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MicroRNAs are important regulators of gene expression, yet the functional outputs of most 

microRNA-target interactions remain elusive. Here we introduce the Drosophila microRNA 

sponge (miR-SP) as a powerful transgenic technology to dissect the function of every 

microRNA with precise spatiotemporal resolution. We demonstrate that miR-SPs can be 

used to characterize tissue-specific microRNA loss-of-function phenotypes, define the 

spatial regulation of their effectors, and uncover interactions between microRNAs and other 

genes. identify an essential role of the conserved microRNA miR-8, in neuromuscular 

junction (NMJ) formation. Tissue-specific silencing reveals that postsynaptic activity of 

miR-8 is important for normal NMJ morphogenesis. Given that miR-SPs rely on a bipartite 

modular expression system, they could be used to elucidate the endogenous function of 

microRNAs in any species where conditional expression can be achieved.

MicroRNAs are post-transcriptional regulators of gene expression with functions linked to 

development, physiology and disease1. These ~22-nucleotide non-coding RNAs bind to 

specific target sequences frequently located within the 3'UTR of protein-coding genes, and 

suppress expression by means of mRNA decay or translational inhibition2. Hundreds of 

microRNAs exist in organisms from plants to humans, yet the biological function of 

relatively few microRNA-target interactions have been thoroughly characterized in vivo1. As 

the diversity of microRNA identity and expression patterns unfolds3, biologists face an 

increasing challenge to discern microRNA contributions in highly dynamic or complex 

biological processes.

While genomic techniques facilitated rapid identification of microRNAs4, uncovering their 

functions has been limited by available technologies for in vivo analysis. For instance, a 
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body of evidence concerning microRNA functions has been inferred from misexpression 

studies1. In Drosophila, overexpression of miR-7, miR-iab-4-5p and miR-315, has 

implicated these microRNAs in important signaling pathways, such as Notch, Ubx and 

wingless respectively1, 5. Because every microRNA is predicted to interact with many 

mRNAs6, misexpression may lead to silencing of genes that normally escape regulation due 

to spatial, temporal or quantitative restrictions, thus generating neomorphic phenotypes1. 

For this reason, most microRNA gain-of-function experiments require validation with loss-

of-function data.

The tools currently used for microRNA loss-of-function analysis present several caveats. 

Classical genetic knockouts are time-consuming, unable to simultaneously silence “seed” 

sequence-redundant microRNAs, and offer only limited flexibility for spatial and temporal 

analysis. Chemically modified synthetic oligonucleotides7 have the ability to silence both 

individual and families of microRNAs but have narrow applicability for developmental or 

physiological studies. More recently, modified antisense oligonucleotides, originally termed 

microRNA “sponges”8, expressed from plasmids or lentiviral vectors offered a promising 

advance towards dissecting microRNA function, albeit still restricted to cell culture systems 

or transplanted tissues8, 9. A major challenge for both chemically modified oligonucleotide 

inhibitors and microRNA “sponges” has been targeted and effective in vivo delivery. While 

high doses of these reagents can be attained, these technologies are limited in their spatial or 

temporal resolution in living organisms. The most versatile methods for robust spatial and/or 

temporal-specific transgene expression are modular expression systems based on exogenous 

DNA recombinases or transcription factors such as Cre and Gal4, respectively10, 11. Here, 

we generated transgenic miR-SPs by placing modified microRNA complementary 

oligonucleotides downstream of repetitive UAS sequences. Our results demonstrate that 

combining these constructs with specific Gal4 drivers renders sufficient expression of the 

microRNA silencer to achieve spatiotemporal microRNA inhibition in intact animals.

RESULTS

MiR-SP technology – design and proof of principle

To generate miR-SP elements, ten repetitive sequences complementary to a microRNA with 

mismatches at positions 9–12 (ref. 8) for enhanced stability, were introduced into the 3'UTR 

of EGFP or mCherry in a pUAST expression vector (Fig. 1a–b). Transgenic animals were 

generated carrying one or two copies of the miR-SP cassette.

To assess the specificity and efficiency of the miR-SP elements, we analyzed a neomorphic 

phenotype in the compound eye. MiR-8 loss of function either by a null mutant (not shown) 

or by expressing a miR-SP construct (miR-8SP) using the eye-specific driver GMR-Gal4 

(Fig. 1d) does not affect adult eye morphogenesis. However, overexpression of miR-8 (UAS-

miR-8) results in a rough eye phenotype (Fig. 1e) relative to GMR-Gal4 controls (Fig. 1c). 

In contrast, animals co-expressing UAS-miR-8 and miR-8SP displayed wild-type 

morphology indicating complete suppression of this neomorphic phenotype as a 

consequence of miR-8 silencing (Fig. 1f). To demonstrate that miR-SPs function 

independent of tissue context, we analyzed their activity in muscles using the mesodermal 

how24B-Gal4 driver. Overexpression of miR-8 in muscle results in fully penetrant 
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embryonic lethality (Fig. 1g), even when expressed in a miR-8 null background. However, 

co-expression of miR-8SP and miR-8 under the same how24B-Gal4 driver restores viability 

to wild-type levels (Fig. 1g). These results demonstrate that miR-SP elements can inhibit 

microRNA activity in vivo with high efficiency, even when expressed under the same Gal4 

driver.

MiR-SPs effectively inhibit endogenous microRNA activity

To ask if miR-SPs can interfere with endogenous microRNA activity we first employed a 

known microRNA-target regulatory network. The Drosophila neuronal-specific 

transcription factor Nerfin-1 has been shown to be under stringent microRNA-mediated 

post-transcriptional regulation12, 13. Analysis of a transgenic sensor construct consisting of 

nerfin-1 3'UTR fused to GFP suggested that microRNA activity spatially restricts Nerfin-1 

expression12. The miR-9 family plays an important role in endogenous nerfin-1 regulation13. 

Indeed, the 3'UTR of nerfin-1 contains 4 target sites for miR-9 of which two are highly 

conserved in Drosophila species12, 13. Moreover the GFP nerfin-1 3'UTR sensor was found 

to be silenced in larval wing imaginal discs12 where miR-9a is expressed14. Thus, it was 

likely that miR-9a regulates sensor expression in this context, providing a means to 

determine if miR-SPs can inhibit endogenous microRNA function. To test this, we 

expressed the GFP nerfin-1 3'UTR sensor throughout the wing imaginal disc and targeted 

miR-9aSP in a subset of cells along the anterior-posterior compartment boundary using the 

ptc-Gal4 driver. We expressed miR-9aSP or GFP nerfin-1 3'UTR alone as controls. Analysis 

of third instar larval discs revealed a specific increase in GFP signal in the ptc-Gal4 

expressing cells but not in the control samples (Fig. 2a and data not shown). Thus miR-SP 

elements can be employed for targeted inhibition of endogenous microRNA activity. In 

addition, given that microRNA inhibition often leads to upregulation of target expression, 

this suggests that the miR-SP technology can be used to identify microRNA targets with 

precise spatial resolution.

We next sought to establish the effectiveness of the miR-SP system to uncover bona fide 

loss of function phenotypes in intact animals. Of the few Drosophila microRNAs analyzed 

to date, only a small number have striking morphological phenotypes14–16. MiR-9a regulates 

sensory organ formation and controls wing morphogenesis in adults14. MiR-9a mutant flies 

display an increased number of sensory bristles on the anterior part of the wing and a 

notched posterior wing margin14. Similar to null mutant animals, expression of miR-9aSP 

using the ubiquitous tubulin-Gal4 driver displayed posterior wing margin defects in adult 

progeny (Fig. 2b–d). Moreover, we observed increased expressivity, reaching null mutant 

severity, by the addition of a heterozygous miR-9a mutant background (Fig. 2e). No defects 

were observed in miR-9a heterozygous mutant animals (not shown). This phenotype can be 

rescued by overexpression of miR-9a in the wing imaginal disc cells along the dorsalventral 

boundary using the vg-Gal4 driver14. The strength of the miR-SP technology lies in the 

ability to uncover discrete tissue-specific microRNA functions. To determine whether 

miR-9a activity is required ubiquitously to control wing morphogenesis or only in a subset 

of cells, we expressed miR9a-SP with vg-Gal4. The progeny displayed the same wing 

margin phenotype observed in miR-9a null mutants or miR-9aSP/tubulin-Gal4 animals, 

indicating that the function of miR-9a in wing morphogenesis is restricted to this subset of 
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cells along the dorsal-ventral boundary (Fig. 2f). These results highlight the versatility of the 

miR-SP technology in attaining tissue-specific inhibition of microRNA function, required 

for the analysis of complex developmental processes.

To establish the broad applicability of the miR-SP technology, we explored another well 

characterized microRNA loss-of-function phenotype. Genomic loss of miR-8 causes a 

malformed third leg phenotype (Fig. 2g, h, l, ref. 16). Expression of miR-8SP using the 

ubiquitous tubulin-Gal4 driver results in the same, albeit less penetrant, third leg phenotype 

(Fig. 2i, l). We also found a dose-dependent elevation in penetrance that reaches null 

severity by increasing miR-SP copy number, or by addition of a heterozygous miR-8 mutant 

background (Fig. 2j, l). Thus, the miR-SP system provides the opportunity to generate allelic 

series, a tool essential for genetic interaction studies. Expression of a control miR-SP with 

scrambled sequence did not induce any phenotype even in a miR-8 heterozygous mutant 

background (Fig. 2k, l).

Despite a highly penetrant adult leg defect, early leg disc patterning and morphogenesis 

appear to be normal in miR-8 mutant flies, suggesting that the observed phenotype results 

from a late systemic defect, such as mechanical damage during late pupariation, rather than 

an early leg-specific effect16. Consequently, one would expect that localized inhibition of 

miR-8 in the developing leg should not render a miR-8 phenotype. In contrast to ubiquitous 

miR-SP expression (Fig. 2i, j, l) or a miR-8 null mutant (Fig. 2h, l), animals expressing 

miR-8SP with the leg-specific driver Dll-Gal4 were indistinguishable from control even in a 

miR-8 heterozygous mutant background (Fig. 2m, n, l).

To determine if miR-SP elements can be used for more sophisticated genetic interaction 

studies, we exploited a previously characterized microRNA-dependent signaling pathway. 

MiR-7 negatively regulates the expression of transcription factor Yan during photoreceptor 

differentiation15. Tissue-specific overexpression of YanACT, a transgenic Yan protein that 

undergoes reduced turnover, results in a reduced glassy eye phenotype (Supplementary Fig. 

1 online, ref. 15) exacerbated by loss of miR-7 function15. Similar to miR-7 depletion15, 

expression of miR-7SP in a wild type background had no detectable effect on the overall 

adult eye morphology (Supplementary Fig. 1 online). However, co-expression of YanACT 

and miR-7SP using the eye-specific driver eyeless-Gal4 strongly enhanced the YanACT eye 

phenotype (Supplementary Fig. 1 online).

Intrinsic to the Gal4-UAS system and supported by our analysis of three independent 

microRNAs, this method provides a rapid and straightforward tool for studies in which 

tissue-specific inhibition may be essential for a comprehensive analysis of microRNA 

functions.

Defining tissue-specific microRNA site of action using miR-SP

Many microRNAs are expressed during nervous system development suggesting that they 

control a repertoire of neuronal processes across a diverse range of species17, 18. The 

Drosophila neuromuscular junction (NMJ) has emerged as a powerful system to study 

synaptic development, neurotransmission and cell biology19. In a forward genetic screen we 

identified the conserved Drosophila miR-8 as a candidate regulator of NMJ formation (CSL, 
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CML and DVV, unpublished observations). We assessed third instar larval NMJ 

morphology in animals expressing miR-8SP under the ubiquitous tubulin-Gal4 driver. 

Analysis of the well-characterized muscle 6/7 NMJ (Fig. 3 a, b diagrams) revealed a striking 

phenotype in transgenic animals characterized by reduced size and complexity of the NMJ 

that could be quantified using three morphological parameters: (i) a decreased number of 

synaptic boutons, (ii) reduced expansion of the presynaptic terminal arbor, and (iii) fewer 

axonal branches (Fig. 3d, g). Ubiquitous expression of either two copies of miR-8SP alone, 

or one copy in a ΔmiR-8 heterozygous background, revealed a significant and dose-

dependent decrease in synaptic bouton number (up to 20%, P<0,001; Fig. 3g left graph), 

NMJ expansion (up to 37%, P<0,001; Fig. 3g middle graph) and NMJ branches (up to 25%, 

P<0,001; Fig. 3g right graph). Analysis of miR-8 null mutants revealed comparable albeit 

slightly more robust NMJ morphological phenotypes than ubiquitous miR-8SP expression 

(Fig. 3e, f, g). These results demonstrate that miR-8 plays an important role in NMJ 

morphogenesis.

Signaling between pre- and postsynaptic membranes is essential to coordinate NMJ 

morphogenesis and function20. MiR-8 could potentially regulate NMJ formation by 

regulating genes on either side of the synapse. This issue can be addressed with miR-SP 

elements using tissue-specific Gal4 drivers. Expression of miR8-SP using the muscle-

specific driver how24B-Gal4 resulted in the same NMJ defects observed with either the 

tubulin-Gal4 driver or with miR-8 null mutants (Fig. 4b, c, g). The penetrance of this NMJ 

phenotype increased with the miR-SP copy number indicating dose-dependence (Fig. 4d, g). 

In contrast, expression of miR-8SP using the strong pan-neural driver elav-Gal4 generated 

no detectable NMJ phenotype even when one copy of miR-8 was removed (Fig. 4f, h). To 

control for non-specific effects of miR-SP expression, we generated a miR-SP for an 

unrelated microRNA, Drosophila miR-276a (miR-276aSP). Expression of miR-276aSP 

under how24B-Gal4 was indistinguishable from controls even in a miR-8 heterozygous 

background (Fig. 4e, g). To verify that the NMJ phenotype is caused by a loss of miR-8 

function, we asked if expression of transgenic miR-8 could suppress the effect of miR8-SP. 

Overexpression of miR-8 in muscle results in embryonic lethality, which is suppressed when 

co-expressed with miR-8SP (Fig. 1g), thus allowing NMJ analysis at late larval stages. 

Analysis of these larvae revealed rescue of the NMJ defects, confirming that this phenotype 

is induced by muscle-specific depletion of miR-8 (Supplementary Fig. 2 online). Thus, by 

virtue of tissue-specific transgenic microRNA inhibition, we find that muscle cells play an 

essential role in miR-8 mediated control over synaptic development.

The prevalence of postsynaptic miR-8 activity during NMJ development could reflect 

restricted miR-8 expression or tissue-specific differences in miR-8 activity. Analysis of 

EGFP expression driven by a miR-8-Gal4 enhancer trap suggests that miR-8 is broadly 

expressed in muscle (Fig. 5a) and central nervous system (CNS) (Fig. 5a inset, ref. 16). 

However, immunofluorescence analysis of wild-type larvae ubiquitously expressing a 

miR-8-EGFP reporter construct21 showed robust miR-8 activity in the body wall 

musculature (Fig. 5b, d), and no obvious activity in the CNS (Fig. 5b solid inset) or motor 

neurons (Fig. 5b dashed inset). Reporter levels were significantly upregulated in the muscle 

of miR-8 null larvae, confirming that reporter silencing in wild-type body wall musculature 
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was due to endogenous miR-8 activity (Fig. 5c and e). A quantitative analysis of total EGFP 

levels by Western blotting confirmed nearly complete reporter inhibition in the larval body 

wall musculature, and also revealed a subtle yet reproducible miR-8 activity in dissociated 

larval CNS extracts (Fig. 5f and Supplementary Fig. 5 online).

Identification of tissue-specific microRNA effectors using miR-SP

To determine if miR-SPs can be used to identify genes that are differentially regulated by 

microRNAs in a particular tissue, developmental stage or process we sought to uncover the 

effector(s) underlying miR-8-mediated regulation of NMJ morphogenesis. The 3'UTRs of 

over 300 genes are predicted to contain one or more miR-8 target sites (TargetScanFly 

release 5.0). Directly related to neuronal morphogenesis, the actin regulatory protein 

Enabled (Ena)22 contains one predicted miR-8 target site in the 3'UTR that is highly 

conserved across Drosophila species (Supplementary Fig. 3 online).

To determine if Ena is a downstream effector of miR-8 during Drosophila larval 

development, we analyzed Ena levels in miR-8 modified genetic backgrounds. Western 

blotting of total larval extracts revealed a marked increase in Ena protein levels in tubulin-

Gal4:miR-8SP animals compared to control samples, (Fig. 5g and Supplementary Fig. 6 

online). MiR-8 null mutants revealed a similar change in Ena levels (Fig. 5g). Given the 

postsynaptic function revealed by miR-8SP, key miR-8 effectors at the NMJ should also be 

regulated in muscle. Comparison of dissected muscle and CNS tissues from tubulin-

Gal4;miR-8SP and miR-8 null mutant animals demonstrated a substantial increase of Ena 

levels in the muscle (Fig. 5i), but not in dissociated CNS extracts (Fig. 5h), when compared 

to controls. This provided an ideal platform to test the capacity of the miR-SP system to 

reveal tissue-specific microRNA-mediated gene regulation in the intact animal without the 

need of separating different tissues. Indeed, postsynaptic expression of miR8-SP with 

how24B-Gal4 resulted in an increase of Ena levels comparable to ubiquitous loss of miR-8 

(Fig. 5i). To confirm that miR-8 can repress Ena expression in vivo we analyzed the effect of 

ectopic miR-8 expression (UAS-miR-8) in Drosophila wing imaginal discs using the ptc-

Gal4 driver. Analysis of the wing pouch revealed decreased Ena protein levels in miR-8 

expressing cells along the anterior-posterior compartment boundary (Fig. 5 j, k).

If Ena is a key effector underlying miR-8 function during NMJ development, then increased 

Ena levels should mimic the miR-8 null phenotype whereas reduced levels of Ena should 

rescue the miR-8 null induced defects in NMJ growth, in the same tissue-specific pattern. As 

predicted, postsynaptic Ena overexpression using how24BGal4 elicited the same NMJ 

phenotype as miR-8 null mutant animals (Fig. 6a, c). In contrast, the NMJs of animals 

overexpressing Ena under the pan-neural elav-Gal4 driver were indistinguishable from 

controls (Fig. 6b, c). Conversely, removing one copy of ena by a loss-of-function allele 

(ena210) resulted in a partial yet consistent rescue of miR-8 null NMJ defects despite the 

presence of one wild type ena allele (Fig. 6d, f). However, expression of UAS-FP4-mito, a 

construct that renders endogenous Ena protein inert by sequestering it to mitochondria and 

thus mimicking an Ena null mutant23, results in a robust rescue of all miR-8 null NMJ 

phenotypic parameters (Fig. 6e, f). Neither removal of one copy of ena nor postsynaptic 

overexpression of UAS-FP4-mito display any detectable NMJ phenotypes in a wild-type 
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genetic background (Supplementary Fig. 4 online). Taken together, these results indicate 

that the miR-SP technology is an effective tool to dissect the tissue-specific logic of 

microRNA effector regulation.

DISCUSSION

Our transgenic miR-SP technology utilizes the modular Gal4-UAS system11 to achieve 

consistent inhibition of microRNA function from the entire living organism to a single 

tissue, organ or cell type. Thus, Drosophila miR-SP is the first versatile technology that 

allows transgenic microRNA silencing with precise spatial resolution at any stage of 

organismal life. miR-SPs can be used to rapidly identify microRNA phenotypes in multiple 

contexts, thus providing an efficient alternative to synthetic chemically modified 

oligonucleotide inhibitor approaches or classical genetic knockouts, both of which still 

present significant limitations9. In addition, as demonstrated by our studies in eye, wing, leg, 

muscle and CNS, miR-SPs will allow researchers to define the full repertoire of microRNA 

functions across a complex spectrum of developmental, physiological and behavioral 

processes. Moreover, because the levels of transgene expression can be precisely controlled, 

miR-SPs are also powerful tools to investigate genetic interactions between microRNAs and 

their functional partners in vivo. Given the extensive collection of different Gal4 driver 

strains, and the ease of generating complete miR-SP libraries, this technology will allow 

biologists to rapidly explore the entire landscape of microRNA functions in living 

organisms.

We uncovered the cellular and molecular logic with which miR-8 acts to promote 

presynaptic growth by limiting postsynaptic expression of Ena. Despite expression on both 

sides of the synapse, tissue-specific depletion shows that postsynaptic miR-8 activity is 

required for NMJ development. Presynaptic expression of miR-8SP showed no effects, 

suggesting either that presynaptic miR-8 depletion is incomplete, or that miR-8 is 

intrinsically less active in larval motoneurons than in muscle cells. Although an in vivo 

measure of presynaptic miR-8 depletion is needed to rule out the former, two observations 

support the latter hypothesis for the effector Ena: (i) decrease of miR-8 expression using null 

mutations does not alter Ena levels in the CNS, and (iii) elevation of Ena levels in neurons 

does not emulate miR-8 NMJ defects. These findings imply that cell type-specific 

mechanisms influence miR-8 regulation of ena.

The analysis using ptc-Gal4 for miR-9a and how24B-Gal4 for miR-8 illustrates that the miR-

SP technology can be used to genetically dissect the regulation of microRNA target genes or 

effectors. Combined with quantitative genome and proteome-wide expression analysis, miR-

SPs can yield essential information regarding in vivo genes that are differentially regulated 

in a particular tissue, developmental stage or process.

Given that modular and conditional expression systems have been developed in other model 

organisms10, 24, the utility of the miR-SP technology is not restricted to flies. In addition to a 

recent modification of the Cre-loxP system to achieve tissue-specific gene expression in 

mice10, recent studies reported the use of Gal4-UAS bipartite modular expression in 

zebrafish24. The extensive collections of tissue-specific Cre mice25, and the recent 
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generation of zebrafish Gal-4 libraries24, will provide a platform for miR-SP-mediated 

tissue-specific inhibition of microRNA function in these higher organisms.

ONLINE METHODS

Drosophila Genetics

All stocks were maintained and crossed at 25°C according to standard procedures. Stocks 

were obtained from the Bloomington Stock Center unless otherwise specified. The 

following loss-of-function alleles and transgenic lines were used: GMR-YanAct (ref. 15, 26) 

was a gift from R.W. Carthew, UAS-FP4-mitoEGFP (ref. 23) was a gift from M. Peifer, 

ena210 and UAS-ena (ref. 27) were gifts from F. M. Hoffmann, miR-9aJ22 and miR-9aE39 

(ref. 14) was a gift from F.B. Gao; miR-8-GFP Sensor (ref. 21) was a gift from H. Ruohola-

Baker, EP-atro, and P{EPgy2}GugEY14339. miR-8Δ2 (ref. 16) was a gift from S. Cohen; an 

independent miR-8 null allele ΔmiR-8 was generated as part of a separate study in our 

laboratory (C.S.L., C.M.L. and D.VV. unpublished observations), tubulinEGFP nerfin-1 

3'UTR reporter12 was a gift from J. Brennecke. For the analysis of miR-9a activity in wing 

imaginal discs, the tubulinEGFP nerfin-1 3'UTR reporter was recombined with ptc-Gal4 on 

the second autosomal chromosome. The following Gal4 drivers were used to drive 

ubiquitous, eye, leg, wing disc, pan-neural and mesodermal expression: tubulin-Gal4, GMR-

Gal4 and eyeless-Gal4, Dll-Gal4, ptc-Gal4, elav-Gal4 and how24B-Gal4 respectively. The 

miR-8-Gal4 line was obtained from the Drosophila Genetic Resource Center (DGRC) and 

used to drive expression of UAS-CD8GFP.

To generate the allelic combination of ena heterozygous/ΔmiR-8 homozygous genetic 

background, the ena210 allele was recombined with ΔmiR-8 allele on the second autosomal 

chromosome and the miR-8 NMJ phenotypes were assessed as described above. To test the 

effect of postsynaptic Ena inhibition on ΔmiR-8 induced NMJ phenotype, UAS-FP4-mito 

was expressed using the how24B-Gal4 driver, in a ΔmiR-8 homozygous mutant background. 

The specificity of the UAS-FP4-mito has been previously described23.

Molecular Biology

For the sequences of all DNA primers and miR-SP constructs used in this study see 

Supplementary tables. Each miR-SP construct was generated by introducing ten repetitive 

microRNA complementary sequences separated by a variable four-nucleotide linker into the 

3'UTR of EGFP. Each sequence was designed with a mismatches at positions 9–12 as 

previously described8, and the entire cassette was cloned into the pUAST-EGFP vector 

according to company protocols (Bio Basic Inc). Transgenic animals carrying one or two 

copies of the miR-SP cassette were obtained following P element transposon-mediated 

genomic integration (BestGene Inc).

To generate the miR-8 overexpression construct (UAS-miR-8) ~450 bp of genomic DNA 

including the miR-8 hairpin were amplified by PCR and cloned into the pUAST vector28.
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Immunohistochemistry and Quantitation of NMJ Morphology

Wandering third instars were dissected in Ca2+-free saline and fixed in 4% 

paraformaldehyde for 30 min, except for Ena immunostaining which required a fixation in a 

mix of 37% formaldehyde and 10–15% methanol for 3 min. Fixed larvae were washed 3 

times in PBS, 0.1% Triton-X100 (PBT) and blocked for 1 h in 5% NGS in PBT. The 

following primary antibodies were used for immunohistochemistry: anti-HRP 1:1000 

(Jackson ImmunoResearch), anti-Ena 1G6 (1:4) (a gift from F.M. Hoffmann) and FITC-

conjugated anti-GFP 1:1500 (Abcam). F-actin was visualized using Alexa Fluor® 633 

phalloidin 1:400 (Invitrogen). Secondary antibodies Alexa Fluor-488 and -568 (Invitrogen) 

were used at a 1:400 dilution. RP3 and MN6/7b terminals of muscle 6 and 7 in the 

abdominal segment A2 of wandering third instar larvae were used for the quantification of 

all morphological parameters. This analysis was carried out using a Zeiss Axioplan2 

microscope and a Hamamatsu ORCA wide-field digital camera. Three parameters were used 

to assess NMJ morphology: (i) Synaptic boutons were counted as previously described29. 

(ii) NMJ expansion was quantified using the Elements (Versions 2.3–3.0) Nikon Imaging 

Software by tracing a polygon along the axonal arbor where each vertex consists of a NMJ 

terminal branch point. Pixel number was then converted to μm, and the area enclosed by the 

traced figure was measured. Both bouton number and NMJ expansion were normalized to 

muscle surface area. (iii) Branch count was defined as the number of branch tips per NMJ. 

To avoid potential biased interpretation, all experiments were blinded to genotype.

Confocal and Epifluorescence Microscopy

Confocal microscopy was performed using a Zeiss LSM 510 META upright microscope. 

Max-intensity projections were obtained using the Zeiss LSM Software package. For the 

miR-8GFPsensor experiments, control and ΔmiR-8 samples were dissected and fixed 

simultaneously under identical conditions. Prior to acquisition, laser parameters were 

adjusted to obtain non-saturating conditions. Confocal images of the entire third instar body 

wall musculature and CNS were taken at 5× magnification using identical confocal 

acquisition parameters (laser intensity, gain and pinhole settings). 2×2 grids were captured 

and automatically rendered by the Zeiss LSM Multi-Time application. Epifluorecent images 

of miR-8-Gal4 driving UAS-CD8GFP were taken with a Zeiss Stemi SV6 microscope and 

1XHRD 100-NIK digital camera (Diagnostic Instruments Inc.) and processed using 

OpenLab 5.0.1 software.

Bioinformatics

The TargetScan algorithm30 was used to identify ena as a conserved miR-8 target. Sequence 

alignment of miR-8 and the ena 3'UTR was obtained using the Bibiserv RNAhybrid 

algorithm31 (http://bibiserv.techfak.unibielefeld.de/rnahybrid/submission.html)

Biochemistry

To obtain total brain and body wall musculature homogenates, wandering third instar larvae 

were filleted in dissection buffer (PBS, 1 mM EGTA, 1× Complete mini protease inhibitor 

cocktail (Roche)), transferred to 25 μl of lysis buffer (PBS, 0.05% Tween, 1 mM EGTA, 1× 

Complete mini protease inhibitor cocktail), homogenized and boiled for 10 min in 1× SDS 
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Sample buffer (Sigma). To dissociate the CNS from the muscle tissue, wandering third 

instar larvae were filleted in dissection buffer and the CNS was carefully removed from the 

body wall musculature. 10 brains and 2 muscle samples were homogenized in lysis buffer as 

described above. Samples were loaded into 10% SDS-PAGE gels (Lonza), and analyzed by 

immunoblotting according to standard protocols. The following primary antibodies were 

used for Western blotting: mouse anti-Ena 5G2 (DSHB) 1:20, rabbit anti-tubulin (Abcam) 

1:50,000 and mouse anti-GFP (Living Colors Monoclonal Antibody (JL-8; Clontech) 

1:50,000. HRP-conjugated anti-rabbit and anti-mouse secondary antibodies (Jackson 

ImmunoResearch) were used at a 1:10,000 dilution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Design and functionality of transgenic miR-SP elements
a, Ten microRNA binding sites (red) containing a mismatches at positions 9–12 were 

inserted downstream of EGFP (green) in a UAS-containing P-element vector. b, The 

resulting transgenic animals can be crossed to specific Gal4 lines. c–f, Expression of UAS-

miR-8 results in a rough eye phenotype that can be rescued by co-expression of miR-8SP. 

Adult eye morphology in Control GMR-Gal4/+ (c), GMR-Gal4/miR-8SP;miR-8SP/+ (d), 

GMRGal4/+;UAS-miR-8/+ (e), GMR-Gal4/miR-8SP;UAS-miR-8/miR-8SP (f). Scale bars are 

100 μm. g, Histogram illustrating percent viability in miR-8 null mutants and modified 

miR-8 genetic backgrounds (n > 50 for all genotypes; Error bars: ± SEM).
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FIGURE 2. Effective tissue-specific silencing of endogenous microRNA activity by miR-SP
a, Wing imaginal discs from ptcGal4/miR-9aSP;miR-9aE39/+ (CONTROL) and 

tubulinEGFP nerfin-1 3'UTR, ptcGal4/miR-9aSP;miR-9aE39/+ (GFP nerfin-1 3'UTR,) 

imaged for GFP or mCherry. The cells along the anterior-posterior compartment boundary 

display increased GFP expression (brackets). Scale bars are 20 μm. b–f, MiR-9a silencing 

results in specific posterior wing margin defects. Cuticle preparations of adult wings from 

wild type (b), miR-9aJ22/miR-9aJ22 (c), miR-9aSP/+; miR-9aSP/tubulin-Gal4 (d), 

miR-9aSP/+; miR-9aJ22/tubulin-Gal4 (e), miR-9aSP/vg-Gal4; miR-9aJ22/+ (f). Scale bars 

are 100 μm. g–k, Inhibition of miR-8 activity by genomic knockdown or miR-SP silencing 

results in a deformed third leg pair. Cuticle preparations of adult third legs from wild type 

(g), ΔmiR-8/ΔmiR-8 (h), miR-8SP/+; tubulin-Gal4/miR-8SP (i), miR-8SP/ΔmiR-8; tubulin-

Gal4/miR-8SP (j), ΔmiR-8/+; tubulin-Gal4/Scramble-SP (k). l, Percentage of adult flies 

displaying malformed third leg phenotype in control and miR-8 modified genetic 

backgrounds (Student's t-test, *P=0.05; **P < 0.03; ***P < 10−4; Error bars: ± SEM). m, n, 

Cuticle preparation of adult third legs from Dll-Gal4/ΔmiR-8 (m) and Dll-Gal4/ΔmiR-8; 

miR-8SP/+ (n).
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FIGURE 3. Discovery of novel microRNA functions using miR-SP elements
a,b, Schematic of the Drosophila third instar larval NMJ (a) and ventral body wall 

musculature (b). Abdominal segments are labeled A1–A6; anterior is left. The presynaptic 

compartment and CNS are shown in green and postsynaptic compartment in red; muscles 6 

and 7 are highlighted in (a) and yellow box in (b). c–f, Immunofluorescence of larval NMJs 

from the indicated genotypes. All panels show confocal images of NMJ at muscles 6/7 in 

segment A2 of wandering third instar larvae stained for HRP (green, Horseradish 

Peroxidase) and F-actin (red). Scale bars are 20 μm. g, Quantification of synaptic bouton 

number, NMJ expansion and NMJ branch number as percentage of isogenized wild-type 

control. (*P<0.005; **P<0.001; ***P <10−7; by two-tailed Student's t-test; Error bars: mean 

± SEM; n=20 for all genotypes and parameters). For NMJ analysis, statistical significance 

was determined with respect to the corresponding wild type or ΔmiR-8 heterozygous mutant 

background. Synaptic bouton numbers and NMJ expansion were normalized to muscle 

surface area (MSA). In all panels, “>” stands for driver-induced transgene expression.
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FIGURE 4. MiR-SPs define microRNA activity with spatial specificity
a–f, Immunofluorescence of third instar larval NMJs from the indicated genotypes. Scale 

bars are 20 μm. g, h, Quantification of synaptic bouton number, NMJ expansion and NMJ 

branch number as percentage of isogenized wild-type control in a tissue-specific miR-8-

modified genetic background in the post- (g) or pre-synaptic (h) compartments. ΔmiR-8/+ 

samples were statistically indistinguishable from wild-type NMJs and used as control 

reference for NMJ analysis of Δmir-8 heterozygous backgrounds. Post-synaptic miR-8SP 

expression results in a dose- dependent NMJ phenotype (g) similar to ΔmiR-8 null animals. 

In contrast, larvae expressing miR-8SP pan-neurally appeared statistically identical to wild-

type controls (h) (Error bars are ± SEM; **P<0.0001; ***P<10−6 by two-tailed Student's t-

test; n>17 for all genotypes and parameters)
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FIGURE 5. MiR-SP elements can uncover tissue-specific microRNA function
a. EGFP under the control of a MiR-8 Gal4 driver is robustly expressed in the body wall 

musculature (a) and in the brain and ventral nerve cord (a, inset). b, c Confocal images of 

TubulinmiR-8-EGPF fluorescence in total dissected larvae (b, c), CNS (b solid inset) and 

motorneurons (b dashed inset) from wild-type controls compared to ΔmiR-8 mutants (c, e). 

Scale bars are 50 μm in (b) insets, and 500 μm in (d, e). f, Total miR-8-EGFP levels isolated 

from fresh muscle and brain extracts of control and ΔmiR-8 mutant animals, assessed by 

Western blotting using an anti-GFP antibody. g–i, Western blot analysis of Ena and tubulin 

expression in total dissected third instar larvae (g), CNS extracts (h) or muscle (i), in wild-

type larvae (control), or larvae in which miR-8 was inhibited by ubiquitous expression of 

miR-8SP, or by homozygous miR-8 deletion (ΔmiR-8). Ten larvae were used to obtain the 

CNS homogenate in (h) and two larvae were used for muscle extracts in (i). j, k Third instar 

larval wing imaginal discs from wild type (j) and ptc-Gal4/UAS-miR-8 animals (k) 

immunostained with an Ena antibody. Cells expressing miR-8 along the anterior-posterior 

boundary, indicated by white arrows display reduced levels of Ena. Scale bars are 20 μm.
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FIGURE 6. Genetic dissection of Ena function confirms miR-8-mediated postsynaptic regulation 
of NMJ morphogenesis
Analysis of NMJs at muscles 6/7 in larvae over-expressing UAS-ena under the muscle-

specific how24B-Gal4 driver (a, c). The NMJs of larvae expressing UAS-ena pan-neurally 

under the control of the elav-Gal4 driver appear indistinguishable from wild-type controls 

(b, c). Reducing Ena levels by a heterozygous loss-of-function allele (d) or suppressing Ena 

activity postsynaptically by expressing UAS-FP4-mito (e) under the muscle-specific driver 

how24B-Gal4. Scale bars are 20 μm. Quantitatively, the synaptic bouton phenotype was 

rescued by 15 and 63%, NMJ expansion by 37 and 58%, and the reduction in branch number 

by 43 and 67% in the ena210 heterozygous and how24B-Gal4:UAS-FP4-mito backgrounds, 

respectively(f). (Error bars are ± SEM; for (c) ***P<10−6 relative to control; for (f) 
*P<0.005; **P<0.001; ***P<0.0001 relative to ΔmiR8 homozygous animals by two-tailed 

Student's t-test; n>17 for all genotypes and parameters).
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