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a b s t r a c t

Hedgehog (Hh) proteins act as morphogens in a variety of developmental contexts to control cell fates

and growth in a concentration-dependent manner. Therefore, secretion, distribution, and reception of

Hh proteins must be tightly regulated and deregulation of these processes contributes to numerous

human diseases. Brother of ihog (Boi) and its close relative Ihog (Interference hedgehog) are cell surface

proteins that act as Hh co-receptors required for Hh signaling response and cell-surface maintenance of

Hh protein. MicroRNAs (miRNAs) are a group of widely expressed 21–23 nucleotides non-coding RNAs

that repress gene function through interactions with target mRNAs. Here, we have identified a novel

miRNA, miR-932, as an important regulator for Boi. We show that overexpression of miR-932 in the

wing disc can enhance Hh signaling strength, but reduce its signaling range, a phenotype similar to that

of boi knockdown. In both in vivo sensor assay and in vitro luciferase assay, miR-932 can suppress Boi

by directly binding to its 30UTR. Meanwhile, down-regulation of miR-932 by sponge elevates the

protein level of Boi, confirming that miR-932 is an in vivo regulator of Boi expression. Further, we

demonstrate that miR-932 can block Hh signaling when co-expressed with ihog-RNAi. Moreover, we

find that other predicted miRNAs of Boi fail to suppress it as strong as miR-932. Taken together, our

data demonstrate that miR-932 can modulate Hh activity by specifically targeting Boi in Drosophila,

illustrating the important roles of miRNAs in fine regulation of the Hh signaling pathway.

& 2013 Elsevier Inc. All rights reserved.
Introduction

Hedgehog (Hh) is a highly conserved secreted signaling pro-
tein that regulates the growth and patterning of many organs in
fly and vertebrates (Ingham et al., 2011; Jiang and Hui, 2008;
Strigini and Cohen, 1997). In the Drosophila wing imaginal disc,
Hh is expressed in posterior (P) compartment cells and trans-
ported to anterior (A) compartment cells to transduce signaling.
Hh binds to Patched (Ptc) and releases the inhibition on Smooth-
ened (Smo). And then activated Smo forms a cytoplasmic signal-
ing complex with two other components, Cos2 and Fu, to
ll rights reserved.
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transduce signaling via the transcription factor Ci, which subse-
quently turns on the expression of target genes (Denef et al.,
2000; Jia et al., 2003; Lum and Beachy, 2004; Lum et al., 2003b).
Secretion, distribution and reception of Hh signals must be tightly
regulated, and abnormal Hh signaling is associated with many
developmental defects and cancers (Jiang and Hui, 2008; Taipale
and Beachy, 2001). Understanding of precise mechanisms of Hh
gradient formation will help us to find new strategies for the
diagnosis and therapeutic treatment of cancers.

Ihog (Interference hedgehog) and Boi (Brother of ihog) are
discovered as components of the Hh signaling (Lum et al., 2003a).
As co-receptors of Ptc, they are redundantly required for high-
affinity Hh binding and signaling response (Camp et al., 2010; Yan
et al., 2010; Yao et al., 2006; Zheng et al., 2010). Ihog and Boi are
single transmembrane proteins with four extracellular IgG
domains, two extracellular fibronectin (Fn) domains and an
intracellular tail. The first Fn domain is required and sufficient
for direct binding to HhN (McLellan et al., 2006; Yao et al., 2006),
while the second Fn domain is essential for physical interaction
between Ihog/Boi and Ptc on the cell surface (Zheng et al., 2010).
Cdo and Boc are two closest vertebrate homologs of Ihog and Boi
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which were reported to positively regulate myogenic differentia-
tion (Kang et al., 1998,2002). Further studies demonstrated that
they are Sonic Hh binding proteins essential for SHh signaling
(Allen et al., 2011; Izzi et al., 2011; Okada et al., 2006; Tenzen
et al., 2006).

microRNAs (miRNAs) are small noncoding RNAs that act as post-
transcriptional repressors by base-pairing to the 30 untranslated
region (UTR) of their cognate mRNAs (Bushati and Cohen, 2007;
Kloosterman and Plasterk, 2006). Their widespread and important
roles in animals are highlighted by recent estimates that up to 30% of
all genes are targets of miRNAs (Lewis et al., 2005; Stark et al., 2005;
Xie et al., 2005). However, the physiological functions of many
individual miRNAs remain largely unknown. Combined with compu-
tational methods, genetic approaches using model organisms such as
Drosophila have been used to examine the biological roles of miRNAs
at both the organismal and molecular levels (Smibert and Lai, 2008).
The first identified miRNA in Drosophila is bantam, which controls cell
proliferation and regulates the pro-apoptotic gene hid (Brennecke
et al., 2003; Hipfner et al., 2002). Since then, hundreds of miRNAs
have been identified, and their biological functions in multiple
important signaling pathways have been characterized. For example,
expression of miR-315 activates the Wingless pathway by targeting
the negative regulators Axin and Notum (Silver et al., 2007).
microRNA-9a ensures the precise specification of sensory organ
precursors by regulating the pro-neural transcription factor Senseless
(Li et al., 2006). miR-8 directly suppresses Notch ligand Serrate to
inhibit Notch-induced overgrowth and tumor metastasis (Vallejo
et al., 2011). miR-279 directly represses STAT to regulate border cell
migration during oogenesis in Drosophila (Yoon et al., 2011).

Here, we report the identification of a novel microRNA (miR-
932), which acts as a modulator of Hh signaling. Overexpression of
miR-932 promotes Hh signaling strength while reducing signaling
range. Importantly, we provide the evidence that miR-932 controls
Hh signaling by regulating boi. Overexpression of miR-932 represses
Boi protein level by directly binding to its 30UTR, while knockdown
miR-932 by sponge increases Boi expression. Moreover, we showed
that miR-932 exhibited stronger activities in repressing boi than
several other candidate miRNAs predicted by computational meth-
ods (Enright et al., 2003). Taken together, our findings suggest that
miR-932 is required for the precise control of Hh signaling in
Drosophila development.
Material and methods

Drosophila genetics

All stocks were maintained and crossed at 25 1C according to
the standard procedures. The en-Gal4, ap-Gal4, dpp-Gal4 and ywflp;

act4yþ4Gal4, UAS-GFP lines were obtained from Bloomington
stock center. The UAS-boi-RNAi and UAS-ihog-RNAi lines were
described in our previous paper (Yan et al., 2010). The UAS-GFP-

GPI-miR-932-sponge, UAS-GFP-GPI-miR-981, UAS-GFP-GPI-miR-314,
UAS-GFP-GPI-miR-79, UAS-GFP-GPI-miR-4, UAS-GFP-GPI- miR-929,
UAS-GFP-GPI-miR-1014 and UAS-GFP-GPI-miR-956 transgenic flies
were generated using the PhiC31 integrase-mediated site-specific
transgenesis system. The UAS-boi, UAS-DsRed-miR-932, miR-932-

sensor, tub-EGFP and tub-EGFP-boi-30UTR flies were generated by
P-element transformation. All transgenic flies were mapped using
standard methods.

Plasmid construction

To generate the pUAST-DsRed-miR-932 construct, 800 bp of
genomic DNA surrounding miR-932 was amplified by PCR and cloned
downstream of DsRed into the pUAST vector. PCR primers are:
forward, 50-CGGGGTACCCATTTGATTGCGTTCCG-30;
reverse, 50-GCTCTAGAGGACAGTTTGGTCTTCG-30.
A similar strategy was used to make the pWALIUM10-moe-

GFP-GPI-miRNA constructs, PCR fragments containing miRNAs
were cloned downstream of GFP-GPI in the XbaI site of the
pWALIUM10-moe vector (Ni et al., 2011). PCR primers are:

miR-981 forward, 50-GCTCTAGAGCTGCTGAGCACATTTCCGTTA-30;
miR-981 reverse, 50-GCTCTAGAGGTTTGGATTTACAAGCATGATC-30.
miR-314 forward, 50-GCTCTAGAGGCGAAACCTCCTACAACCCA-30;
miR-314 reverse, 50-GCTCTAGATGGTGGGGCCAAGTGGTAAAC-30.
miR-79 forward, 50-GCTCTAGAAGTCCTGGCACGCGTTTGACC-30;
miR-79 reverse, 50-GCTCTAGAGGCGAGCATATCTCCAGGGCAG-30.
miR-4 forward, 50-GCTCTAGAGATGCATCTTGTGCAGTTATGT-30;
miR-4 reverse, 50-GCTCTAGAACAGCCACTGTGATATAGATATG-30.
miR-929 forward, 50-GCTCTAGATACCTCGTCACTTACACAGG-30;
miR-929 reverse, 50-GCTCTAGAGCAGTATATAGATGCCACTA-30.
miR-1014 forward, 50-GCTCTAGATGTCTCCAATTGCTACGAGG-30;
miR-1014 reverse, 50-GCTCTAGAGCTGGCCATTCCACTGATGA-30.
miR-956 forward, 50-GCTCTAGATGACCAGCTAGGACTAGCAGC-30;
miR-956 reverse, 50-GCTCTAGACGTTGTCATGCGTATATGATTA-30.
The tub-EGFP-boi-30UTR was generated by cloning a 766 bp

fragment of boi 30UTR downstream of pCaSpeR-tub-EGFP (Pek
et al., 2009) (a gift from T. Kai), through NotI and XhoI sites. PCR
primers are:

forward, 50-TAGCGGCCGCAGCACAACGAGGAGAAATAT-30

reverse, 50-GACTCGAGAGTTTAGGATGCTTCTCTCT-30

To generate the miR-932-sensor construct, the following
primers are annealed (95 1C for 5 min, then slowly cooled down
to room temperature) in the annealing buffer (10 nM Tris-HCl,
pH¼7.5, 100 mM NaCl, 1 mM EDTA), and then directly cloned
into the pCaSpeR-tub-EGFP vector through NotI and XhoI sites.
PCR primers are:

forward, 50-GGCCGCCTGCAATGCACTACGGAATTGAAATCA-
CACCTGCAATGCACTA CGGAATTGAC-30

reverse, 50-TCGAGTCAATTCCGTAGTGCATTGCAGGTGTGATTT-
CAATTCCGTAGTGC ATTGCAGGC-30

To generate the miR-932-sponge construct, the following
primers are annealed in the annealing buffer, and then directly
cloned into the pWALIUM10-moe-GFP-GPI through NdeI and XbaI
sites. PCR primers are:

forward, 50-TATGCTGCAATGCACATGGGAATTGAGGCTAGCCCTG
CAATGCACATGG GAATTGAGGCTAGCCCTGCAATGCACATGGGAATT
GAGGCTAGCCCTGCAATGCACATGGGAATTGAGGCTAGCCCTGCAATGC
ACATGGGAATTGAGGCTAGCCCTGCAATGCACATGGGAATTGAT-30

reverse, 50-CTAGATCAATTCCCATGTGCATTGCAGGGCTAGCCTCA
ATTCCCATGTG CATTGCAGGGCTAGCCTCAATTCCCATGTGCATTGCAG
GGCTAGCCTCAATTCCCATGTGCATTGCAGGGCTAGCCTCAATTCCCATG
TGCATTGCAGGGCTAGCCTCAATTCCCATGTGCATTGCAGCA-30
Luciferase assay

For validation of miRNAs that targets boi 30UTR, a 766-bp
fragment was amplified by PCR from wild-type genomic DNA and
cloned downstream of Renilla luciferase in the psiCheck-2 vector
(Promega). PCR primers used are:

forward, 50-GGTTTAAACAGCACAACGAGGAGAAATAT-30;
reverse, 50-TTGCGGCCGCAGTTTAGGATGCTTCTCTCT-30.
boi 30UTR mutants were generated by changing the seed-

binding sites of different miRNAs to GGCGCGCC. Transfections
were performed in 24-well plates by using Effectene transfection
reagent in S2 cells. In each well, 1 ug of total DNA was added.
After 48 h, cells were lysed in passive lysis buffer, dual luciferase
assays were carried out (Promega), and the results were analyzed
on the luminometer.
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Whole-mount staining and microscopy

Fixation and antibody staining in imaginal discs were per-
formed as described (Belenkaya et al., 2004). Primary antibodies
used for the immunostainings were: mouse anti-Ptc (DSHB, Apa-
1, 1:40), rat anti-Ci (DSHB, 2A1, 1:10), mouse anti-Smo (DSHB,
20C6, 1:50), mouse anti-Fused (DSHB, 22F10, 1:50) and mouse
anti-Cos2 (DSHB, 17E11, 1:5), rabbit anti-Col (self-made, 1:100),
mouse anti-Boi (self-made, 1:100), rat anti-Ihog (gift from P.
Beachy, 1:100). The primary antibodies were detected by
fluorescent-conjugated secondary antibodies from Jackson Immu-
noResearch Laboratories, Inc. Confocal images were collected
using 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).

Generation of anti-Boi and anti-Col antibodies

The 346–483Aa coding sequences of Boi and the full length
cDNA of Col were cloned into the pGEX-4T-1 vector. The GST
Fig. 1. Overexpression of miR-932 suppresses Hh signaling in Drosophila wing. (A) S

with adult wing of wild-type fly (B), overexpression of miR-932 causes reduction of t

expression by RNAi (D). (E) Adult wings were quantified by measuring the area between

two areas (F and G). The uniform decrease of the GFP level in miR-932-sensor (G) compa

the wing imaginal disc. The pictures shown in F and G were obtained with a similar la
fusion proteins were expressed in BL21 E. coli cells and purified
using Sigma glutathione-agarose (G4510). The antisera were subse-
quently affinity purified with Sigma protein G beads (PURE1A).

Bioinformatics

The miRanda (http://www.microrna.org) and TargetScan
(http://www.targetscan.org) were used to identify Boi as a con-
served miR-932 target, and to search miRNA candidates for boi

30UTR. Sequence alignment of miR-932 and the boi 30UTR across 7
Drosophilia genomes was obtained from the University of
California at Santa Cruz Genome Browser (http://genome.ucsc.edu).
The DeepBase (http://deepbase.sysu.edu.cn/ browseExpress.php) was
used to display the tissue expression profiles of four miRNAs.
Results

Identification of miR-932 as an Hh signaling modulator

Pattern formation of Drosophila wing is a well-established
model system for studying the Hh signaling pathway. During
Drosophila wing development, Hh is produced by P cells and
chematic representation of the pUAST-DsRed-miR-932 construct. (B–D) Compared

he intervein region between L3 and L4 (C), which is similar to knockdown of boi

L3 and L4 space and the whole wing (n¼50). Results were expressed as a ratio of

red with the tub-EGFP control (F) indicates that miR-932 is uniformly expressed in

ser setting on the confocal microscope.

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


Fig. 2. miR-932 expression enhances Hh signaling strength while reducing
signaling range. (A–I) Ptc, Col and Ci staining in Drosophila third instar larva wing

discs, oriented ventral up and anterior left. (A, D and G) Wild–type discs. (B, E and

H) Expression of miR-932 induced in the wing disc by ap-Gal4 leads to enhanced

Hh signaling strength but reduced signaling range. (C, F and I) Knockdown boi by

RNAi generated similar phenotype. The fluorescence intensities from selected

areas (boxed) in these images are quantified in A0–I0 . The y-axis indicates relative

fluorescence intensity and the x-axis indicates the distance from the anterior (left)

to the posterior (right) compartment of the wing discs.
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activates the expression of the high-threshold targets Patched
(Ptc) and Collier (Col; Knot), and stabilizes another low-threshold
target, Cubitus interruptus (Ci) in the adjacent A cells (Hooper,
2003; Lum and Beachy, 2004). Activation of Hh signaling in these
anterior cells is required for patterning the intervein region
between L3 and L4 (Mohler et al., 2000). Inhibition of Hh signaling
will result in the reduced intervein region between L3 and L4.
Recently, we performed a miRNA screening in Drosophila to
identify new Hh signaling regulators. One of them is miR-5 which
can suppress Hh signaling by directly targeting Smo (Wu et al.,
2012). Overexpression of another miRNA, miR-932 by dpp-Gal4

along the A/P boundary causes an obvious reduction of the
intervein region between L3 and L4 (Fig. 1C and E), suggesting
that miR-932 might also modulate Hh signaling.

To test whether miR-932 is indeed expressed in wing disc, we
generated the miR-932-sensor line. Two complementary sites
with perfect matches for miR-932 were placed downstream of
EGFP controlled by the ubiquitously expressed tubulin (tub)
promoter. In this sensor line, miR-932 is expected to bind to the
complementary sequence and block the translation of EGFP
mRNA and thereby decrease the level of EGFP. To verify the
sensor line, we induced miR-932 expression in the dpp expression
domain along the A/P boundary of the wing disc using dpp-Gal4

driver. The EGFP expression level is dramatically reduced in the
sensor line (Fig. S1B and B0), indicating that the sensor line can be
used to investigate the expression profiles of miR-932. Compared
with the tub-EGFP control line (Fig. 1F), the miR-932-sensor line
shows a uniformly decreased EGFP expression level (Fig. 1G). This
result indicates that miR-932 is uniformly expressed in the wing
imaginal disc.

To further determine the effect of miR-932 on Hh signaling, we
examined the expression of Hh target genes. In wild-type discs,
the levels of these target genes are virtually identical in the dorsal
(D) and ventral (V) compartments (Fig. 2A, D and G). Ectopic
expression of miR-932 in D compartment by ap-Gal4 caused
elevated levels of Ptc, Col and Ci in cells closer to the P compart-
ment; however, the expression ranges of these targets were
narrowed (Fig. 2B, E and H). Together with the morphological
defects of the wings expressing miR-932, these data suggest
further that miR-932 is involved in regulating the Hh signaling
in the wing disc.

miR-932 directly targets boi 30UTR

Computational approaches have been valuable tools in under-
standing the biology of miRNAs (Bentwich, 2005; Bentwich et al.,
2005; Rajewsky, 2006). It is known that the functional miRNA-
target site pairing often shows evolutionary conservation (Stark
et al., 2003). miR-932 is highly conserved across the 12 sequenced
Drosophila species. The pre-miR-932 hairpin exhibits stronger
conservation than flanking genomic sequences and its stem
sequence is much more conserved than the terminal loop
(Fig. 3A). To further understand the molecular function of miR-
932, we searched for potential miR-932 targets using computa-
tional target prediction tools miRanda and TargetScan (Enright
et al., 2003; Ruby et al., 2007). One predicted target of miR-932 is
Boi. The boi 30UTR contains a putative miR-932 binding site that is
conserved in closely related Drosophila species, including dis-
tantly related D. yakuba (Fig. 3B and C). This highly conserved
binding site suggests further that Boi might be a target of
miR-932 in Drosophila.

To determine whether miR-932 inhibits Boi expression in vivo,
we performed an immunostaining assay in the wing disc. Endo-
genous Boi, recognized by Boi antibody (Fig. S2), is expressed
ubiquitously throughout the wing pouch (Fig. 4A and C). Ectopic
expression of miR-932 at the D compartment using ap-Gal4
inhibited the expression of Boi in both A and P compartments
(Fig. 4B and B00). Similarly, a dramatic reduction of Boi was also
observed at the P compartment when miR-932 was expressed by
en-Gal4 (Fig. 4D and D00). Importantly, knockdown Boi by RNAi
using dpp-Gal4 caused an obvious reduction of the intervein
region between L3 and L4, which is similar to overexpression of
miR-932 (Fig. 1D and E). Consistently, induction of ihog RNAi in
the D compartment also enhanced Ptc, Col and Ci expression
levels, but reduced their ranges (Fig. 2C, F and I). These data
indicate that miR-932 can suppress Boi protein level in vivo.



Fig. 3. Boi is predicted as a potential target of miR-932. (A) Alignment of the miR-932 region across 12 Drosophilids. The hairpin arms are much more conserved than the

terminal loop and flanking sequences. Alignments and conservation data were produced by the UCSC Genome Center. (B) The predicted miR-932 binding site (top) is

highly conserved within the 3’UTR of boi mRNAs from different Drosophila species (bottom). (C) Conservation of miR-932 seed matches in the boi 3’UTR. The perfectly

conserved seed sequence (positions 2–8) is indicated by the red box.
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To further test the function of the miR-932 targeting site in boi

30UTR, we performed in vivo sensor assay in wing disc and in vitro
luciferase assay in Drosophila S2 cells. When expressed in the P
compartment by en-Gal4, miR-932-DsRed repressed specifically
and robustly the tub-EGFP-boi 30UTR transgene (Fig. 4F and F0),
but did not affect the tub-EGFP control transgene (Fig. 4E and E0).
We also generated reporter constructs with the luciferase coding
sequence fused to the full-length 30UTR of boi or its mutant form
in which the miR-932 targeting site was mutated. miR-932
markedly repressed the activity of the boi 30UTR fused luciferase,
while mutation of the seed region (base pairs 2–8) in the putative
miR-932 binding site partially blocked the inhibitory effect of
miR-932 (Fig. 4G and H). Together, these findings suggest that
miR-932 modulates the Hh signaling by directly targeting boi

30UTR.

Blocking the access of miR-932 to its targeting sites

increased Boi levels

To further investigate the precise requirement of miR-932 on
Boi expression and Hedgehog signaling, we used the microRNA
sponge technology (Loya et al., 2009) to generate a UAS-miR-932-
sponge (miR-932-SP) transgene. The miR-932-SP contains 6 repe-
titive sequences complementary to miR-932 with mismatches at
the position 9–12 for enhanced stability (Ebert et al., 2007). To
test the blocking efficiency of miR-932-SP, we performed the
luciferase assay and found miR-932 can antagonize the inhibitory
effect of miR-932 on boi (Fig. S3). Meanwhile, blocking the miR-
932 function using ap-Gal4 driven UAS-miR-932-SP caused
increased Boi protein level in the D compartment (Fig. 5A and
A00). These results indicate that the miR-932-SP can efficiently
compete with the endogenous miR-932 targeting sites, including
the ones in boi 30UTR, and subsequently release the inhibition of
Boi expression caused by miR-932. Many miRNAs can directly but
only mildly repress the expression of in vivo target genes.
Similarly, while we observed increased Boi level in miR-932-SP
expressing cells, Hh signaling was not significantly altered as
indicated by the expression of target genes (Fig. 5B and D00),
possibly due to subtle roles of miR-932 on Boi protein.

Together with ihog-RNAi, miR-932 can block Hh signaling

transduction

Previous studies have demonstrated that Boi and Ihog are
functionally redundant in Hh signaling (Camp et al., 2010; Yan
et al., 2010; Zheng et al., 2010). Hh signaling determined by Ptc
level is maintained in boi or ihog knockdown cells (Fig. 6A and A00

and B and B00), but is diminished when both Ihog and Boi are
depleted by RNAi (Fig. 6E and E00). To further examine whether
miR-932 can regulate the Hh signaling response, we generated
miR-932 overexpression clones adjacent to the A/P boundary. Ptc
expression was only mildly reduced in miR-932 overexpression
clones (Fig. 6C and C00), but was obviously decreased in miR-932
overexpression clones when Ihog was also removed by RNAi
(Fig. 6D and D00). Together, our results argue that miR-932 can
regulate Hh signaling by targeting Boi in the wing disc.

miR-932 cannot suppress other Hh signal transducers

It has been known that an individual miRNA can control
multiple biological processes by targeting different genes. For
example, miR-184 controls germline stem cell differentiation by
tuning the Dpp receptor Saxophone, D/V patterning of the egg
shell by regulating the gurken transport factor K10, and A/P
patterning of the blastoderm by tuning the transcriptional
repressor Tramtrack69 (Iovino et al., 2009). Moreover, individual



Fig. 4. miR-932 expression suppresses Boi expression level. (A–D00) Boi antibody staining in wing discs. Compared with the wild-type disc (A and C), ectopic expression

of miR-932 in the dorsal compartment by ap-Gal4 (B–B00) causes a strong reduction of Boi expression. Overexpressing miR-932 in the posterior compartment by en-Gal4

(C–C00) also dramatically inhibits Boi expression. (E–F0) Cells that express miR-932-DsRed under the control of en-Gal4 did not affect the expression of a control tub-GFP

sensor (E and E0), but strongly inhibited sensor fused to the 3’UTR of boi (F and F0). (G) The boi 3’UTR containing one conserved 7-mer (red box) miR-932 target site was

fused to a firefly luciferase reporter construct. The boi 3’UTR mutant containing mismatched nucleotides (green) is shown at the bottom of the panel. (H) Luciferase assay

for miR-932. miR-932 inhibits the expression of a boi 3’UTR-luciferase reporter in cultured Drosophila S2 cells, but the mutant construct was immune to miR-932. The ratio

of Renilla:firefly activity for each series was normalized to the response of the empty psiCHECK2 sensor, whose baseline ratio was set to 100.
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miRNAs can also simultaneously suppress several components of
the same signaling pathway. For example, Drosophila miR-8
inhibits the Wingless pathway by repressing Wntless, TCF and
CG32767 (Kennell et al., 2008) while human miR-324-5p acts as a
suppressor of the Hh pathway by targeting both Smoothened and
transcription factor Gli1 (Ferretti et al., 2008).

To determine whether miR-932 is able to regulate other Hh
signaling components, we examined their protein levels in miR-
932 expressing cells. Ihog protein is expressed ubiquitously
throughout the wing disc (Fig. 7A). Ihog levels were not reduced
in miR-932 expressing cells at the D compartment driven by ap-

Gal4 (Fig. 7E and E00). In the wild type discs, the protein level of
Smo in the P compartment is higher than that in the A compart-
ment (Fig. 7B), while Fu and Cos2 are expressed more in the A
compartment than in the P compartment (Fig. 7C and D). When
miR-932 expression was induced in the D compartment, the
levels of Smo was not reduced in both A and P compartments
(Fig. 7F F00). Interestingly, the levels of Fu and Cos2 were even
slightly increased in both A and P compartments (Fig. 7G G00 and
H-H00), which might be due to the indirect effect of miR-932.
These results indicate that miR-932 mudulates Hh signaling by
suppressing Boi, but not other Hh signaling components.
Comparison of miR-932 with other predicted miRNAs in repressing

Boi expression

Several miRNAs are collectively predicted to target Boi using
the targeting prediction databases. There are seven additional
miRNAs which target boi 30UTR and are conserved in 12 Droso-

phila species, including miR-4 (one site), miR-79 (one site), miR-
314 (two sites), miR-929 (one site), miR-956 (one site), miR-981
(one site) and miR-1014 (one site). Among them, miR-314 and
miR-1014 have higher scores than miR-932 according to predic-
tion algorithms (Enright et al., 2003).

To test whether these miRNAs were able to suppress Boi, we
overexpressed them in the wing disc and detected the Boi protein
level by antibody staining. Overexpression of miR-4, miR-79 and
miR-981 cause strong morphological change of wing disc, even
they are derived by ap-Gal4-Gal80ts. So it is very difficult to
determine whether these miRNAs have effects on Boi expression
by antibody staining experiment. Induced miR-314, miR-929,
miR-956 and miR-1014 in the dorsal compartments by ap-Gal4

cannot suppress Boi as strong as miR-932 (Fig. 8A and D0).
Similarly, we found that these miRNAs cannot inhibit the lucifer-
ase activity of boi 30UTR reporter as strong as miR-932 in



Fig. 5. Downregulation of miR-932 by sponge elevates the protein level of Boi. Expression of miR-932-SP in the dorsal compartment by ap-Gal4 leads to the increased

protein level of Boi (A–A’’), but cannot change the protein levels of Ptc (B–B00), Col (C–C00) and Ci (D–D00).
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Drosophila S2 cells (Fig. 8E). These observations suggest that,
among these predicted miRNAs, miR-932 is a uniquely potent
regulator of Boi.
Discussion

A precise control of Hh signaling is important for a wide
variety of processes during embryonic development and adult
tissue homeostasis (Varjosalo and Taipale, 2008). Inappropriate
activity of the Hh signaling pathway contributes to numerous
human disorders, especially different types of tumors (Teglund
and Toftgard, 2010). A hallmark of Hh signaling is its ability to act
over a long range and control distinct cell fates in a concentration
dependent manner, raising the important question of how Hh
gradients are precisely controlled during development. In this
study, we identified a novel miRNA, miR-932, which modulates
Hh signaling by directly targeting Hh co-receptor Boi.
Previous work in Zebrafish shows that miR-214 enables pre-
cise specification of muscle cell types by sharpening cellular
responses to Hh signaling through targeting the negative regu-
lator Su(fu) (Flynt et al., 2007). In a miRNA high-throughput
profile screening, miR-125b, miR-326 and miR-324-5p have been
found to directly bind to smo 30UTR and inhibit Hh signaling in
mammalian cancer cells (Ferretti et al., 2008). miR-12 and miR-
283 have been shown to be able to regulate Hh pathway by
binding to the 30UTR of smo, cos2 and fu in a Drosophila genetic
screen (Friggi-Grelin et al., 2008). Similarly, our recent work also
identified miR-5 can suppress Hh signaling by directly targeting
to Smo (Wu et al., 2012). Together, these observations indicate
that microRNA-mediated silencing mechanisms play a critical
role in the precise control of Hh signaling.

It is important to note that miR-932 only suppresses Boi but
not Ihog, although they are homologues and functionally redun-
dant as co-receptors for Hh signaling. One explanation is that the
30UTR sequences of ihog and boi are not evolutionary conserved
and share no similarity. Ihog and Boi have individual expression



Fig. 6. Together with ihog-RNAi, miR-932 can block Hh signaling transduction. Ptc expression is slightly reduced in boi-RNAi (A–A00), ihog-RNAi clone cells (B–B00) or

miR-932 overexpression cells (C–C00), but is significantly reduced in ihog-RNAi clone cells that also express miR-932 (D–D00), similarly to the ihog-boi-RNAi clone cells (E–E00).

All clones are marked by GFP.
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patterns and functions in some tissues, and they are likely to be
controlled by different mechanisms. For example, Boi limits Hh
levels to suppress follicle stem cell proliferation in Drosophila

ovary, but Ihog mutant does not exhibit any phenotype in this
process (Hartman et al., 2010). Unfortunately, miR-932 is not
expressed in the Terminal Filament where Boi is expressed and
suppresses follicle stem cell proliferation (Fig. 4S). Moreover, the
murine homologues, Cdo and Boc, also have been shown to
display diverse phenotypes. Cdo mutant mice display mild to
intermediate forms of holoprosencephaly, a classic manifestation
of Hh signaling deficiency (Allen et al., 2007; Cole and Krauss,
2003; Tenzen et al., 2006; Zhang et al., 2006). Boc mutant mice
show defects in Hh signal-dependent axonal pathfinding by
dorsal neurons in the developing neural tube (Okada et al.,
2006; Yam et al., 2009). These data indicate that Ihog/Boi and
Cdo/Boc have distinct expression patterns and functions in some



Fig. 7. miR-932 cannot suppress other signal transduction components of Hh pathway. (A–D) Ihog, Smo, Cos2 and Fu staining in wild-type wing discs. (E–H00) Ectopic

expression of miR-932 in the dorsal compartment induced by ap-Gal4 cannot suppress the protein levels of Ihog (E–E00) and Smo (F–F0). The levels of Fu (G–G00) and Cos2

(H–H00) are even slightly increased in miR-932 expressing cells.

L. Gao et al. / Developmental Biology 377 (2013) 166–176174
tissues. On the basis of our data here, we propose that miRNA
mediated mRNA silencing may be one of the mechanisms to regulate
the expression of Ihog/Boi and Cdo/Boc during development.

In this work, we overexpressed all eight conserved predicted
miRNAs to detect whether they can equally suppress Boi. Surpris-
ingly, except the miR-4, miR-79 and miR-981, only miR-929 can
slightly repress Boi expression. Both miR-314 and miR-1014 fails
to suppress Boi expression although they have higher scores
according to prediction algorithms and miR-314 even has two
predicted binding sites on the 30UTR of boi. These observations
indicate that the importance of individual miRNAs cannot be
simply translated from the existence of conserved miRNA seed
matches from available databases. Our data demonstrate that
although the bioinformatics methods provide powerful tools for
the investigation of the miRNA-mediated gene regulation, the
functional analyses are essential for the identification and valida-
tion of the biological relevance between miRNA and their pre-
dicted targets. A collection of Drosophila genome-wide miRNA
transgenes has recently been established. It was found that
expression of many of these miRNA can induce specific develop-
mental defects in the wing (Bejarano et al., 2012; Schertel et al.,
2012; Szuplewski et al., 2012). Further examination of these
miRNA will provide novel insights into the regulation of gene
expression by miRNAs in development.



Fig. 8. The suppression effects of other predicted miRNAs on Boi expression. (A–D0) Ectopic expression of miR-314, miR-929, miR-956 and miR-1014 in the posterior

compartments by en-Gal cannot suppress Boi as strong as miR-932. (E–H) miR-4, miR-79, miR-314, miR-929, miR-956, miR-981 and miR-1014 cannot inhibit the

expression of the boi 3’UTR-luciferase reporter in cultured Drosophila S2 cells.
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