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Analysis of MicroRNA Function in Drosophila
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Abstract

MicroRNAs are short noncoding, ~22-nucleotide RNAs that regulate protein abundance. The growth in
our understanding of this class of RNAs has been rapid since their discovery just over a decade ago. We
now appreciate that miRNAs are deeply embedded within the genetic networks that control basic features
of metazoan cells including their identity, metabolism, and reproduction. The Drosophila melanogaster
model system has made and will continue to make important contributions to this analysis. Intended as an
introductory overview, here we review the current methods and resources available for functional analysis
of fly miRNAs for those interested in performing this type of analysis.
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1 Introduction

This chapter reviews molecular and genetic methods and resources
for the analysis of microRNA (miRNA) function in the Drosophila
melanogaster (D. melanggaster) model system. Biochemical analy-
sis of the fly system has also provided critical insights into the
upstream pathways that control miRNA production. We start with
a brief summary of fly miRNA biogenesis, but see two excellent
recent reviews [ 1, 2] and their references for more detailed descrip-
tions of this aspect of fly miRNAs.

Mature miRNAs are ~22 nucleotides (nts) long but are derived
from slightly longer, ~70-nt RNAs that fold into hairpin structures
known as pre-miRNAs. These pre-miRNAs are transcribed within
even longer primary transcripts, or pri-miRNAs, that can be hun-
dreds or thousands of base-pairs long. Pri-miRNAs are cleaved by
a ribonuclease complex containing two proteins, Drosha and
Pahsa, to release pre-miRNAs, which are exported from the nucleus
and subsequently cut by a second ribonuclease Dicer. This cleavage
releases two different short RNAs coming from either the 5" or 3’
arm of the hairpin. Current naming conventions distinguish these
related miRNAs with -5p or -3p suffixes, respectively, [3] and usu-
ally one of these predominates while the other is degraded. Once
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released, the active miRNA incorporates into a protein complex that
includes Argonautel (Agol) and directs this silencing complex to
partially complementary sequences of target mRNAs, usually to
quench their translation or promote their degradation. Below, we
summarize methods to identify miRNAs as well as characterize
their expression patterns, targets, and in vivo functions.

2

Identification

The previous version of this chapter described early efforts to iden-
tify 78 D. melanogaster miRNAs via molecular cloning and sequenc-
ing of small RNAs as well as in silico predictions [4]. Since that
chapter was published in 2008, the construction and deeper sequenc-
ing of numerous small RNA libraries as well as the detailed charac-
terization of 12 genomes of related Drosophila species [5] has
identified many additional miRNAs. The current tally of fly miRNA
hairpins is 256 [ 3] and these include both canonical miRNAs as well
as mirtrons, which are derived from spliced introns and follow a
slightly altered biogenesis pathway [5-11]. The rate at which new
miRNAs are discovered has decreased in recent years, suggesting
that the total number of fly miRNAs has reached its upper limit
[11]. This section summarizes recent miRNA identification efforts
as well as some resulting insights into miRNA biogenesis and modi-
fications. Please see ref. [1] and [2] for more detailed discussion of
miRNA biogenesis in flies and other models.

Groups associated with the Model Organism Encyclopedia of
DNA Elements (modENCODE) project have assembled a com-
prehensive catalog of the small RNA contingent of the fly tran-
scriptome. Collectively, the analysis of roughly 1.5 billion
sequencing reads identified 146 new miRNAs [6, 7, 10-13].
These reads were obtained from RNA libraries generated from
various developmental stages, tissues, mutants, cell lines, and pro-
tein immunoprecipitates (IP). For example, IP of Agol from total
tissue extract enriches the isolation of miRNAs engaged in silenc-
ing since Agol is a critical component of the miRNA effector
complex. Identified miRNAs originated from both sense and anti-
sense transcription units, intergenic regions, introns, intron—exon
junctions as well as occasionally from the untranslated and coding
regions of genes [7]. In addition to cataloguing processed small
RNAs, Graveley et al. also annotated a set of 23 primary miRNA
transcripts using deep sequencing and cap analysis of gene expres-
sion (CAGE). The magnitude of these deep sequencing efforts
has provided a detailed picture of the small RNA landscape, cap-
turing not only abundantly produced mature miRNAs but also
byproducts generated during miRNA processing. As outlined
below, analysis of these byproducts has revealed unanticipated
aspects of miRNA production.
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Mirtrons were identified as hairpins whose 5" and 3’ ends coincide
with intron termini [9]. These hairpins are released by splicing,
bypassing the usual miRNA processing by Drosha and Pasha.
Initial analysis of approximately one million reads identified 14
mirtrons and subsequent analysis of 17 additional million reads
identified 5 more [6, 9]. A computational machine learning
approach using the original 14 mirtrons as a training set yielded 51
additional mirtron candidates, and six of these were found in
modENCODE small RNA data sets [8]. The total number of fly
mirtrons is currently estimated to be ~30 [8].

Mature miRNAs can have multiple isoforms, termed isomiRs, due
to heterogeneities that arise at both 5" and 3’ termini [7, 10, 14].
Sequence heterogeneity at the 5" end is likely due to alternative
processing by Drosha and/or Dicer [7]. A prominent example is
miR-210: two versions of miR-210—one with one additional 5’
nucleotide—are equally represented in RNA libraries [10].
Modifications at the 3’ end are due to untemplated additions,
including uridylation and adenylation, as well as trimming [1, 2].
The exonuclease Nibbler, for example, is responsible for 3’ trim-
ming of miR-34 mature sequence, resulting in multiple miR-34
isoforms [14, 15]. The consequences of these modifications are
not known, but likely impact either miRNA stability and/or
miRNA-target interactions.

In addition, miRNA sequences can be edited post-
transcriptionally by the Adenosine Deaminase acting on RNA
(ADAR) enzyme. Editing events can change miRNA seed
sequences, affect processing by Drosha/Pasha/Dicer, and even
alter Ago-sorting preference [7]. Deep sequencing analysis of pro-
cessed miRNAs identified three mature miRNAs, miR-100, miR-
971, and miR-33*, that frequently contained A to G nucleotide
changes. Subsequent analysis of miR-100 and its co-transcribed
neighbors, let-7 and miR-125, identified additional editing events
in the hairpins of all three miRNAs and found that some of these
editing events control the differential expression of the three
mature miRNAs in vitro and in vivo [16].

Additional products of miRNA hairpins are functional including
loop sequences. For example, miR-34 and miR-317 hairpin loop
sequences were recovered in IPs of the miRNA effector Agol [17].
These loop sequences were generated during miRNA biogenesis
and, consistent with their association with Agol, were functional
and repressed the expression of reporter transgenes containing
complementary sequences. The in vivo function of these hairpin
RNAs as well as the byproducts of other miRNA hairpins remains
to be determined.
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3 Spatiotemporal Detection

3.1 Transcriptional
Reporters

3.2 Sensors

3.3 In Situ
Hybridization

Knowledge of the expression of miRNAs is crucial for understand-
ing the functional roles of miRNAs. This section outlines methods
that have been utilized for detecting the spatiotemporal expression
patterns of fly miRNAs.

The expression pattern of primary miRNA transcripts can be deter-
mined by generating transgenic lines containing promoter/
enhancer fragments fused to reporters such as GFP or LacZ. Such
an approach has been utilized to determine in vivo expression of
miR-1 [18-20], miR-124 [21], miR-278 [22], miR-
309/3/286,/4/5/6-1/6-2/6-3 [18], and the let-7-Complex (let-
7-C) locus [23]. Designing transcriptional reporters requires prior
knowledge of the transcription start site that can be mapped using
5'RACE. This helps preclude open reading frames present in the
5'UTR of primary miRNA transcripts in the reporter and its sub-
sequent degradation by nonsense-mediated decay.

“MiRNA sensors” are ubiquitously expressed transgene reporters
(GFP or luciferase) that contain one or more perfectly comple-
mentary miRNA binding sites in the 3'UTR. The miRNA sensors
function like a target for miRNA-mediated destruction via the
RNA interference machinery, and hence their expression is reduced
in regions of high miRNA activity. This technique has been suc-
cessfully used to report functional read-outs of miRNAs as well as
in genetic screens for functional characterization of the miRNA
biogenesis pathway [16, 24-31]. One limitation of this technique
is reporter protein perdurance, which could mask the activity of
dynamically expressed miRNAs. More recently, cleavable sensor
oligonucleotides have been described that report miRNA expres-
sion in live mammalian cells [32]. Use of these activatable sensors
will allow researchers to report dynamics of miRNA-mediated reg-
ulation in diverse contexts such as cell fate determination.

In situ hybridization (ISH) is an invaluable method to directly
visualize mRNAs at a cellular resolution in whole organisms and
tissues as well as tissue sections. This hybridization-based tech-
nique has been utilized to study the expression pattern of both
primary as well as processed miRNAs in specific cell types. The
most popular ISH techniques involve the use of alkaline phospha-
tase or fluorophore-conjugated probes and fluorescent tyramide
signal amplification (TSA)-based procedures [ 33]. Primary miRNA
transcripts have been detected with antisense probes correspond-
ing to the genomic DNA surrounding the miRNA hairpin
precursor. This approach was successfully used to monitor the
dynamic expression of pri-miRNAs involved in patterning of
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D. melanogaster embryos [34-36]. Since processing of a primary
miRNA transcript is a regulated event, the temporal and spatial
expression of the parental primary transcripts may or may not coin-
cide with the expression of the miRNA that it generates [37].
Thus, several advances have been made to facilitate ISH detection
of mature miRNAs. Labeled locked nucleic acid (LNA) probes and
either a colorimetric or fluorescent method for probe detection
have been successfully used to detect miRNA expression in D.
melanogaster, including let-7, miR-1, miR-7, miR-10, miR-34,
miR-252, miR-956, and miR-980 [19, 38—43]. LNA probes are a
class of RNA analogs in which the 2’oxygen and the 4’carbon posi-
tions in the ribose ring are connected or “locked” to create
increased stability relative to DNA or RNA when they are base-
paired with complementary DNA or RNA. The development of
LNA probes has circumvented the limitations associated with
detection of mature miRNAs that have a lower hybridization
potential owing to their short length. More recently, immunofluo-
rescence coupled to in situ hybridization (IF-ISH) protocols for
dual detection of protein and miRNA have been described for D.
melanogaster tissues [33]. These will likely allow simultaneous
detection of miRNAs in specific cell types (for e.g. stem cells) that
can be marked and visualized with antibodies in specific tissues.

Northern blot analysis has been used extensively for the detection of
mature and precursor miRNAs in diverse tissues and cell lines [22,
23]. The technique involves running total RNA on a denaturing
polyacrylamide gel followed by its transfer to a nitrocellulose mem-
brane. The RNA is fixed onto the membrane by UV crosslinking
and incubated with antisense radiolabeled or fluorescent probes.
Though Northern analysis does not require any special equipment
and also provides high-quality confirmation, the low level of sensi-
tivity, large amounts of RNA required as well as the time-consuming
protocols have resulted in improvisation of the traditional protocol
[44]. For instance, the use of LNA-modified northern probes that
exhibit higher thermal stability and show improved hybridization
properties has increased the sensitivity of the Northern blotting
technique and allowed more specific detection of miRNAs [45, 46].

Quantitative real-time PCR (qRT-PCR) is the most widely used
method to detect and quantify miRNA levels. This technique relies
on reverse transcription of the miRNA followed by qPCR with
real-time monitoring. Some of the limitations of miRNA reverse
transcription are (1) the short length of the miRNA, (2) the pres-
ence of the mature miRNA sequence in the precursor and primary
miRNA transcript, and (3) the lack of common sequence features
like poly (A) tails.

Two main methods have been developed to reverse transcribe
miRNAs: universal and miRNA-specific reverse transcription. In the
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3.6 miRNA
Microarrays

3.7 Deep Sequencing

first approach, the 3’end of all miRNAs are elongated with a poly(A)
tail using an E. coli poly(A) polymerase (miRCURY, Exiqon). This
is followed by reverse transcription with an oligo(dT) primer con-
taining a universal primer-binding sequence. PCR amplification is
enabled by a miRNA-specific forward primer and a reverse primer
that anneals to the 3'portion of the miRNA as well as the poly(A) tail
with SYBR green dye as the detector. The second approach utilizes
a stem-loop primer for reverse transcription (Tagman, Life
Technologies) (Fig. 1a, d) and has been useful for detection of D.
melanogaster miRNAs [16, 47, 48]. The stem-loop sequence in the
primer reduces annealing to the primary and precursor miRNA,
thereby increasing specificity of the assay. This assay method is not
affected by genomic DNA contamination and is able to discriminate
between miRNAs that differ by just one nucleotide.

Another advantage of this approach is that it can be easily scaled
up for high-throughput analysis. For example, commercially avail-
able customizable plates and microfluidic cards can be designed to
assay entire sets of miRNAs (Fig. 1a, d). Some of the advantages of
this assay system include high sensitivity and a wide dynamic range.
qRT-PCR is the only method that can provide absolute miRNA
quantitation and is accomplished by generating standard curves
from synthetic oligonucleotides of known concentration [49].

Microarray technology is a high-throughput approach to monitor
expression of several miRNAs in a single experiment. This tech-
nique involves purification of small RNAs from cells and tissues
followed by fluorescent labeling of the enriched small RNA frac-
tion (Fig. 1b, d). The labeled RNA is hybridized to arrays that are
spotted with the appropriate high-affinity probes specific to mature
RNAs. Microarray scanners are used to detect the spot intensity of
the double-stranded fragments. Either constitutively expressed
miRNAs or U6 snRNA or tRNA is used for data normalization.
Although microarray analysis may require optimization to deter-
mine the best hybridization condition, it allows the simultaneous
comparison of expression levels of several miRNAs in a single
experiment at a low cost. The expression profiles obtained from
the microarray analysis need further validation by other quantita-
tive techniques like Northern analysis or real-time PCR. This
approach has been utilized to determine age-modulated expression
of miRNAs in adult fly brains [50], whole animals [51 ], and during
embryogenesis in flies overexpressing dMyc [52].

In the past couple years, next-generation sequencing technology
(NGS) has allowed high-throughput detection of small RNAs with
a high degree of reliability [53]. NGS technology allows sequenc-
ing of large numbers of DNA fragments in parallel, producing mil-
lions of short reads in a single run of an automated sequencer [ 54,
55]. The most widely adopted NGS platform that has been
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Fig. 1 Methods for profiling miRNAs. (a) TagMan quantitative real-time PCR (qRT-PCR). The miRNA in the RNA
sample is reverse transcribed with a stem-loop primer that base-pairs to the 3’end of the miRNA. The resulting
cDNA is amplified in the presence of a miRNA-specific forward and reverse primer in presence of a miRNA-
specific Tagman probe. The Tagman probe has a fluorescent reporter linked to its 5’ end and a nonfluorescent
quencher at the 3’ end of the probe. During PCR, the Tagman probe anneals specifically to the sequence
between forward and primer sites. As the DNA polymerase proceeds along the template, it cleaves the Tagman
probe that is hybridized to the template. This cleavage separates the fluorescent reporter from the quencher
dye, resulting in an increase in fluorescence of the reporter. Tagman miRNA assays are available in an array
format and can be used for high-throughput analysis of miRNAs. (b) MiRNA microarrays. miRNAs in an RNA
sample are fluorescently labeled and hybridized to DNA-based capture probes (with LNA-modified bases) spot-
ted on arrays. The microarrays are washed and scanned to detect fluorescence intensity. (c) RNA-seq. A cDNA
library is generated by reverse transcription of miRNAs in the sample RNA. The ¢cDNAs in the library are ligated
to adapter molecules that allow the library to be affixed to a solid phase. The lllumina/Solexa technology utilizes
a “bridged amplification” that occurs on the surface of the flow cell. After amplification, the flow cell is exposed
to reagents required for sequencing. (d) Table comparing different available methods for miRNA profiling
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successfully used in the D. melanogaster model is the Illumina/Solexa
technology [7, 11, 56] (Fig. 1c, d). One of the advantages of using
RNA sequencing (RNA-seq) over microarray profiling is that it
allows discovery of novel miRNAs. Other advantages include the
extremely high level of sensitivity and resolution that allows detec-
tion of miRNAs that are very similar to one another, including
isomiRs that differ by a single base. However, the analysis of data
obtained from NGS platforms requires substantial computational
support and it cannot provide an absolute quantitative view of
these transcripts. For a given sample analyzed by RNA-seq, miRNA
quantitation is expressed as a number relative to the total number
of sequence reads for the sample, thus comparisons between sam-
ples with high variance in miRNA expression are not reliable owing
to the difference in the number of reads. Furthermore, the number
of reads obtained for any miRNA may not necessarily correlate
with its actual abundance owing to the biases introduced during
sample preparation and sequencing.

4 Targets

4.1 Bioinformatic
Strategies

MiRNAs carry out their biological functions by regulating the
expression of target mRNAs. Estimates suggest that an individual
miRNA can regulate hundreds of targets and the fly has been a
premier system for ascertaining which of its targets is biologically
relevant. This section summarizes methods for identifying and ver-
iftying miRNA targets.

A first step in identifying miRNA targets is the use of target predic-
tion algorithms. The most common of these include TargetScan,
Pictar, and miRanda [57]. These programs search curated sets of
3'UTR sequences for likely miRNA-binding sites based on various
criteria including sequence complementarity, duplex free energy,
and conservation [43, 57-62]. A frequently imposed guideline
requires the presence of six contiguous base-pairs in the target that
are complementary to the 5’ end, or “seed” region, of the miRNA
[57]. Recently, Chi et al. proposed an additional guideline for tar-
get recognition that permits the presence of a “nucleation bulge”
in the seed region [63, 64]. This interaction requires only five con-
secutive base-pairings at the position 2—6 of the miRNA to form a
sufficiently stable duplex. Incorporation of this guideline into
future algorithms will likely improve predictions.

One current limitation of these commonly used algorithms is
that they are not updated frequently with new 3'UTRs. They
therefore rely on outdated 3'UTR information and are missing
more recently identified alternative 3'UTR, isoform-specific
3'UTR, or extended 3'UTR sequences [65]. Direct integration of
revised annotations into the target prediction tools should address
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this problem. In addition, manually curated 3'UTR sequences can
be searched for predicted miRNA binding sites using the
RNAhybrid program [66].

In addition, the high rates of false discovery of target prediction
algorithms have emphasized the need for direct methods to identify
mRNA targets [64]. One such method used in flies is the identifica-
tion of mRNAs present in Agol complexes purified from cell lines
and embryos, since these IPs should be enriched for miRINA targets
[67, 68]. Analogous methods have been used in other model sys-
tems [64, 69-71] which include a crosslinking step between pro-
tein and mRNA that facilitates the identification of miRNA-bound
mRNA regions. More widespread use of these approaches in flies
could identify in vivo miRNA targets and lead to considerably more
accurate and powerful miRNA target prediction tools.

Targets identified from the approaches described above must be
verified in vivo. A common and rapid method to determine whether
a miRNA binding site is functional involves using cell culture-based
reporter assay, in which the 3'"UTR of the target gene of interest is
placed downstream of a reporter gene. Reporters bearing mutated
miRNA binding sites are used as negative control. MiRNAs are
transfected, and the expression of the reporters was analyzed.
Transgenic animals harboring such reporters are used to analyze pre-
dicted target 3'UTRs in vivo, and such verified reporters can also be
used as the miRNA sensors described in Subheading 3.3.

The current gold standard to validate predicted miRNA tar-
gets relies on genetic manipulations. The genetic loss or gain of a
miRNA should have a predictive effect on the expression of respon-
sive mRNA targets, leading to their elevation or reduction respec-
tively. Available resources to manipulate miRNA levels are described
in Subheading 5 below. Furthermore, the functional relevance of
individual miRNA-target relationships can be assessed with genetic
interaction assays. Based on the assumption that miRNA pheno-
types are a consequence of target overexpression, these assays usu-
ally test whether particular phenotypes are suppressed by the
reduction of target expression due to heterozygosity or RNAI-
mediated knock down. This approach has identified a number of
functional miRNA /mRNA interactions, including between miR -8
and its targets atrophin [59], U-shaped [58], and components of
the Toll pathway [72], miR-9a and its multiple targets dystroglycan
[73], senseless [74], and ALMO [75], miR-14 and sugarbabe [61],
miR-124 and its targets anachronism [21] and transformer [76],
miR-184 and saxophone [77], miR-263a/b and head involution
defective [78], miR-278 and expanded [22], miR-279 and its tar-
gets unpaired [60] and nerfin-1 [79], the miR-310/313 cluster
and khc-73 [80] as well as the wingless pathway [81], and between
the miR-100/let-7/miR-125 cluster and chronologically inappro-
priate morphogenesis [ 62] as well as a second target abrupt [82].
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A very recently described approach employs genome editing to
evaluate the functional and physiological relevance of particular
miRNA-target relationships. The clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9 system allows manipu-
lation of sequences within endogenous genetic loci [83]. Using
this system, Bassett et al. deleted predicted binding sites of the
bantam miRNA within 3'UTR sequences of its previously estab-
lished target, enabled [84]. Contrary to expectations, these manip-
ulations did not lead to elevated Enabled expression in vivo or to
known wing boundary phenotypes associated with elevated
Enabled. While these results suggest that bantam may not regulate
enabled during wing formation, it remains possible that the edited
enabled 3'UTR retains cryptic or non-canonical bantam binding
sites. Nevertheless, this approach will likely become a widely used
assay to evaluate the physiological relevance of specific miRNA-
target interactions, since it bypasses the potential pleiotropic eftects
resulting from miRNA knockout or overexpression.

5 In Vivo Functions

5.1 Conditional
Expression
of microRNAs

As with any other genes, the in vivo function of miRNAs is deter-
mined by analyzing the consequences of their overexpression and
depletion in animals and cell lines. A series of recently described
reagent collections greatly facilitate this type of analysis, and are
summarized here.

Three groups have independently prepared collections of trans-
genic strains for the conditional expression of most fly miRNAs
[24, 85, 86]. These three overlapping collections are based on
the UAS/Gal4 system and contain individual or clusters of
miRNAs under UAS control. The specifics of each collection
vary, and are summarized in Table 1. Key differences between
the collections include the design of transformation plasmid,
the method of transgenesis, the location of the resulting trans-
genes, and number of individual miRNAs represented. Many
miRNAs are included in all three collections, allowing the
opportunity to easily verify results using independently gener-
ated but presumably equivalent reagents.

To date, these collections of UAS-miRNA transgenes have been
used to screen for miRNAs whose elevated or ectopic expression
lead to wing phenotypes and embryonic lethality [24, 85]. These
types of analyses can be extended to additional tissues and develop-
mental stages as well as to the cellular and molecular levels in order
to verify predicted targets. Conditional expression of a genome-wide
miRNA library has also been applied to cell culture in order to sys-
tematically identify miRNAs that regulate specific 3'UTRs [87].
This approach identified a set of miRNAs that regulate components
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of the hedgeboy signaling pathway that were subsequently verified in
intact animals, and can be used to identify miRNAs that regulate
additional 3'UTRs of particular interest as well.

MiRNA function has been inferred from the phenotypic analysis of
mutants in core miRINA processing components as well as individual
miRNAs or miRNA clusters. Genetic analysis of core components has
usually focused on dicer, drosha, pasha, and argonaute, but is con-
founded by observations that these loci have nonoverlapping, miRNA-
independent functions and consequently distinct phenotypes [26, 88].
Therefore, a clearer picture of the roles of miRNAs in particular biologi-
cal processes can be obtained from individual mutants, although the
creation of such mutants has historically been laborious and time-con-
suming. To date, mutations in 16 miRNA loci have been reported
using homologous recombination and P-element excision, including
miR-1, miR-7, miR-8, miR-9n, miR-9c, miR-11, miR-12/-283/-304,
miR-34, miR-92b, miR-100/let-7/miR-125, miR-124, miR-263a/-
263b, miR-278, miR-279/-996, miR-309/-3/-286/-4/-5/-6-1/-6-
2/-6-3, miR-310/-311/-312/-313, miR-969, miR-989, bantam, and
inb-4/-8 [19-22, 27, 39, 50, 59, 74, 77-80, 82, 89-98]. This collec-
tion of mutants disrupts a total of 33 miRNAs due to miRNA cluster-
ing, and rescuing transgenes are available to probe some of the individual
members of such clusters.

UAS-miRNA Libraries for conditional expression

No. of miRNA

No.of Insertion UAS flanking

miRNAs location Plasmid sites Promoter/5'UTR ORF 3'UTR sequence® Ref.

64 Various attP pUAST. 5  HSP70 none SV40 ~200bp [86]
sites® attB-SLIC

14 Various attP pUASP. 14  D-transposase  none K10 ~200bp [86]
sites® attB-SLIC

33 P-clement  pUAST-dsRed 5  HSP70 DsRed SV40 ~200bp [86]
insertions

180 attP pW20 10 HSP70 none SV40 miR-1 base [24]
ZH-86F8

149 P-clement  pUAST-dsRed 5  HSP70 DsRed SV40 ~400bp [85]
insertions

107 attp2, 68A4 pWalium10- 10  HSP70 Luciferase SV40 ~400bp [85]

LUC

*Indicates amount of endogenous surrounding sequence included for each miRNA. Roughly 150 bp of miR-1 flanking
sequence was included for all UAS-miRNA transgenes from ref. 24
Various attP sites include M(attP)ZH-86FB, P(CaryP)attP2-68A4, P(CaryP)attP16, and PBAC(attP-3B)VK00037
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5.3 microRNA
Sponges

5.4 Other Antisense
Techniques

The set of available miRNA mutants will expand considerably
due to a large-scale effort by Stephen Cohen’s lab that has gener-
ated 77 new mutants by targeted homologous recombination
(Stephen Cohen, personal communication). Together with previ-
ously reported mutants, the collection encompasses 95 mutant loci
deleting 130 miRNAs that collectively account for the overwhelm-
ing majority (>99 %) of all D. melanogaster miRNA sequence reads.
This resource will allow individual researchers to comprehensively
evaluate the role of miRNAs in most developmental processes
using standard techniques including mosaic analysis of cells and
tissues of interest. Potential redundancy can be addressed via the
combination of multiple mutants. Techniques will need to be
developed to genetically deplete miRNAs in post-mitotic cells in
order to examine their roles in differentiated cells, including dur-
ing tissue remodeling and aging.

miRNA sponges complement miRNA mutants for the analysis of
loss-of-function phenotypes. Sponges are transgenically encoded
transcripts that contain nucleotide repeats that are complementary
to a particular miRNA. Conditional expression of these transcripts
likely sequesters the targeted miRNA, interfering with its normal
function. Sponges have been generated to 11 miRNAs to date,
including miR-2b, -2c¢, -6, -7, -8, -9a, 13a, -13b, 92b, and -276
[85, 92, 96, 99]. Current sponge design includes 20 tandem
repeats located within the 3'UTR of dsRed, which is used to moni-
tor sponge expression, under UAS control. Case studies found that
sponges for miR-7, -8, and 9a elicited similar though milder phe-
notypes as previously characterized genetic mutants [99]. Thus,
current efforts to generate a comprehensive transgenic sponge
library will facilitate functional analysis, allowing the use of specific
Gal4 drivers to simultaneously knock down multiple miRNAs in
specific populations of dividing or differentiated cells and tissues.
However, since sponge transcript levels must be saturating, analysis
is best performed with multiple insertions of the same sponge and
in a background with reduced miRNA gene dosage. Even then,
this approach may not effectively sequester the most abundant
miRNAs, like miR-1. Furthermore, to eliminate concerns about
false-positive and false-negative phenotypes, results with sponges
will need to be confirmed with genetic mutants.

In addition to transgenic sponges, other antisense technologies
have been employed to disrupt fly miRNA function. For example,
sequence-specific antisense oligonucleotides that block the func-
tion of individual miRNAs can be easily transfected into cultured
cells in order to characterize cellular and molecular phenotypes
[100]. An analogous approach has also been pioneered in intact
adults that injected with cholesterol-modified antisense oligonu-
cleotides to investigate the role of let-7 in post-mitotic neurons
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[101]. Key issues of working with such “antagomirs” include their
effective and specific delivery as well as the occurrence of false-
positive phenotypes due to off-target effects. The latter is of par-
ticular concern, given that embryonic phenotypes reported in an
early study on antagomirs have not been shared by subsequently
generated genetic mutants [102]. Thus, caution is merited when
using antagomirs and any phenotypes identified from antisense
injection should be verified in cells or tissues genetically depleted
of the targeted miRNA.

6 Final Thoughts

The D. melanggaster model system provides an ever-increasing rep-
ertoire of resources and methods available to study miRNAs. With
a manageable number of miRNA genes and mutations available in
many of them, the role of miRNAs in complex biological processes
can be comprehensively analyzed at molecular and cellular resolu-
tion. Thus, the fly model will likely continue to serve as a powerful

tool to explore the biological roles of these fascinating molecules.
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