sensor
lines at the A/P boundary (Fig. 6A–A″, 6D–D″, 6G–G″), confirming
that miR-960 can suppress smo, cos2 and fu by directly binding to
their 3′UTRs.

In Drosophila S2 cultured cells, overexpression of miR-960 caused
a significant repression of a luciferase reporter carrying the smo 3′UTR
ntibody staining in wing discs. (D–F″) Ectopic expression of miR-960 in the dorsal com-
r and posterior compartments. (G–I′) Quantity analysis of the fluorescence intensities
ty and the x-axis indicates the distance from the anterior (left) to posterior (right) com-

image of Fig.�5


Fig. 6.miR-5 directly targets smo, cos2 and fu through their 3′UTRs. (A–A″, D–D″, G–G″)Wingdisc GFP sensor assays. Cells that express UAS-DsRed-miR-960 under the control of dpp-Gal4
strongly inhibited sensors fused to the 3′UTR of smo (A–A″), cos2 (D–D″) and fu (G–G″). (B, E, H) The 3′UTRs of smo, cos2 and fu containing conserved 7-mer (red box)miR-960 target sites
were fused to a firefly luciferase reporter construct. The mutants containing mismatched nucleotides (green) are shown at the bottom of the panel. (C, F, I) miR-960 inhibits the expres-
sions of three luciferase reporters in culturedDrosophila S2 cells, but themutant constructswere immune tomiR-960. The ratio of Renilla:firefly activity for each serieswere normalized to
the response of the empty psiCHECK2 sensor. (J) Quantitative RT-PCR showed that miR-960 expression did not reduce smo, cos2 and fumRNA levels.
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(Fig. 6B and C), indicating that miR-960 can directly bind to the smo 3′
UTR. We tested the importance of the predicted conserved target site
on smo 3′UTR by mutating the seed region (base pairs 2–8); this mu-
tation abolished the inhibitory effects of miR-960 (Fig. 6B and C).
Similar results were also obtained in the 3′UTRs of cos2 and fu
(Fig. 6E–F and H–I), although their target sites are less conserved.
These results again confirmed that miR-960 can suppress Hh signal-
ing by directly binding to the 3′UTRs of smo, cos2 and fu.

Finally, we performed quantitative RT-PCR assay. We found that the
mRNA levels of smo, cos2 and fu were not reduced (Fig. 6J), indicating
that miR-960 blocks the translation of these mRNAs rather than facili-
tates their degradation.

3.5. miR-960 cannot suppress Wg and Dpp signaling pathways

To further determine the specificity of miR-960, we examined
whether miR-960 is involved in other important signaling pathways
which also control the wing patterning, such as Wg and Dpp. We
found that the expression level of Wg was not reduced in miR-960
overexpressing cells (Fig. 7E–E″). Meanwhile, Wg-induced Senseless
(Sens) and Distal-less (Dll) expression patterns were not altered
(Fig. 7F–G″), which indicated that miR-960 cannot suppressWg signal-
ing. Similarly, Dpp signaling as determined by Sal expression was
also not affected (Fig. 7H–H″). Taken together, our data suggest that
miR-960 can specifically regulate Hh signaling pathway in Drosophila
wing discs.

4. Discussion

Our study reveals a novel regulatory miRNA of Hh signaling.
miR-960 negatively regulates Smo, Cos2 and Fu through direct binding
to the 3′UTRs of their mRNAs, which causes cell-autonomous decrease
of the Hh signaling. In response to Hh, the seven transmembrane pro-
tein Smo is phosphorylated and interacts with Cos2–Fu–Ci complex to
transduce Hh signal. It is more efficient that miR-960 simultaneously
targets three important signaling transducers. Recentwork also demon-
strated that these proteins can also be regulated by a cluster of miRNA
including miR-12, miR-283 and miR-304, in Drosophila wing disc [25].
Their work and our data reveal that a single signaling pathway can be
targeted at multiple levels by the same microRNAs. For Hh pathway,
miRNAs regulate the signal response by simultaneously targeting
Smo, Cos2 and Fu. Besides Hh pathway, other important signaling path-
ways also exhibit similar mechanism. For example, in zebrafish embry-
os, miR-430 dampens and balances the expression of the transforming
growth factor-beta (TGF-beta) Nodal agonist Squint and the Nodal an-
tagonist Lefty2 [39]. miR-8 antagonizes Wg signaling by repressing
Wntless, a gene required forWg secretion, TCF and CG32767, genes re-
quired for transcription of targets [40]. miR-315 activates Wg signaling

image of Fig.�6


Fig. 7. miR-960 cannot suppress Wg and Dpp signaling pathways. (A–D) Wg, Sens, Dll and Sal expression pattern in the wild-type wing pouch. (E–H″) The expression patterns of
Wg, Sens, Dll and Sal are not altered in the posterior compartment where miR-960 is induced by en-Gal4.

1308 L. Gao et al. / Cellular Signalling 25 (2013) 1301–1309
by independently repressing two negative regulators Axin and Notum
[41]. miR-129-3p controls cilia assembly by regulating CP110 and mul-
tiple actin regulators ARP2, TOCA1, ABLIM1 and ABLIM3 [42]. All these
works imply that it is an important regulatory mechanism for miRNAs
that a single signaling pathway can be targeted at multiple levels by
the same microRNAs.

MicroRNA clusters arewidely present inmetazoan genomeswith the
diversity of their distribution [43]. Most clustered miRNAs are located in
polycistrons and are co-expressedwith neighboringmiRNAs, resulting in
consistent expression patterns and levels [8,44]. Clustered miRNAs
appear to have cooperative effects and coordinated regulatory functions,
and seem to bemore efficient in regulating a complex gene network than
discrete miRNAs [43,45]. Recent studies showed that clustered miRNAs
co-ordinately regulate multiple processes in embryonic development
and human diseases. For example, miR-17 cluster plays an important
role in cell proliferation, organism development and cancer oncogenesis
[46–48]. The Drosophila miR-310 cluster negatively regulates synaptic
strength at the neuromuscular junction [49]. Overexpression of
miR-200 cluster is sufficient to prevent TGF-beta-induced EMT and
tumormetastasis by regulating the E-cadherin transcriptional repressors
ZEB1 and SIP1 [50]. However, in this work, we found that miR-960 can
suppress Hh signaling by targeting Smo, Cos2 and Fu, but the other
three miRNAs in the same cluster have distinct predicted targets. This
result indicates that different members in the same miRNA cluster can
exhibit distinct functions. Recent studies have demonstrated that
although miRNA cluster often co-expressed from a single promoter as a
single polycistronic transcript, inconsistent expression patterns of
members can be detected in miRNA gene clusters [51–53]. These
works and our study provide insights to investigate the functional diver-
sity and regulatory mechanisms of clustered miRNAs.

image of Fig.�7
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MicroRNAs play important roles in human disease, especially in can-
cers. In C. elegans lin-4 and let-7 mutants, specific stem cell lineages fail
to differentiate at the appropriate larval stages, instead undergoing
extra cell divisions [4,5]. In Drosophila, bantam regulates cell prolifera-
tion and apoptosis through cancer-relevant pathways [54]. The
miR-15a/16-1 cluster is frequently deleted in chronic lymphocytic
leukemia (CLL), implicating these miRNAs as tumor suppressors [55].
Expression of the miR-17-92 cluster as a potential oncogene in mouse
hematopoietic progenitor cells accelerates Myc-induced B cell lympho-
magenesis [48]. Aberrant Hh signaling activity is known to trigger the
development of diverse cancers. Downregulation of some miRNAs,
which suppress Hh pathway activators Smo, Fu and Ci, allows high
levels of Hh signaling leading to tumor cell proliferation [24].
Upregulation of some microRNAs, which bind to negative regulators
of Hh signaling such as Su(fu) or Ptc, could also induce themisactivation
of the Hh pathway [56]. Therefore, the identification of a specific
miRNA–mRNA interaction is considered as a very important work in
studies of Hh pathway-related cancers. miRNA inhibition or delivery
may provide a highly potent means to modulate a disease process
while avoiding unwanted toxic effects in normal tissues. Despite of
the efficiency of miRNAs to modulate signaling, the specificity is even
more important to avoid the unwanted side effects in normal tissues.
As shown in Fig. 7, miR-960 specifically suppresses the Hh signaling,
but not Wg and Dpp pathways which are also play essential roles in
wing patterning. Identification of function-specific miRNAs will offer a
new therapeutic modality for disease modification. Recently, several
groups independently describe a genome-wide collection of Drosophila
miRNA transgenes library and findmultiple miRNAs are involved in Hh
pathway [57–59], which will provide clear insight to understand the
function of Hh related miRNAs in both developmental processes and
diseases.
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