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Abstract

microRNAs (miRNAs) comprise an extensive class of post-transcriptional regulatory molecules in
higher eukaryotes. Intensive research in Drosophila has revealed that miRNAs control myriad
developmental and physiological processes. Interestingly, several of the best-studied miRNAs
impact multiple biological processes, often by regulating distinct key target genes in each setting.
Here we discuss the roles of some of these pleiotropic miRNAs, and their implications for studying
and interpreting the roles of miRNAs in gene regulatory networks.

Introduction

microRNAs (miRNAS) are an ancient class of genes that are abundant in higher eukaryotic
genomes. Most animal miRNAs derive from primary transcripts bearing hairpin structures that
are sequentially cleaved by the Drosha and Dicer RNase 111 enzymes to produce mature
miRNAs (Ghildiyal and Zamore, 2009; Kim et al., 2009). In addition, a subclass of miRNAs
known as mirtrons exploit the splicing machinery to generate their precursor hairpins prior to
Dicer cleavage (Okamura et al., 2007; Ruby et al., 2007a). In either case, mature miRNASs are
loaded into Argonaute complexes and guide them to target transcripts, generally leading to
MRNA destabilisation, translational inhibition, or both (Liu, 2008).

Most characterized miRNA-target interactions include Watson-Crick pairing between the
miRNA "seed" (positions 2-8 relative to its 5' end) and 3' untranslated regions (3' UTRs) of
target mRNAs, although alternative pairing configurations and site locations have been
documented (Bartel, 2009; Brennecke et al., 2005; Lai, 2002). On the basis of conserved seed
matches in multigenome alignments, individual miRNAs are frequently predicted to target
hundreds of transcripts (Krek et al., 2005; Lewis et al., 2005; Ruby et al., 2007b; Xie et al.,
2005) (Figure 1A). Microarray and proteomic studies confirm the repression of large target
cohorts by individual miRNAs (Baek et al., 2008; Lim et al., 2005; Selbach et al., 2008),
although in most cases the consequence of miRNA-mediated regulation is quantitatively subtle.

Amongst the small population of transcripts bearing few predicted miRNA binding sites, gene
ontology analysis reveals enrichment in basic cell metabolic processes such as DNA, RNA and
protein synthesis (Farh et al., 2005; Stark et al., 2005). It may be generally undesirable for the
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activity of such "antitargets" to be hindered by miRNAs (Bartel and Chen, 2004), and these
transcript categories are marked by shorter 3' UTRs and lowered density of predicted miRNA
binding sites (Stark et al., 2005). On the other hand, as most transcripts are proposed to be
miRNA targets (Friedman et al., 2009), most biological processes are plausibly under miRNA
control in some form or fashion. By extension, one may infer that miRNA dysfunction has
substantial possibilities to underlie human disease and cancer, and there is indeed a rapidly
growing literature to support this notion (Croce, 2009; O'Connell et al., 2010; Williams et al.,
2009).

Nevertheless, the all-encompassing nature of the proposed miRNA regulatory network has
presented clear challenges for understanding the endogenous influence and importance of
miRNAs. One rationalization of the large numbers of targets has been that miRNAs act as
robustness factors for gene networks and gene expression patterns. For example, several cell-
or tissue-specific miRNAs exhibit strong statistical enrichment for targets that are present at
low levels, or are undetectable, within their expression domains (Farh et al., 2005; Sood et al.,
2006; Stark et al., 2005). Largely mutually exclusive patterns of miRNA and targets led to the
notion that miRNAs refine and/or reinforce gene expression patterns imposed by
transcriptional regulation, perhaps to prevent spurious gene activity or to clear away earlier
programs activated in progenitor cells. In this scenario, the role of miRNAs is secondary to
transcriptional programs, and in select cases, comparison with transcriptional reporters
suggested that miRNA activity was not the cause per se of non-overlapping miRNA and target
accumulation (Stark et al., 2005).

On the other hand, genetic studies have also shown that certain miRNAs play critical instructive
roles (Lee et al., 1993; Reinhart et al., 2000; Wightman et al., 1993), indicating that miRNAs
are not relegated to cleanup or fine-tuning roles. It is also relevant to note that while
heterozygosity or duplication of most genes is well-tolerated (Lindsley et al., 1972), minor
changes in specific genes can be of substantial consequence to organismal phenotype. Taken
together, these facts suggest that the deregulation of certain targets, amongst large cohorts of
target genes, might be primarily responsible for observed phenotypes. Indeed, while genome-
wide computational and experimental methodologies clearly reveal vast networks of
miRNA:target interactions, there are now many documented cases for which the loss of
individual miRNA-targeting events can largely account for phenotypes of miRNA gene
mutants (Bushati and Cohen, 2007; Flynt and Lai, 2008) (Figure 1B).

Resolving these genomic and genetic viewpoints to more fully understand the biological
functions of miRNAs requires additional research, particularly from in vivo contexts.
Drosophila melanogaster is one of the most intensively studied model organisms, and has ~150
miRNA genes that are predicted to target >30% of its mMRNASs via conserved binding sites
(Ruby et al., 2007b). Previous reviews have covered many aspects of miRNA biology in this
organism (Bushati and Cohen, 2007; Flynt and Lai, 2008; Smibert and Lai, 2008), and we do
not intend this discussion to be inclusive of all the Drosophila literature. Instead, we focus on
lessons and principles that emerge from in-depth analyses of four miRNAs: miR-7, miR-8,
miR-9a and bantam. In particular, this work has led to a growing appreciation that (1) certain
miRNA targets are of particular importance for organismal phenotype (Figure 1B), and that
(2) individual miRNAs can have pleiotropic functions involving the regulation of different key
targets in different developmental or physiological contexts (Figure 1C).

miR-7: Drosophilid and species-specific roles for an ancient animal miRNA

The mature miRNA produced by the mir-7 gene is completely conserved from annelids to
mammals, indicating that it is an ancient miRNA (Lagos-Quintana et al., 2001; Prochnik et al.,
2007). In fact, conserved putative regulatory sites corresponding to miR-7 binding sites were
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identified over a dozen years ago amongst a cohort of Drosophila genes that control
neurogenesis (Lai and Posakony, 1997, 1998; Leviten et al., 1997). These include two large
arrays of Notch target genes located in the Bearded-Complex (Brd-C) and the Enhancer of
split-Complex [E(spl)-C], encoding multiple Bearded-family and basic helix-loop-helix
(bHLH) repressor proteins. Indeed, ectopic activation of miR-7 in the animal yields specific
phenotypes that phenocopy a reduction of Notch signaling during wing margin specification
and peripheral nervous system development (Lai et al., 2005; Stark et al., 2003), consistent
with the notion that these represent substantial in vivo targets of miR-7.

miR-7 and eye development

Initial studies of a Drosophila mir-7 deletion allele (that also removes portions of host and
neighboring genes) revealed a reciprocal negative feedback loop between miR-7 and the
transcription factor Yan during eye development (Li and Carthew, 2005) (Figure 2A). Yan is
a neural repressor that is predominantly expressed in the undifferentiated portion of the retina,
and it inhibits the transcription of mir-7 directly. Conversely, miR-7 is activated in specified
photoreceptors, and directly represses yan via its 3 UTR (Li and Carthew, 2005). These
regulatory interactions help to establish their mutually exclusive domains of activity.

Following this work, the Carthew group expanded these regulatory principles by showing that
Yan and miR-7 both participate in coherent feedforward loops (FFLs) (Li et al., 2009).
Coherent FFLs direct their desired output by both direct and indirect means, thereby ensuring
robustness of outcome. In this setting, the Pnt-P1 transcription factor directly represses yan
transcription and activates mir-7 transcription, the latter of which represses yan post-
transcriptionally. Reciprocally, Yan represses the transcription of both mir-7 and phyllopod,
the latter of which encodes an E3 ubiquitin ligase that degrades TTKG69, also a repressor of
mir-7 transcription. In short, Yan represses mir-7 transcription through both direct and indirect
mechanisms. The interlocking of these coherent FFLs generates the reciprocal negative
feedback loop between miR-7 and Yan, which in turn helps to coordinate the orderly
specification of photoreceptors.

miR-7 and chordotonal organs

miR-7 also regulates the development of proprioceptive (chordotonal) organs (Li et al.,
2009) (Figure 2B), and E(spl)-C targets are relevant in this context (Lai et al., 2005; Stark et
al., 2003). In contrast to retinal development, however, miR-7 participates with E(spl)-C and
the proneural transcription factor Atonal in an incoherent FFL in this context (Li et al., 2009).
In this schema, an upstream factor activates two targets with opposing functions. In particular,
Atonal directly activates the transcription of many E(spl)-C genes as well as of mir-7, which
as mentioned represses multiple E(spl)-C genes. These genes are further connected as E(spl)-
bHLH repressor proteins inhibit atonal transcription. In such an incoherent FFL configuration,
fluctuating Ato levels may result in back and forth repression between Atonal and E(spl)-C
genes, but robust Atonal expression will result in sustained repression of E(spl)-C genes via
miR-7, further strengthening Atonal expression. The objective and outcome of these complex
gene regulatory networks is to permit neural specification only in response to strong Atonal
activity.

It is relevant to bear in mind that miR-7, in stark contrast to Yan, Ato, and the E(spl)-C, is
mostly dispensable for eye and chordotonal organ development under standard laboratory
conditions (Li and Carthew, 2005). Instead, it was proposed that many regulatory connections
of miR-7 in feed-forward and feedback loops provide robustness to the precise nature of
nervous system specification. To test this theory, mir-7 mutants were subjected to
environmental perturbation using temperature cycling. Indeed, the combination of mir-7
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deletion and fluctuating temperature resulted in reduction of Ato, increased and irregular
accumulation of Yan, and defects in eye and sensory organ development (Li et al., 2009).

miR-7 and germline stem cells

A distinct role for miR-7 in the differentiation of germline stem cells (GSCs) was uncovered
through analysis of mutants in maelstrom (mael), which encodes an HMG-box transcription
factor (Findley et al., 2003; Pek et al., 2009). In wild-type testes, GSCs maintain contact with
the somatic hub and divide asymmetrically to produce two cells; a differentiating gonialblast
(GB), which loses contact with the hub, and the stem cell, which retains contact with the hub.
In male flies lacking mael, differentiation fails in the cells that should have become the GBs,
leading to strong accumulation of GSC-like cells in the testes and a decline in fertility with
age.

This phenotype is reminiscent of loss of function mutations in bag of marbles (bam), a novel
gene that regulates GSC progression, and Bam is in fact reduced at the post-transcriptional
level in mael testes (Pek et al., 2009). The bam 3’ UTR contains binding sites for several
miRNAs, including miR-7, and a bam 3' UTR sensor was sensitive to miR-7 dosage in vivo.
A regulatory cascade was extended by the observation that miR-7 levels are increased in
mael testes, concomitant with reduction of a repressive histone mark at the mir-7 locus. Since
Mael binds to consensus HMG binding sites upstream of the mir-7 promoter, Mael may directly
repress mir-7 during GB differentiation. The significance of miR-7 upregulation in mael
mutants was shown by the finding that heterozygosity for mir-7 partially suppressed the
differentiation defect in mael testes (Figure 2C). Recently, miR-7 was also implicated in the
development of ovarian GSCs through the regulation of the cyclin-dependent kinase inhibitor
dacapo (Figure 2D), providing evidence for roles of miR-7 in both the male and female
germline (Yu et al., 2009).

Altogether, these studies of miR-7 introduce the concept that a single miRNA can have different
key targets in different developmental contexts. However, while miR-7 is identical between
flies and humans, these data are not necessarily informative of key miR-7 targets in vertebrates.
Indeed, while many miRNA targets can be defined on the basis of their evolutionary
conservation amongst flies, amongst nematodes, or amongst vertebrates, there turn out to be
very few targets shared by miRNAs that are conserved in all three of these species clades
(Chen and Rajewsky, 2006). This has led to the notion that miRNA targets are acquired and
lost quite frequently across large evolutionary distances. Indeed, vertebrate orthologues of
yan and E(spl)bHLH genes do not contain miR-7 sites that are conserved amongst vertebrates,
and miR-7 is not apparently expressed in vertebrate chordotonal organs (Li et al., 2009). In the
case of the GSC requirement for miR-7, despite the evidence of a functional role for miR-7 in
repressing Bam expression in GBs, the binding site analyzed is not even present in the closest
sister species to D. melanogaster, namely D. simulans and D. sechellia (Pek et al., 2009). These
results suggest that mMRNAs can readily evolve new regulatory relationships with conserved
miRNAs.

miR-8: deeply conserved roles of a conserved miRNA

Another miRNA well conserved through animal evolution is miR-8. There is a single copy of
mir-8 in flies, but mammalian genomes have 5 paralogues in two distinct genomic clusters that
are known as the miR-200 family. Interestingly, in contrast to the studies to date with miR-7,
several important miR-8 targets and biological activities appear to be conserved between
invertebrates and vertebrates.

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smibert and Lai Page 5

miR-8 and neurodegeneration

The first study of miR-8 loss of function reported flies with reduced survival, malformed legs
and progressive neurodegeneration (Karres et al., 2007) (Figure 3A). As with most other
miRNAsS, there are many (in this case perhaps >300) targets of miR-8 that are predicted to be
broadly conserved amongst the Drosophilids (e.g., http://www.targetscan.org/). If the
derepression of all of these contributed equivalently to the mir-8 mutant phenotype, then it
would be unlikely that any particular gene would emerge as a key target responsible for
phenotype. Amongst genes upregulated in mir-8 mutants, the transcriptional corepressor
encoded by atrophin has several miR-8 binding sites in its 3' UTR and was responsive to miR-8
in sensor tests. Remarkably, ectopic expression of atrophin in miR-8-expressing cells
phenocopied mir-8 mutants, while heterozygosity for atrophin could partially rescue the
survival and leg defects of mir-8 mutants. These data therefore support a particularly substantial
role for miR-8-mediated repression of atrophin, out of the hundreds of genes that bear
conserved miR-8 binding sites. Notably, the human ortholog of atrophin, RERE, has three
potential binding sites for mammalian miR-8 members, and is responsive to their activity in
cultured cell assays (Karres et al., 2007). Therefore, this regulatory linkage may be deeply
conserved across animals.

miR-8 and Wingless signaling

An overexpression screen for negative regulators of the Wingless (Wg)/Wnt pathway in
Drosophila also identified miR-8 (Kennell et al., 2008). In this role, miR-8 directly represses
wntless (wls), a gene required for export of the Wg morphogen (Figure 3B). Overexpression
of miR-8 in vivo decreased levels of WIs cell-autonomously, with a concomitant decrease of
extracellular Wg. A direct regulatory relationship with miR-8 was also reported for the positive
regulator of the Wg pathway CG32767 (DasGuptaet al., 2005; Kennell et al., 2008), suggesting
that miR-8 negatively regulates the Wg pathway at multiple levels. Using a mouse cell line in
which inhibition of Wnt signalling leads to adipogenesis, ectopic expression of mammalian
miR-200 family members also induced adipogenesis marker genes and increased lipid
accumulation. Although the endogenous influence of these miRNAs on signaling remains to
be demonstrated, these studies suggest that a role for miR-8 in repressing Wg/Whnt signaling
may be conserved in mammals.

miR-8 and growth control

Identification of miR-200 family miRNAs as growth promoting factors when ectopically
expressed in human cell culture led to re-analysis of the original mir-8 mutant flies (Hyun et
al., 2009; Park et al., 2009). This uncovered a significant growth defect at larval stages, slightly
delayed eclosion and reduced size in adults for flies lacking miR-8 (Figure 3C). This appeared
to be due to reduced cell number, with no obvious difference in cell size. In addition to
previously reported expression patterns (Karres et al., 2007), mature miR-8 was strongly
expressed in the fat body, and fat body-specific expression of miR-8 was sufficient to rescue
the size defect of mir-8 mutants (Hyun et al., 2009). Notably, neuronal expression of miR-8
did not rescue the growth defect, demonstrating that the growth and neuronal phenotypes of
mir-8 mutants are distinct.

To identify the relevant target(s) of miR-8 in the fat body, predicted targets of Drosophila
miR-8 and the human miR-200 family were pooled from multiple computational schema, and
mined for shared targeting of orthologous transcripts. Out of 15 orthologous pairs, seven were
found responsive to their cognate miRNAs in their respective cell assays. Fat body-specific
knockdown of these candidates using inverted repeat transgenes was used to assess whether
reduction of any of them could rescue the small body phenotype of mir-8 mutants. Interestingly,
depletion of the zinc finger protein encoded by u-shaped (ush) rescued mir-8 flies to wild-type
weight. Notably, ush knockdown did not increase the weight of wild-type flies, indicating that
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the rescue is not simply an additive effect but is specific to the mir-8 mutant condition. Further
analysis showed that Ush is elevated in mir-8 larvae, and that Ush and its human orthologue
FOG?2 regulate the P13 kinase pathway by directly interacting with the regulatory subunit of
P13 kinase (Hyun et al., 2009).

miR-8 and NMJ development

Amongst the varied phenotypes associated with manipulation of miR-8, the most recent finding
is its control over neuromuscular junction (NMJ) formation (Loya et al., 2009). In flies null
for mir-8, NMJs are smaller, less branched, and have fewer boutons than in wild-type (Figure
3D). This phenotype was recapitulated by ubiquitous expression of a miR-8 transgenic sponge,
a decoy target that acts as a sequence-specific competitive inhibitor of miRNA function (Ebert
etal., 2007). Transgenic knockdown of miRNA activity permitted a test of whether miR-8 was
required pre- or post-synaptically. In fact, the mir-8 mutant phenotype was obtained when the
sponge was expressed post-synaptically in the target muscles, but not when expressed in the
neurons. These phenotypes resembled manipulation of Enabled, an EVH1/PH domain
regulator of synapse development. Indeed, enabled is a direct miR-8 target whose protein
output is substantially increased in mir-8 mutants. More to the point, reduction of enabled
dosage, either systemically or specifically in the muscle, detectably alleviated mir-8 mutant
and miR-8-sponge phenotypes. These data provide strong support that deregulation of Enabled
in muscles is causative for the NMJ phenotype of mir-8 mutants.

The collected analyses of miR-8 provide a curious contrast to those with miR-7. Both miRNAs
are conserved between invertebrates and vertebrates, but the major targets of Drosophila miR-7
to date (yan, multiple E(spl)-C and Brd-C genes, bam) are not similarly conserved. In contrast,
the orthologs of two different major confirmed targets of Drosophila miR-8 (atrophin and
ush) were reported as targets of the orthologous miR-200 family in vertebrates, and there is
some evidence suggesting that miR-8 represses Wg signalling in both flies and mammals. The
meta-analysis of combined outputs from many prediction algorithms yielded only a handful
of targets for miR-7 (Li et al., 2009) and miR-8/miR-200 (Hyun et al., 2009) that are even
conceivably shared between mammals and flies (9 for miR-7, 15 for miR-8/miR-200), in
agreement with previous conclusions on a paucity of deeply conserved miRNA:target
reglationships (Chen and Rajewsky, 2006). The analysis of such deeply conserved targets of
miR-7 may conceivably reveal important biological interactions, as should investigation of
additional clade-specific targets of miR-8 (such as enabled).

miR-9a: multiple roles in developmental patterning

Drosophila miR-9a was originally described as a gene that exhibited strong target avoidance
in its expression domain (Stark et al., 2005). In the early embryo, mir-9a is specifically
expressed in the presumptive ectoderm and neuroectoderm, but is later maintained only in the
ectoderm and is excluded from neural tissue. MRNASs with the ontological classification
"neurogenesis” are enriched for the shared target sites of the related miR-9a/b/c miRNAs,
suggesting that expression of miR-9 family miRNAs is mutually exclusive to many of its
targets. It was inferred that a role for miR-9a is to suppress the neural potential of ectodermal
derivatives (Stark et al., 2005).

miR-9a and sensory bristles

Flies lacking miR-9a exhibita mild ectopic sensory organ phenotype in the larva, on the anterior
wing margin, and on the thorax, consistent with a failure to correctly repress neural identity
(Lietal., 2006) (Figure 4A). These flies also exhibited a completely penetrant loss of posterior
wing margin. Here, the zinc finger proneural gene senseless (sens) was reported as a critical
target of miR-9a. In particular, heterozygosity for sens restored the correct number of sensory
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organs on the anterior wing margin and could partially rescue the loss of posterior wing margin
in mir-9a mutants (Li etal., 2006). Based on the ectopic but variable increase of sensory organs
in mir-9a mutant, it was proposed that miR-9a helps prevent in appropriate SOP specification
by keeping sens levels below a threshold needed to lock in the SOP fate robustly (Cohen et al.,
2006; Li et al., 2006). Therefore, sens appears to be one of the key neurogenesis targets of
miR-9a, amongst a cohort of neural targets of this miRNA.

miR-9a and wing development

Although the strong wing defect of the mir-9a mutant was reported earlier (Li et al., 2006), its
developmental basis was not examined. Recent studies showed that mir-9a mutant wing
pouches, assayed during larval development, showed defects in wing margin gene expression,
broad ectopic apoptosis, and upregulation of the transcriptional regulator Drosophila LIM-
only (dLMO) (Bejarano et al., 2009; Biryukova et al., 2009) (Figure 4B). Indeed, dLMO proved
to the critical target of miR-9a in this setting. In contrast to heterozygosity for sens, removal
of one copy of dLMO strongly reduced ectopic apoptosis during wing development and
completely rescued the loss of posterior margin seen in mir-9a mutant flies (Bejarano et al.,
2009; Biryukova et al., 2009). A further twist is that dLMO has an additional pre-pattern
function to specify certain proneural territories (Asmar et al., 2008); in this context, it acts
developmentally upstream of Sens. Heterozygosity for dLMO can partially suppress the
ectopic sensory bristles present on the notum of mir-9a mutants, although not to the same extent
as the reduction of sens (Bejarano et al., 2009). Therefore targeting of both Sens and dLMO
by miR-9a are relevant to both PNS and wing development, but Sens may be more critical in
the PNS and dLMO more critical in the wing.

In retrospect, the realization of a profound requirement for regulation of dALMO by miR-9a was
the culmination of nearly 100 years of Drosophila genetics. dLMO was hit genetically in the
1920s by dominant Beadex mutations that induced wing loss (Morgan, 1925) similar to
mir-9a mutants, and these proved to be transposon insertions that disrupted the 3' UTR of
dLMO (Milan et al., 1998; Shoresh et al., 1998; Zeng et al., 1998). In fact, dLMO levels must
be so carefully controlled that even 2x dosage resulting from duplication of the dLMO locus
can induce the Beadex mutant phenotype, i.e. wing margin loss (Green, 1952; Lifschytz and
Green, 1979). This history serves to remind us that while the general appreciation of the
importance of miRNA regulation has come quite recently, the genetic evidence for important
miRNA targets has been with us for much, much longer.

Interestingly, miR-9a appears to have quite different relationships with its two best-
characterised targets. With sens, the thresholding model suggests that before cell fate decisions
have been made, miR-9a and sens are co-expressed in the same cells, where miR-9a acts to
keep sens levels below a threshold that would trigger SOP formation without other appropriate
signalling events. Once SOPs are defined, the expression patterns become mutually exclusive.
The relationship with dLMO appears quite different. miR-9a is detected by in-situ hybridisation
throughout the entire wing imaginal disc (Biryukova et al., 2009; Li et al., 2006), and dLMO
protein is similarly quite broadly expressed (Milan et al., 1998). In addition, clonal loss of
mir-9a leads to upregulation of both dLMO and a GFP sensor for miR-9a activity throughout
the whole wing disc (Bejarano et al., 2009), indicating that miR-9a is expressed and acts in the
same tissues as one of its primary targets. This is more indicative of a tuning relationship than
amutually exclusive relationship. Although the thresholding model also requires co-expression
of miRNA and target, once the threshold is exceeded, the expression patterns are expected to
become mutually exclusive. Therefore, the same miRNA may act in different manners with
different targets in different tissues.
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Bantam: many essential roles of an invertebrate-restricted miRNA

The three previous examples concerned miRNAs that are deeply conserved between
invertebrates and vertebrates. Even so, some of the phenotypes that have been characterized
might arguably be considered subtle, and dependent on the expertise of particular laboratories
for their elucidation. For example, the notum peripheral nervous system defect of mir-9a
mutants comprises an extra bristle or two in only a subset of animals, whereas the eye phenotype
of mir-7 mutants is only revealed by sensitized genetic backgrounds or environmental
perturbations. Since miRNAs that are more deeply conserved appear to generally have more
targets than those that are more recently evolved, one might suspect that miRNAs with lesser
evolutionary range might correspondingly be of more subtle biological importance. However,
this is clearly not the case. For instance, miR-279 is insect-restricted but is mostly lethal prior
to adult hatching, and causes a strong defect in olfactory nervous system specification
(Cayirliogluetal., 2008). miR-iab-8 is similarly insect-restricted, but its loss results in complete
sterility in both sexes (Bender, 2008).

bantam and growth control

Perhaps the most compelling example of a Drosophila miRNA with dramatic biological
functions, but lacking vertebrate homologs, is that of bantam. Amongst the first miRNAs to
be characterized genetically, bantam was initially defined as an enigmatic locus that regulated
growth (Hipfner et al., 2002; Raisin et al., 2003) and only later appreciated to encode a miRNA
(Brennecke et al., 2003). Ectopic bantam promotes overgrowth of various tissues such as eyes
and wings, while flies carrying hypomorphic alleles of bantam are small. The complete loss
of bantam is lethal at larval and pupal stages, and clonal analysis of tissues homozygous for a
null allele revealed their inability to proliferate substantially (Figure 5A). The pro-apoptotic
gene head involution defective (hid) was a particularly compelling target of bantam, with 5
conserved target sites in its 3' UTR (Brennecke et al., 2003). Interestingly, suppression of
apoptosis does not induce overt tissue overgrowth, as seen with bantam overexpression,
suggesting that additional growth targets of bantam exist. These inferred targets remain elusive
to date.

The first evidence for regulation of bantam by pathways that promote cell growth was the
ability of bantam to modify the small, blistered eye phenotype of ectopic expression of the
tumour suppressor expanded (Hipfner et al., 2002). Co-expression of bantam suppressed the
phenotype resulting in almost wild-type morphology, whereas loss of one copy of bantam in
this background resulted in a smaller eye with more pronounced blistering (Hipfner et al.,
2002). Subsequently, Expanded was shown to be a key apical component of the Salvador/
Warts/Hippo (SWH) growth control pathway (Cho et al., 2006; Hamaratoglu et al., 2006; Silva
et al., 2006), for which loss-of-function of various cytoplasmic and transmembrane
components results in massive tissue overgrowth and resistance to apoptosis.

The phenotypic similarity of bantam gain-of-function and loss-of-function of various SWH
pathway components raised the question of whether bantam was a transcriptional target of the
SWH pathway. Indeed, bantam proved to be a target of the Yorkie transcriptional co-activator
(Nolo et al., 2006; Thompson and Cohen, 2006), whose nuclear function is suppressed by
activity of the SWH pathway (Huang et al., 2005). Accordingly, overexpression of Yorkie in
clones mutant for bantam failed to yield overgrowth, suggesting that bantam is required for
Yorkie-induced overgrowth. Conversely, forced activation of bantam in cells lacking yorkie
resulted in overgrowth, suggesting that ban is a key growth-promoting transcriptional target
of Yorkie (Nolo etal., 2006; Thompson and Cohen, 2006). More recently, bantam was shown
to be a crucial downstream target of the SWH pathway in the proliferating cells of the anterior
eye imaginal disc, where Yorkie complexes with different transcription factors compared to
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the wing (Pengetal., 2009). Therefore, bantam is a crucial target of growth regulatory pathways
in a variety of cellular and developmental contexts.

bantam and apoptosis

The most well characterised bantam:target interaction is with the pro-apoptotic gene hid
(Brennecke et al., 2003; Nahvi et al., 2009), but only recently has this been analysed in the
context of endogenous levels of the two genes (Figure 5B). In addition to their growth defects
(Brennecke et al., 2003), bantam mutants exhibit ectopic apoptosis, and animals homozygous
for hypomorphic alleles of bantam also show significantly increased levels of apoptosis in
response to ionizing radiation (IR) (Jaklevic et al., 2008). Bantam also prevents rbf mutant
interommatidial cells from undergoing cell death in the developing eye disc (Tanaka-Matakatsu
et al., 2009), demonstrating that cell autonomous anti-apoptotic activity mediated by bantam
is also present in the eye disc.

Consistent with arole in limiting excess apoptosis in response to IR, bantam activity is strongly
increased soon after IR, as measured by decreased levels of a bantam-responsive sensor,
however, this does not appear to correspond to significant changes in levels of mature
bantam (Jaklevic et al., 2008). Suppression of apoptosis in irradiated cells by expression of the
baculovirus inhibitor of apoptosis protein p35 prevents the downregulation of the bantam
sensor, suggesting that the upregulation of bantam activity is due to a signal from apoptotic
cells and is not a direct response to DNA damage. p53, which is a crucial gene in DNA damage
response, is required for the increase in bantam activity induced by IR (Jaklevic et al., 2008).
On the other hand, IR exposure is also expected to result in p53-mediated activation of the
SWH pathway activation, which is expected to decrease bantam transcription leading to
apoptosis (Colombani et al., 2006). These apparently contradictory data may be reconciled by
the non-autonomous role of apoptosis in inducing bantam activity. Perhaps p53 is inducing
SWH pathway activation in cells that have sustained DNA damage beyond a certain threshold,
leading to apoptosis and a growth-promoting signal to neighbouring cells, which then increase
their bantam activity. This may explain the absence of an obvious increase in bantam levels in
these irradiated discs.

Bantam and germline stem cells

Animals that are hypomorphic for bantam exhibited defects in GSC maintenance, with most
animals having no remaining GSCs after 14 days (Yang et al., 2009) (Figure 5C). Furthermore,
clones of larval primordial germ cells (PGCs) that are null for bantam showed branched fusome
structures, which are markers of PGC differentiation, suggesting that bantam limits PGC
differentiation. Interestingly, in this study, GSC clones of bantam mutants did not exhibit any
significant defects in maintenance, suggesting that the requirement for bantam in GSC
maintenance is non-autonomous and may potentially reside in the GSC niche (Yang et al.,
2009). Curiously, a separate study described a clear phenotype of defective maintenance for
bantam mutant GSC clones (Shcherbata et al., 2006). Both studies utilized similar techniques
involving null deletion alleles for bantam, so the reason for this discrepancy is unclear. A
separate study demonstrated that the bantam sensor is strongly downregulated in GSCs
compared to 16 cell cysts, suggesting that bantam is active in GSCs and inactive in the
differentiating cysts (Neumuller et al., 2008).

Bantam and dendrite tiling

Very recent studies of bantam revealed its unexpected influence on the differentiation of post-
mitotic neurons. In the early Drosophila larva, sensory neurons tile across the body wall to
create a sensory field. As the larva grows, a fixed number of sensory neurons must expand
their fields of coverage by extending dendrites in proportion to the growth of the organism as
a whole, a process referred to as scaling growth. Amongst a panel of mutants that exhibit
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defective larval growth, animals null for bantam established normal coverage of the receptive
field in early larvae, but failed to attenuate scaling growth after cessation of larval growth
(Parrish et al., 2009) (Figure 5D). Strikingly, this phenotype was rescued by expression of
bantam in the overlying epithelial cells, and not in the sensory neurons, demonstrating that
bantam is required in these epithelial cells to provide a signal that attenuates scaling growth of
sensory neurons (Parrish et al, 2009). Therefore, as hinted at by studies in GSCs, bantam also
has important non-autonomous roles during dendrite tiling.

circadian rhythm

A distinct role for bantam in neural function was revealed during studies of the circadian clock.
The eponymous clock gene encodes a bHLH-PAS transcription factor that is a central generator
of circadian rhythms, and is also a substantial target of bantam (Kadener et al., 2009).
Overexpression of bantam in timeless-expressing cells, which comprise the central pacemaker,
resulted in lengthening of the circadian period by three hours (Figure 5E). This phenotype is
similar to the periodicity phenotype caused by loss of clock function, and the annotated
clock 3’ UTRis indeed predicted to have a single bantam binding site. However, further studies
revealed that the predominantly expressed clock 3' UTR is substantially longer and bears three
functional bantam binding sites, which are responsive to bantam repression in cultured cell
assays. This provides a motivation to be cautious in assessing computational target predictions,
which do not necessarily account for all in vivo transcript isoforms.

Unlike other characterized settings of bantam function, it is technically challenging to remove
bantam specifically from pacemaker cells to check for a circadian phenotype. Still, an
informative test can be done in cis to assess the functional impact of bantam sites in the
clock transcript. Compared to a wild-type clock transgene, a clock transgene bearing specific
mutations in its bantam binding sites was unable to provide full genetic rescue of the clock null
mutant background (Kadener et al., 2009). This constituted compelling evidence for the
endogenous regulation of clock by bantam to generate normal circadian rhythm.

The wide range of severe phenotypes resulting from loss of bantam are notable in light of the
widely-held view that miRNAs are primarily fine tuning factors. Through regulation of its so
far described targets hid and clock, bantam regulates processes as diverse as apoptosis and
circadian rhythm. Since bantam has additional significant roles in promoting growth,
maintaining GSCs and non-autonomously attenuating dendrite scaling, it will be interesting to
see what other key targets it has, and whether bantam functions via "a few" or "many" targets
in these various settings.

Perspectives

Through the analysis of mMiRNA mutants and the regulatory relationships they reveal with target
genes, we are beginning to understand more about the complex and varied roles of miRNAs

in animal development. The collected studies in the Drosophila model affirm the conclusion
that there is no single rule or reason for miRNA regulation of a given process.

miRNAs undoubtedly have many, perhaps hundreds of direct targets, and bioinformatic studies
reveal underlying logic to these networks. One conclusion is that miRNAs may suppress broad
transcript cohorts that are leftover from progenitor states, or that may arise spuriously because
of alternative developmental potentials of a given celltype. In this view, miRNA regulation is
secondary to transcriptional regulation and serves as a general backup to reinforce a particular
cell state. If the individual regulation of many targets is not critical for gross phenotypes, this
might permit a great deal of evolutionary fluidity in the target networks for otherwise highly
conserved miRNAs. On the other hand, there is also abundant evidence that miRNAs can have
key target genes that explain a great deal about the genetic function of the miRNA gene. And
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at least some of these cases require the function of the miRNA in target-expressing cells, so
that miRNAs play instructive roles to deliver just the right amount of target activity.

Although some of key miRNA targets were revealed as "top" predictions that contain multiple
binding sites for the miRNA (e.g. hid with 5 highly conserved binding sites for bantam), other
key target genes have only single target sites (e.g. dLMO with only one clear site for miR-9a)
or have target sites that did not exist in annotated 3' UTRs (e.g. clock with seemingly
downstream bantam sites). For many functional analyses of miRNAs, then, genetic phenotypes
were critical for understanding the role of the miRNA and providing a rationale to pursue
individual targets in depth.

Early evidence for the breadth of the miRNA target network came from focusing on conserved
targets, and certainly conservation implies a likelihood of beneficial function. However, highly
conserved features do not necessarily imply that they mediate processes that yield obvious
phenotypes in the mutant situation. Certainly there are many highly conserved putative
transcriptional regulatory regions for which no activity could be defined in vivo, and there are
many highly conserved protein-coding genes whose deletion similarly causes no obvious
defect. Nevertheless, small quantitative deviations in gene activity can result in dramatic costs
to fitness, especially when measured not in a few generations in optimal laboratory conditions,
but instead across evolutionary scales of time and on the population level. Therefore, the
consequences of deleting some conserved miRNA genes, and potentially of removing many
conserved miRNA binding sites, may need to be studied under challenging environmental
conditions, under sensitized genetic backgrounds, or using highly quantitative strategies.

On the other hand, the simple lack of deep conservation may not be taken as strict evidence
for lack of useful functions. We have discussed that the knockouts of several miRNAs that are
conserved between invertebrates and vertebrates have relatively modest effects in
Drosophila, whereas the invertebrate-specific miRNA bantam plays crucial roles in a dazzling
variety of developmental and physiological settings. bantam is essential in both proliferating
and post-mitotic tissues, and regulates both cell-autonomous and non-cell autonomous
processes. Other insect-specific miRNAS seem to have crucial functions even as measured by
such crude measures as viability and fertility. Going to the more "micro” level, there are now
cases of newly-evolved miRNA:target relationships that appear to play important roles in
specific Drosophilid species. Perhaps changing miRNA:target relationships have played active
roles in creating species-specific characteristics.

Finally, we are fascinated by the fact that the continued study of individual Drosophila miRNA
mutants continues to reveal additional phenotypes caused by the deregulation of newly defined
target transcripts. Pleiotropic functions of miRNAs may provide a contributing rationale for
the existence of extensive target networks for individual miRNAs. As is the case for many
genes encoding transcription factors and other regulatory factors, we presume that there will
continue to be more to miRNA activities than is revealed at first glance.
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Figure 1. Modes of miRNA regulation

(A) Individual miRNAs often regulate many targets, each of which may contribute subtly to
the overall biological function of the miRNA. (B) A miRNA may repress a large network of
targets, but the regulation of a specific target may underlie the major phenotypically visible
role of the miRNA. Note that this does not necessarily mean that it is quantitatively the most
strongly repressed target of the miRNA,; depending on the function of the target, a relatively
modest change in activity might elicit a mutant phenotype. (C) A miRNA may function in
multiple spatial or temporal contexts, and may have different critical targets in each setting.

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smibert and Lai Page 17

Figure 2. Processes regulated by Drosophila miR-7

(A) In the eye imaginal disc, miR-7 is expressed in the specified photoreceptors (stippled
portion) and promotes their differentiation by inhibiting yan, an Ets domain transcriptional
repressor of neural differentiation. (B) miR-7 also promotes the differentiation of chordotonal
organs (grey circles) by inhibiting members of the E(spl)-C family of bHLH transcriptional
repressors. (C) In the testis, miR-7 represses bam to inhibit differentiation of germline stem
cells (GSCs), whilst in the ovary, miR-7 represses the cell cycle regulator dacapo to promote
maintenance of GSCs (D).
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Figure 3. Processes regulated by Drosophila miR-8

(A) miR-8 prevents neurodegeneration in the brain by limiting levels of the transcriptional
corepressor atrophin. (B) Though not demonstrated under endogenous circumstances, miR-8
is able to repress Wg/Wnt signalling in the developing wing and eye by inhibiting of wntless,
which encodes a transmembrane protein required for secretion of Wg; it can also repress
CG32767, a positive regulator of Wg/Wnt signalling. (C) During larval growth, miR-8
represses the zinc finger protein encoded by u-shaped in the fat body to promote organismal
growth. (D) Finally, miR-8 controls the morphology of neuromuscular junctions by acting in
muscles to repress enabled, an EVH1/PH domain regulator of synapse development.
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Figure 4. Processes regulated by Drosophila miR-9a

(A) During development of the peripheral nervous system, miR-9a prevents ectopic
specification of sensory organ bristles (arrows) through repression of the zinc finger
transcription factor encoded by senseless (and to a lesser extent via the LIM protein encoded
by dLMO). (B) miR-9aalso controls margin specification and limits apoptosis in the developing
wing through regulation of dLMO (and to a lesser extent, senseless); the dashed portion of the
wing represents tissue that fails to develop in the mir-9a mutant.

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Smibert and Lai Page 20

K\ C.Maintain germline

miR-bantam —— stem cells

%_ D.Limit scaling growth
of dendrites

( ] E.Circadian rhythm

clock

A.Promote cell proliferation

i
©0

B. Inhibit apoptosis
hid

4

Figure 5. Processes regulated by Drosophila miR-bantam

The bantam miRNA controls a wide variety of processes. (A) The most overt defect of
bantam mutants are their small size due to failure of cell proliferation, although the relevant
target(s) are not known. (B) bantam also prevents apoptosis (cross) by repressing hid, which
encodes a pro-apoptotic factor. bantam maintains ovarian germline stem cells (C), and limits
the scaling growth of dendrites during larval development (D); the targets mediating these
functions are not yet known. (E) Finally, bantam maintains the appropriate length of the
circadian clock (represented by an activity trace of animal movements across the day) by
regulating clock, which encodes a bHLH-PAS transcription factor.
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