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Summary

Organisms interact with their environment through gene networks embedded
in their neuronal networks. Post-transcriptional gene regulation by miRNAs
can provide an important and additional layer of regulatory complexity in
these networks. This thesis work explores the role of one Drosophila miRNA,
miR-285 in the post-developmental brain, using miR-285 loss of function
mutants. In the first part, I have explored the role of miR-285 in the
Drosophila eye — loss of miR-285 results in light-dependent loss of
photoreceptor integrity. In the second part, I have studied age-related

functions of miR-285.

Interestingly, miR-285 acts to ‘promote’ age-related impairment in the male
nervous system. Mutants lacking miR-285 are protected from age-progressive
behavioral decline and live longer. miR-285 targets genes at multiple steps in
the pathway for extracellular superoxide metabolism. Mutants show elevated
superoxide flux, elevated ROS signaling and are protected against oxidative
stress. Interestingly, miR-285 is expressed at higher levels in young males than
in older males. Young mutant males show reduced reproductive success. Thus,
regulation of superoxide metabolism in the nervous system appears to be
required for reproductive fitness, at the cost of accelerated decay of brain

function in male Drosophila.
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Chapter 1 Introduction

1.1 Gene regulatory networks

Gene regulatory networks are very important in controlling various
developmental and homeostatic processes in plants and animals. These
networks are in place at several levels, starting transcriptionally, where
promoter-enhancer elements are decorated with binding sites for transcription
factors that act singly or many times in conjunction with activators or
repressors. By this way, the cell regulates gene expression at the most
upstream level. Transcription is an energy intensive process; it’s no surprise
then that many major transcription factors lie downstream of signaling
pathways that are either directly sensing nutrition or metabolic states, or are
closely receiving input from them. The second level of regulation occurs post-
transcriptionally, at capping, splicing, polyadenylation or RNA editing. All of
these processes act to either stabilize the nascent transcript or create variation
apart from the genetic code. Gene silencing by small RNAs is also very
prevalent — miRNAs, siRNAs, piRNAs are transcribed by RNA pol III, and
silence mRNAs by binding via sequence complimentarity and destabilizing
them. The regulatory action of small RNAs can add an additional layer of

genetic complexity that is important under many circumstances.

1.2 What are miRNAs?

In the history of the study of gene regulatory networks, miRNAs evaded

discovery until 1993, stealthily functioning as important parts of the biological



machinery. The first published description of a miRNA gene appeared in
1993: in C. elegans, the small RNA lin-4 was identified as a regulator of larval
development timing and found to control the expression of lin-14 messenger
RNA (mRNA) (Lee et al., 1993; Wightman et al., 1993). The discovery of let-
7, another small regulatory RNA, in C. elegans (Pasquinelli et al., 2000), and
of its homologues in other organisms including mammals (Pasquinelli et al.,
2000) opened the field of miRNA research. Since then, hundreds of miRNAs
have been identified in many multi-cellular organisms, and numerous studies
have revealed the diversity and biological impact of this class of non-coding

RNAs.

miRNAs are small 19-22nt-long non-coding RNAs with important regulatory
roles in post-transcriptional regulation of animal development and homeostatic
processes. They target mRNA transcripts that have binding sites satisfying
certain parameters (sequence complimentarity, binding energy etc), for
translational inhibition or degradation. In this manner, they can exclude
translation of certain mRNAs spatially and temporally depending upon their
own transcriptional regulation. Sometimes, miRNAs can work to fine-tune
their target mRNA levels, keeping them within a certain optimum range.
These kinds of mechanisms can either be a part of the developmental program
itself, or be important for maintaining robustness in the face of environmental
fluctuations. Recent work has shown that both possibilities exist in natural

systems.



miRNAs are found in all plant and animal genomes, and are expressed widely
in tissues. Sequencing efforts show that miRNAs account for approximately
1% of all genes in any organism (Lim et al., 2003). Many of them are very
well conserved across animal species, entailing important functions in
development, physiology, morphology and behavior. The Drosophila
melanogaster genome encodes 333 miRNAs (Griffiths-Jones et al., 2008,
miRBase v19) that are believed to target approximately 30% of the protein-

coding genome (Ruby et al., 2007b).

1.2.1 Why post-transcriptional gene regulation?

Post-transcriptional control seems wasteful at the first glance. The cell would
save more energy by the efficient use of fewer mRNAs. However, there is
ample indication that evolution may not always optimize efficiency; and the
added layer of control by miRNAs may actually be useful in gene regulatory
networks, providing a fast and sometimes a reversible switch on the target
mRNA. In other cases, targeted degradation of mRNAs from the cell is also
necessary to define certain differentiated states; for example, the zygotic miR-
309 cluster clears the maternal mRNAs in the Drosophila embryo, to promote
the maternal-to-zygotic transition (Bushati et al., 2008). miRNAs are present
in diverse spatio-temporal profiles, and have a lot of regulatory potential,

making it important to study their function.



1.3 microRNA biogenesis

1.3.1 miRNA transcription

miRNAs are encoded by short sequences in the genome, which maybe located
intergenically, or within the intron of a protein-coding gene. miRNA locus of
the former kind have an independent promoter; whereas intronic miRNAs are
transcribed with the host gene. These miRNA genes can be monocistronic,
dicistronic or polycistronic in nature. Upon transcription by RNA polymerase
IL, pri-miRNA transcripts are capped and polyadenylated, these are sometimes
several kilobases long and contain hairpin loops that comprise the future

mature miRNA (Fig 1.1).

1.3.2 miRNA hairpin generation

The pri-miRNA is cleaved into ~70nt hairpin pre-miRNAs inside the nucleus
by the RNAse III enzyme ‘microprocessor’ complex Drosha/Pasha (Lee et al.,
2003) followed by export into the cytoplasm (Fig 1.1). pre-miRNAs may also
be directly produced from ‘mirtrons’ located in host-genes as introns with a
hairpin structure by the spliceosome complex, thus bypassing Drosha/Pasha

processing (Ruby et al., 2007a).

1.3.3 Export into cytoplasm and maturation

Upon export into cytoplasm by Exportin 5, a Ran-GTP dependent nuclear
export factor, the pre-miRNA is further processed into a mature
miRNA/miRNA* duplex by Dicer-1, another RNase Ill-type enzyme.

miRNA* is the complementary miRNA sequence. The fully processed mature



miRNA is loaded onto the RNA-induced silencing complex (RISC) complex
with Argonaute-1 and other associated proteins (Fig 1.1). Drosophila has two
Dicers, Dicer-1 for miRNA processing and Dicer-2 for endogenous short-
interfering RNA (siRNA) processing respectively (Saito et al., 2005) (Lee et
al., 2004). Drosophila has five Argonaute family members (Argonautel,
Argonaute2, Argonaute3, Aubergine and Piwi). Drosophila Agol has been
shown to functionally associate with Dicer-1 while Ago2 does so with Dicer-2
(Okamura et al., 2004). The fact that purified Ago-miRNA complexes mainly
contain single-stranded miRNAs suggested a mechanism to unwind the duplex
before loading (Martinez et al., 2002). The loading preference on one strand
over the other seems to be dependent on the thermodynamic stability of the
two ends of the duplex: the strand that enters the RISC is the one paired less
strongly in the 5’-end (Khvorova et al., 2003; Schwarz et al., 2003).
Subsequently, one of the 2 strands in the mature miRNA is released and
degraded and the remaining guide strand directs the RISC complex to
complementary mRNAs and silences them. The mature RISC complex
together with the miRNAs is also called miRNA-ribonucleoprotein complex
(miRNP). The majority of these particles are diffused in the cytoplasm. Upon
stress induction, miRNAs are slightly enriched in stress granules (Mollet et al.,
2008). Additionally, there is some indicative evidence that Importin 8 interacts
with Ago proteins in miRNPs and targets them to cytoplasmic P-bodies
(processing bodies), where most mRNA turnover takes place (Liu et al., 2005;

Weinmann et al., 2009).
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Fig 1.1 Schematic representation of miRNA biogenesis in Drosophila. The
pri-miRNA is transcribed in the nucleus by RNA Polymerase II or III and
undergoes 5’and 3’ cleavage by the Drosha/Pasha complex. The generated
pre-miRNA is exported into the cytoplasm by Exportin-5 via a Ran-GTP
dependent mechanism. Removal of the loop structure by Dicer/Logs leads to
formation of the mature miRNA:miRNA* duplex, which is incorporated into
the RISC complex. The miRNA* strand is the complementary strand to the
miRNA sequence, and is generally degraded, while the mature miRNA serves
as a guide to direct regulation of mRNA expression (See Section 1.3.3).



1.3.4 Non-canonical biogenesis pathways

While canonical pathways generate most miRNAs, an array of alternative
strategies has emerged recently, including animal pathways that are
independent of Drosha or Dicer (Westholm and Lai, 2011; Yang and Lai,
2011). For example, mirtrons are short hairpin introns whose splicing defines
their pre-miRNA hairpin ends (Okamura et al., 2007) (Ruby et al., 2007a),
thus bypassing Drosha. Still other RNases can substitute for Drosha to cleave
pre-miRNA hairpins from longer precursor transcripts, such as RNase Z
(which processes tRNAs) (Bogerd et al., 2010), or the Integrator complex
(which processes snRNAs) (Cazalla et al., 2011). Interestingly, there is a
reverse example - Drosha cleavage of the mammalian mir-451 generates a 42-
nt-long hairpin that is too short to serve as a Dicer substrate. Instead, pre-mir-
451 bypasses Dicer, and is loaded directly into Ago2 and relies on its ‘slicer’
activity for maturation (Cheloufi et al., 2010) (Cifuentes et al., 2010) (Yang et
al., 2010). In all cases, an RNase-III enzyme is required. However, Maurin et
al suggest that there may be yet another non-canonical pathway that is
completely RNase-III independent (Drosha/Pasha and Dicer) where RNase Z
or the Integrator complex combined with the ‘slicer’ activity of Ago2 may be
sufficient to generate functionally mature miRNAs (Maurin et al., 2012).
While they do not report any endogenously occurring miRNAs taking such a
biogenesis route, they provide proof-of-principle for existence of such a

pathway.



1.4 Mechanism of miRNA action

1.4.1 Binding - Seed region

Loaded onto the RISC, miRNAs act as guide molecules to find target mRNAs
based on sequence complimentarity. Notably, perfect pairing is rare among
animal miRNAs, whereas it is predominant in plant miRNAs. miRNAs in
animals usually bind to target mRNAs via imperfect complimentarity: target
sites have been grouped into several categories- ‘canonical’, ‘seed-
only/marginal’ and ‘3’compensatory/atypical’ (Brennecke et al., 2005)
(Bartel, 2009). Canonical sites have perfect Watson-Crick complimentarity to
a small subsequence of the mature miRNA called the ‘seed’ region is critically
required for binding (Lewis et al., 2003); (Doench and Sharp, 2004);
(Brennecke et al., 2005) (Krek et al., 2005). This region is of primary
importance in the miRNA:target interaction, imparting thermal stability, and is
often very highly conserved among miRNAs across species. It spans from nt
2-8 or 1-7 from the miRNA 5’ end, imparting the strongest inhibition of target
mRNA expression. Seed-only or marginal sites refer to matches to nt 2-7 or 3-
8 of the miRNA seed region. These 6-mers have reduced efficacy. In
‘3’compensatory’ or atypical sites, 3’ compensatory sites exist in miRNA-
target pairs with insufficient 5’ seed pairing, creating an efficient and

functional site (Brennecke et al., 2005).

Computational algorithms have been developed to predict miRNA regulatory
targets, based on sequence determinants, thermodynamic stability and
evolutionary conservation of sites. These algorithms and experimental reporter

evidence show that miRNA binding sites are primarily enriched and most



conserved in 3’UTRs, but growing evidence suggests that sites in ORFs of
mRNAs are also functionally relevant (Schnall-Levin et al., 2010). The sites in
ORFs show significant conservation above background, however, targeting in
ORFs appears to be weaker than 3’-UTR targeting. In Drosophila,
computational evidence suggests binding sites in 5’-UTRs too (Lee et al.,

2009).

1.4.2 Mechanisms of mRNA repression

1.4.2.1 mRNA cleavage

Following the binding of the target mRNA to the RISC complex, translation
inhibition, mRNA destabilization or mRNA cleavage may take place
(reviewed in (Valencia-Sanchez et al., 2006). The mechanism depends upon
sequence complimentarity of the mRNA-miRNA pair. Perfect pairing leads to
cleavage of the target mRNA; however this is rare for animal miRNAs, and
more common for plant miRNAs. In this mechanism, mRNAs are targeted for
endonuclease cleavage, referred to as ‘Slicer’ activity. One requirement for
slicer activity additional to perfect base pairing is that Ago2 must be present
within the RISC (Liu et al., 2004) (Meister et al., 2004) (Hutvagner and
Simard, 2008). Ago2 has an RNaseH-like domain and contains critical

residues to carry out cleavage.

1.4.2.2 mRNA degradation

mRNA destabilization is the predominant mechanism of action for metazoan

miRNAs, and this is independent of slicer activity (reviewed in (Bartel, 2009).



It has been suggested that miRNAs recruit Ago/GW182 complexes to the
target site, leading to the recruitment of decapping enzymes and deadenylation
enzymes to initiate mRNA degradation program (Behm-Ansmant et al.,
2006a; Behm-Ansmant et al., 2006b). This comes from evidence in eukaryotic
cells that mammalian Argonaute proteins are concentrated in P-bodies (sites of
mRNA decapping and degradation) and can co-immunoprecipitate with
decapping enzymes (Jakymiw et al., 2005); (Liu et al., 2005); (Pillai et al.,

2005); (Sen and Blau, 2005).

1.4.2.3 Translational inhibition

Greater than 80% of miRNA-mediated silencing takes place via mRNA
degradation (Guo et al., 2010a). This is supported by the observation that
microarray profiling of change in mRNA levels upon miRNA over-expression
or depletion largely correlated with quantitative proteomic change upon
miRNA misexpression (Baek et al., 2008; Guo et al., 2010b; Selbach et al.,
2008). However, there are some examples showing changes in target at the
protein level, but not at the mRNA level (Behm-Ansmant et al., 2006b; Guo et
al., 2010b). Some of these examples were explained by a ribosome drop-off
model in which the ribosome falls off the target mRNA while still translating,
resulting in premature termination. In a more recent study, it has been
suggested that miR-430 reduces the rate of initiation on target mRNAs rather

than altering the ribosomal density by causing drop-off (Bazzini et al., 2012).

Hence, the mode of miRNA-mediated target repression could be rather

complex, involving multiple mechanisms at mRNA and/or protein translation
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level. The mechanism of action may even differ for the same miRNA in a
context-dependent (spatio-temporal or target mRNA) manner, for example
depending upon the co-expression of the various mode-specific

enzymes/protein complexes.

However, it has recently been hypothesized that any mRNA degradation is
initiated by translational inhibition at the initiation step followed by decapping
and decay (Bazzini et al., 2012; Djuranovic et al., 2011). Additionally,
because translational inhibition and transcript decay are very closely linked
events in the cell (reviewed in (Coller and Parker, 2004), therefore any
translationally inhibited mRNA will likely undergo decay unless it is actively
protected from doing so. So, translational inhibition is hypothesized to be a
default state of the target mRNA — it may or may not be followed by transcript

decay.

1.4.3 miRNA turnover

Alterations in miRNA expression patterns under many disease conditions has
caused them to get roles as potential ‘biomarkers’ for disease prognosis (Hu et
al., 2012; Port et al., 2011; Ziu et al., 2011). Studies also reveal that some
miRNA levels are regulated temporally even under normal physiological
conditions in various cells and tissue types (Noren Hooten et al., 2010; Pandey
et al., 2011; Somel et al., 2010). Many miRNAs change expression levels and
patterns with development, or post-development (during aging). However,
very little is known about the mechanisms of miRNA regulation and miRNA

turnover has come under scrutiny only in recent years (reviewed in (Kai and
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Pasquinelli, 2010; Ruegger and Grosshans, 2012). Both cis-acting elements
and trans-acting proteins and RNAs are being discovered that affect miRNA

half-life.

1.4.3.1 miRNA stabilization

Several studies show that Argonaute proteins stabilize mature miRNAs in a
slicing-independent manner (Diederichs and Haber, 2007; O'Carroll et al.,
2007). A recent report shows direct evidence for this interaction (Winter and
Diederichs, 2011). Transcriptional inhibition by actinomycin reduced half-
lives of multiple endogenous miRNA guide strands in cells lacking Ago2.
This effect was reversible upon the reconstitution of Argonaute expression.
Correspondingly, over-expression of Argonaute proteins decelerated miRNA
degradation and increased miRNA half-life (Winter and Diederichs, 2011).
Ago2 mediated stabilization is further corroborated by the finding that
endogenous target binding is also protective of miRNAs in C. elegans
(Chatterjee et al., 2011). Recently, GW182 has also been identified to have a

protective role by stabilizing mature miRNAs (Yao et al., 2012).

Protective modifications on mature miRNAs can also affect stability. It was
recently demonstrated that 3’ adenylation can have a stabilizing effect on
animal miRNAs. Although the addition of adenines has been detected on
many different animal miRNAs, a functional consequence of this modification
by Gld2, a cytoplasmic non-canonical poly(A) polymerase, has been
established for miR-122 in liver cells (Katoh et al., 2009). A recent study has

also demonstrated that GId2 3’ monoadenylates specific miRNAs, and
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stabilizes them. Sensitivity to monoadenylation and stability depends on

nucleotides in the miRNA 3’ end (D'Ambrogio et al., 2012).

1.4.3.2 miRNA destabilization

Along with stabilization, active degradation is also important for miRNA
homeostasis. In animals, the 5'-to-3" exonuclease XRN-2 (Ratlp in yeast)
catalyzes degradation of mature miRNAs (Chatterjee and Grosshans, 2009).
Another enzyme, the exosome 3'-5" exoribonuclease complex was identified
as the primary nuclease involved in miR-382 decay (Bail et al., 2010). It is
likely that several miRNAs are actively destabilized depending upon their
mature sequences. Perfectly complementary targets can also destabilize and

degrade miRNAs.

1.4.3.3 circular RNAs — miRNA reservoirs

Two papers published very recently by (Hansen et al., 2013; Memczak et al.,
2013) describe highly stable, circular RNAs that bind several copies of a

microRNA to terminate suppression of mRNA targets.
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Fig 1.2 circularRNAs and miRNA sponges. a Ago-miRNA complexes can
target endogenous mRNAs in a normal setting, b presence of circRNAs or
miRNA sponges can sequester miRNAs from their endogenous targets,
relieving their repression.

The circular RNA (circRNA) reported, called CDR1as by Memczak et al. and
ciRS-7 by Hansen et al., contains roughly 70 evolutionarily conserved binding
sites for miRNA-7 (miR-7) and forms a complex with AGO proteins.
Essentially, these function like endogenous sponges (See Section 1.6.3.2),
sequestering miRNAs from their targets, and at the same time, stabilizing
them by protecting their 3’ and 5° ends from RNA exonuclease enzymes.
Hence, circRNAs act as miRNA reservoirs, keeping them stably bound until

circRNA destruction, which would release a shower of miRNAs that would be

free to target multiple mRNAs with the shared binding sequence (Fig 1.2).
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1.5 miRNA-target relationships

1.5.1 miRNAs in gene-switches, and as tuning molecules

miRNAs repress their target genes. The peculiarity of miRNAs in the context
of cellular activity is their ability to simultaneously control many genes. They
have been classified as switch targets and tuning targets (Fig 1.3) (Bartel and

Chen, 2004).

In the case of binary ‘switch’ targets, miRNAs may exclude the target
completely from the tissue of expression, resulting in a mutual exclusion of
miRNA and target mRNA. Sometimes, miRNA and the switch target mRNA
may both be present together, and the miRNA may act to limit the target
levels, as excess target mRNA or protein might be deleterious to the tissue
where it is expressed. In the classical switch interaction that was described for
the field-founding miRNAs /in-4 and let-7, target expression is essentially
abolished in the tissue where the miRNA is expressed (Caygill and Johnston,
2008; Lee et al., 1993; Moss et al., 1997; Reinhart et al., 2000; Sokol et al.,

2008).

In the case of ‘tuning’ targets, both excess or too little of the target gene can
lead to harmful phenotypes, in which case a miRNA can act to ‘tune’ target
levels. miR-8 has been shown to tune or modulate its target gene Atrophin in
Drosophila nervous system: both loss and gain of Atrophin function leads to
increased apoptosis in the brain (Karres et al., 2007). In the mammalian
haematopoietic system, miR-150 is highly expressed in mature B cells (Zhou

et al.,, 2007). Loss of function and gain of function experiments show that
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miR-150 downregulates its target c-Myb in a highly dose-dependent way. miR-
150 knock-out mice display an increase in B cell progeny, which is likely due
to mild c-Myb over-expression (Xiao et al., 2007). Interestingly, a reduction of
c-Myb RNA levels as modest as 30-35%, caused by ectopic expression of
miR-150, has grave phenotypical consequences, which include a partial block

of B cell development (Xiao et al., 2007; Zhou et al., 2007).

In other cases, miRNAs can act to reinforce established processes that are
already under transcriptional or post-translational control. By maintaining
transcript levels below levels that are functionally relevant, i.e., setting a
threshold for target expression, miRNAs add a level of precision to

developmental decisions.

Fig 1.3 miRNA-target relationships. Target mRNA levels (blue) decrease as
miRNA levels (orange) increase. Dashed lines represent critical thresholds of
target mRNA; the upper line indicates the level that would be undesirably high
in the cells that express the microRNA (miRNA), the lower line indicates the
level below which the protein no longer exerts its effect.

1.5.2 miRNAs as noise buffers

Additionally, miRNAs also have a role in buffering noise in biological

systems, both developmental noise and noise from environmental fluctuations
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in the form of stress. miRNAs are often part of gene regulatory networks —
feedback and feed forward loops that impart stability in the face of intrinsic
and extrinsic noise (Herranz and Cohen, 2010). One example is that of the
feedback loop between miR-14 and the ecdysone signaling receptor (EcR) in
Drosophila. EcR regulates itself, and miR-14 represses it. In turn, EcR
represses miR-14 levels. Mutual repression keeps them both in a steady state
until a hormonal cue activates EcR, which shuts off miR-14 transcription. The
pre-existing miRNA decays slowly, permitting the cell to distinguish between
sustained ecdysone-induced EcR activation vs that by transcriptional bursts.
This positive auto-regulatory loop acts to protect the animal against initiating a
large-scale EcR-dependent transcriptional program without the proper

hormonal cue (Varghese and Cohen, 2007).

1.6 Studying miRNA functions

1.6.1 Hints from miRNA-expression profiling

In the last decade, since the discovery of the first miRNA lin-4 in C. elegans,
(Lee et al.,, 1993; Wightman et al., 1993), the number of studies have
skyrocketed, both in terms of miRNA discovery as well as for implicating
miRNAs in diverse physiological processes, in normal and disease conditions.
miRNAs are widely expressed and function in almost every imaginable
biological process. miRNA expression profiles of various tissues in different
conditions often result in the possibility of using them as biomarkers.
However, most of these studies do not address the question whether these
‘biomarker’ miRNAs are the cause or the consequence of the observed
conditions.
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1.6.2 miRNA biogenesis mutants

Apart from miRNA expression profiling, there are studies from flies, mice and
worms detailing functions of miRNAs using genetic manipulation. Studies
abolishing all miRNA function by disrupting their biogenesis using total and
conditional Dicer mutants have underscored the importance of miRNAs in a
variety of processes like germ line development, stem cell division, DNA
damage repair, neurogenesis, neurodegenerative disorders, muscle
development, immune cell development (Choi et al., 2008; Damiani et al.,
2008; Davis et al., 2008; Dorval et al., 2012; Hatfield et al., 2005; Hebert et
al., 2010; Kim et al., 2007; Sadegh et al., 2012; Schaefer et al., 2007; Tang
and Ren, 2012; Zhang and Bevan, 2010). A recent study also showed a
correlation of decline in Dicer expression with decreased stress tolerance in
adipose tissues in humans, mice and worms. Dicer loss of function mutations
in C. elegans reduce lifespan and stress tolerance, while overexpressing Dicer

confers stress resistance to the animals (Mori et al., 2012).

1.6.3 miRNA gain of function

Just as any other gene, miRNA gain of function experiments could also be
expected to shed light on their biological function. However, there is a major
caveat associated with such experiments. Many genes contain miRNA-binding
sites, but they may not be targeted by the miRNA under natural physiological
conditions of miRNA expression. Over-expressing miRNAs even if only in

their native expression domains could lead them to target physiologically
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irrelevant mRNAs, generating confounding phenotypes. miRNA mis-
expression out of their normal spatial and temporal expression context can be

even more misleading due to the same reasons.

1.6.3 miRNA loss of function

1.6.3.1 Targeted homologous recombination

Functional loss of miRNA activities in different model organisms has shown
to exert distinct impacts on the organism’s viability and development. While
most of individual miRNA deletions in C. elegans are not reported to affect
the animal’s survival nor cause much phenotypical abnormality, a number of
miRNA knockouts in flies and mice have been reported to cause defects in
animal development, survival and behavior (Brennecke et al., 2003; Ge et al.,
2012; Hilgers et al., 2010; Karres et al., 2007; Klein et al., 2010; Miska et al.,
2007; Poy et al., 2009; Rasmussen et al., 2010; Sokol et al., 2008; Teleman et
al., 2006; Varghese and Cohen, 2007; Varghese et al., 2010; Ventura et al.,
2008; Wang et al., 2008; Weng and Cohen, 2012; Zhao et al., 2007). miRNA
function can be probed directly and effectively by using miRNA knockouts as
this ensures complete loss of miRNA activity in an intact animal. Direct

deletions also ensure that other regions of the genome are unaffected.

Borrowed from yeast genetics, the technique of targeted homologous
recombination has been successfully applied to a few model organisms
including yeast, mouse and recently in the fly (Chen et al., 2011; Rong et al.,
2011; Rong and Golic, 2000, 2001, 2003; Weng et al., 2009). Briefly, a P-
element based FRT targeting construct is designed to contain an eye color
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marker gene (mini-white) flanked by two homology arms that are about 3.5-
4kb in length, and identical to upstream and downstream flanking sequences
of the miRNA locus in Drosophila genome (Fig 1.4). By P element-mediated
transformation, a transgenic donor line is generated based on eye color. This
targeting construct (homology arms with mini-white gene) is linearized into an
extrachromosomal DNA molecule, which then undergoes homologous
recombination with the miRNA locus with less than 1% efficiency (Jones et
al., 2007; Manoli et al., 2005). To improve efficiency, the bacterial phage
®C31 integrase has been used in the system called RMCE (recombinase-
mediated cassette exchange). ®C31 integrase catalyzes recombination
between two non-identical recognition sites, attP and attB, and produces two
new sequences, attL and attR (Groth et al., 2004). The RMCE method allows
directional site-specific exchange between a plasmid “donor cassette, attB”
and the genomic “acceptor cassette, attP” at relatively high targeting
efficiency (up to 25% of success rate) (Bateman et al., 2006). This vector in
principle could allow targeting events happening more than once in the same
locus and the mini-white gene could be swapped by any sequences of interest
(eg GFP, miRNA, miRNA target genes), that are under control of the
endogenous miRNA promoter activity. While RMCE doesn’t increase
efficiency in terms of initial targeting, it does allow retargeting with greatly

improved efficiency.

Genetic knockouts of miRNAs in mice work well using similar methods as in
Drosophila. A miRNA knockout ES library has recently been generated using

RMCE targeting strategy for 392 mouse miRNAs with high germline
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transmission rates (Prosser et al., 2011). Yet another library has been
published recently with conditional, reporter-tagged knockout mice for 162

evolutionarily conserved miRNAs (Park et al., 2012).

Fig 1.4 Schematic representation of targeted homologous recombination. The
transgenic donor construct is excised and linearized in presence of FLP
recombinase and I-Scel nuclease and can recombine with the chromosomal
target locus, replacing the miRNA hairpin sequence with the mini-white
marker gene.

1.6.3.2 Sequestering miRNA function using a ‘sponge’

miRNA mutant generation is a tedious process that takes approximately 6
months in flies and longer in mice. Also, in order to study miRNA functions
with spatio-temporal constraints, conditional knockouts are needed, requiring
additional generations of crosses. Secondly, many Drosophila miRNA
knockout lines are lethal or semi-lethal during development, making the
assessment of miRNA functions in adult tissues very difficult (Chen YW et
al., unpublished observation). Therefore, a method providing spatio-temporal
control over depleting miRNA function could potentially reveal phenotypes

that may not be possible in whole-animal knockouts.
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miRNA ‘sponges’ offer great advantages and broad applicability in studying
miRNA functions in vitro and in vivo. A sponge is a transcribed artificial
RNA sequence containing multiple consecutive binding sites for one miRNA
or the whole miRNA family, as defined by identical seed sequences (miRNA
5’ nucleotide position 2-8) of the miRNA. A sponge sequence is typically
designed to contain 5-10 repeated sequences that are complementary to the
mature miRNA. When sponge RNAs are expressed, they presumably
sequester miRNAs upon binding, thus prevent targeting on the endogenous
mRNAs. Thus, the sponges ‘soak up” miRNAs, creating a total or partial loss-
of-function status in tissues of sponge expression (Fig 1.4). We and others
have successfully used the sponge system to study miRNA functions in
Drosophila (Becam et al., 2011; Herranz et al., 2012a; Herranz et al., 2012b;
Loya et al., 2009). The application of miRNA sponge in vertebrates is also

well demonstrated in many studies (reviewed in (Ebert and Sharp, 2010).

Unlike genetic knockouts, the effectiveness of sponges depends critically both
on the expression levels of sponge and the usual miRNA expression level.
Some miRNAs are highly abundant in certain cells/tissues, in which case a
partial reduction in miRNA activity by expressing the sponge may not be able
to reveal any phenotype. Therefore, although sponges are versatile tools for
studying miRNA functions, a careful assessment of the effectiveness of the
sponge construct is required before any conclusions can be made from such

studies.
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1.7 Target Identification

1.7.1 Computational predictions

Based on sequence complimentarity, computational predictions are the first
tool to use for target discovery. Over the years, several bioinformatics
programs have been developed that predict miRNA targets based on
parameters such as complimentarity, binding energy, secondary RNA
structures, thermodynamic stability, and also evolutionary conservation of the
seed sequence. Some of the most frequently used ones are TargetScan, Pictar,
miRanda, mirWIP, PITA and MinoTar. Seed match and evolutionary
conservation have been common among the majority of prediction algorithms,
while other parameters like hybridization energy, site accessibility and UTR

context features vary from one to another.

Although there is a lot of overlap, there is also significant variation in target
predictions from all these programs. This comes from slight differences in
prediction algorithms. For example, Minotar and TargetScan both require an
exact 7-8 base pair match at miRNA seed region while the other programs
allow mismatches and/or G:U base-pairing to different extents (Friedman et

al., 2009; Lewis et al., 2005; Lewis et al., 2003; Schnall-Levin et al., 2010).

1.7.2 Biochemical methods

Biochemical methods for target identification often involve unbiased genome-
wide profiling at the mRNA and/or protein levels. Microarray sampling is

done from cells and tissues with either over-expression or deletion of the
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miRNA of interest. Change in mRNA profiles is a reliable readout for miRNA
activity because studies suggest that miRNAs predominantly affect target
mRNA stability. This method has aided target discovery in several studies
(Karres et al., 2007; Varghese et al., 2010). Also, experimental studies have
shown that mRNA level change correlates well with proteomic change (see
Section 1.4.2). Next-generation RNA sequencing might provide a more
comprehensive quantification of mRNA copy number as compared to

microarray (Xu et al., 2010).

Another way to identify targets is to compare the profiles of mRNAs that
associate with Ago2 protein in miRNA mutant and control animals using
immuno-precipitation (IP) of the Ago/GW182 complex (Beitzinger et al.,
2007; Easow et al., 2007; Hendrickson et al., 2008; Hong et al., 2009;
Karginov et al., 2007). Coupled to mRNA array or RNA sequencing
platforms, this method could be an effective way to address physiological
interactions between miRNAs and their targets within the RISC effector

complex.

Though the majority of target mRNA changes correlated well with changes in
protein level, there are well-documented evidences of certain miRNA targets
that change mainly at the protein level (Behm-Ansmant et al., 2006b); Chen
unpublished findings). Therefore, measurement of target protein level by
quantitative proteomics could be a more direct measurement of miRNA action
on its targets and perhaps also reveal crucial changes in pathway activity

caused by a miRNA. Differential isotope labeling of proteins in vivo via
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SILAC (stable isotope labeling by amino acids in cell culture) (Mann, 2006;
Ong et al., 2002; Sury et al., 2010) or of peptides in vitro via di-methyl
labeling (Boersema et al., 2009) followed by mass spectrometry are two useful
techniques to compare miRNA and wild type mutant protein profiles. SILAC
has been used extensively in cell culture, but recently it has also been applied
in vivo in Drosophila (Sury et al., 2010). Feeding larvae with food enriched in
heavy and light lysine enables stable protein labeling in these animals, which
can be readily tested. This is in contrast to the di-methyl labeling strategy,
which involves isotope labeling of peptides after protein extraction. The
former method has a wider coverage, improved efficiency and has a better
internal control for labeling; as compared with the latter which has

considerable amount of protein loss during the several steps involved.

Overall, together these methods for differential protein quantification,
combined with methods for estimating differentially regulated mRNAs
provide a strong experimental starting point from which to identify potential
miRNA targets. Additionally, based on the gene regulatory patterns, they can
also provide clues into the nature of biological processes the miRNA might
regulate. Genes identified from these methods can be further verified using
quantitative RT-PCR and Western blots. It is interesting, however, that
potential target genes identified from biochemical methods often do not match
computationally predicted genes. One reason is that most of current major
prediction programs do not consider whether the miRNA and targets are co-

expressed in the same cell types.
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1.7.3 Genetic methods

Targets shortlisted via computational and biochemical methods require further
experimental validation. The shortlisted targets can be confirmed by their
genetic interactions with the miRNA. They may phenocopy the miRNA
mutant when over-expressed in the right tissues in an otherwise wild type
genetic background. The binary UAS-Gal4 system can be utilized for this
purpose — several enhancer-promoter (EP) lines are available on FlyBase,
which can be used for such over-expression analysis. The second method is to
reduce the expression level of putative target genes in the miRNA mutant

animals and test for rescue of mutant phenotypes.

1.7.4 Target reporter assays

A gene that interacts genetically with the miRNA may or may not be a direct
target of the miRNA. To confirm direct miRNA-mediated regulation, it is
important to test the actual binding of the miRNA to the target. A reporter
assay system is a cell-based assay, typically consisting of the reporter gene,
which produces a biofluorescent or bioluminescent protein like GFP or
luciferase with the 3’ end fused to a 3’'UTR sequence containing candidate
miRNA binding sites. The miRNA of interest is often co-expressed together
with the reporter. Given the fact that miRNAs could target protein coding
regions or 5° UTRs, one can also engineer the site sequences into the open
reading frame or 5° UTR of the reporter gene to mimic the targeting location
in vivo (Hafner et al.,, 2010; Schnall-Levin et al., 2010). In order to
demonstrate the importance of miRNA-target base pairing, the predicted sites,

particularly the nucleotides targeted by miRNA seed region, are mutated to
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disrupt the binding. It has been shown that one single base mutation at miRNA
seed pairing region could significantly affect targeting efficiency (Brennecke
et al., 2005). If the gene were a direct target, mutating the miRNA binding
sites would relieve the miRNA-mediated repression on the reporter

expression.

1.9 Conclusions

miRNAs are a class of genes that regulate gene expression in a wide range of
mechanisms. Some miRNAs appear to be key players in specific pathways
and are crucial for development and homeostasis, while others confer
robustness to existing transcriptional and post-translational mechanisms and
enforce cellular or tissue identity. miRNA transcription, processing and
function are subject to activatory and inhibitory modulation by other cellular
components, thus creating a complex network of interactions that the cell
exploits in a context-dependent manner. Further deciphering the mechanisms
underlying specific and global functions of miRNAs, using a combination of
genetic, bioinformatics and molecular biology approaches, will help our

understanding of cellular and organismal physiology.

1.10 miRNAs and the nervous system

Organisms interact with their environment through sensory systems (afferent)
and also through motor output (efferent). These interactions are dependent on
the neuronal connections, internal energy status, and the gene expression

profiles of the sensory cells, the neurons, and the motor output cells. There is
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an intricate meshwork of gene networks, sensing and responding to the
environment. Specifically, synaptic plasticity is a key feature of nervous
system function. Post-transcriptional regulation by miRNAs can provide an
additional mechanism, with potentially faster kinetics for gene expression
modulation at the synapse, making them important players in this system
(reviewed in (McNeill and Van Vactor, 2012). Indeed there are studies
pointing towards such roles for miRNAs (Edbauer et al., 2010; Zovoilis et al.,

2011).

1.10.1 Nervous system expression

A third of miRNAs in most metazoan genomes are expressed in the nervous
system, often in spatially and temporally regulated patterns (Bak et al., 2008;
Berezikov et al., 2011; Berezikov et al., 2006; Chiang et al., 2010; Kapsimali
et al., 2007; Landgraf et al., 2007). To date, several hundred microRNAs have
been identified in human and chimpanzee brain (Berezikov et al., 2006;
Landgraf et al., 2007). The number of studies cataloging miRNA profiles in
whole-brains and sub-brain populations both in developing and adult brains
using arrays and deep-sequencing platforms has seen a tremendous rise in
recent years (Hua et al., 2012; Li et al., 2013; Ling et al., 2011; Moore et al.,
2013). miRNA profiling at the single cell-type resolution has also started
recently. For example, by combining immunoprecipitation of tagged,
transgenic Ago2 with the cell-type-specific Cre/Lox system in mouse (a
method called ‘miRAP’), it has been possible to identify the miRNA ‘finger

prints’ of different GABAergic interneurons and excitatory pyramidal cells
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from neocortex or Purkinje cells from cerebellum. In addition to spatial
regulation of mRNA transcripts, temporal regulation adds another layer to
miRNA-mediated regulatory complexity. For example, a recent profile of
hippocampal miRNA levels after contextual conditioning in vivo showed
significant changes in miRNA pattern between 1, 3, and 24 hr post-training
compared to animals that received NMDA-receptor antagonist prior to training
(Kye et al., 2011). Thus, there are now significant numbers of studies showing

that miRNAs are spread far and wide in the neuronal space-time landscape.

1.10.2 Neural development and physiology

Global depletion of miRNAs by using mutations such as dicer, that
compromise mMiRNA biogenesis often mask nervous system-related
phenotypes — for example, mouse Dicer mutants die before neurulation
(Bernstein et al., 2003), so a conditional knockout approach is needed. Cell
type-specific removal of Dicer from a variety of mouse neuronal cell types has
revealed defects in neuronal survival during development and in mature
neurons. Depletion of all microRNAs in this way can lead to progressive loss
of these cells and to behavioral defects reminiscent of the phenotypes seen in
the pathologies of neurodegenerative disorders (Choi et al., 2008; Damiani et
al., 2008; Davis et al., 2008; Kim et al., 2007; Schaefer et al., 2007). Glial cell
defects may also profoundly influence neuronal survival (Ilieva et al., 2009;
Prinz et al., 2011). Indeed, neurodegeneration ensues after targeted deletion of
Dicer in astrocytes (Tao et al., 2011), oligodendrocytes (Shin et al., 2009), and

Schwann cells (Pereira et al., 2010; Verrier et al., 2010; Wu et al., 2012).
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Detailed studies of miRNAs have begun to suggest extensive roles for
miRNAs not only in cell survival but also in the formation of synaptic
connections, circuit maturation, and the activity-driven plasticity of these
connections. Some of this evidence came from knockout mutations of the
microprocessor genes — a clonal genetic screen in Drosophila identified
DGCRS8/Pasha and Dicerl as crucial components in wiring specificity
(Berdnik et al., 2008). Additionally, hypomorphic alleles of drosha and pasha
in Drosophila resulted in adults with overtly normal development but reduced
synaptic transmission in the photoreceptor neurons (Smibert et al., 2011). As a
whole, studies of the core miRNA-processing pathway have focused attention
on miRNA function in neural circuits, but mechanistic insights into such
functions require analysis of individual miRNAs and the target genes they
control. Indeed, studies of individual miRNAs are emerging, demonstrating
specific roles during neuronal maturation, connectivity and plasticity. For
example, miR-137 controls early neural differentiation (Silber et al., 2008) as
well as later steps in developmental plasticity (Szulwach et al., 2010). miR-
34a negatively regulates dendritic growth and synaptic function by targeting

synaptic components (Agostini et al., 2011).

1.10.3 Animal behavior

1.10.3.1 Genes and Behavior

Behavior is the final output of metazoan nervous systems, making the study of
animal behavior naturally fascinating. The study of animal behavior or
ethology, came into being during the 1930s with the work of Dutch biologist

Nikolaas Tinbergen and by Austrian biologists Konrad Lorenz and Karl von
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Frisch. Even after a new understanding of genetics and the discovery of the
DNA structure and genes, the idea of behavior being hard-wired in the
genome was still regarded as radical for a fairly long time. Molecular concepts
and methods were slow to penetrate the discipline of brain and behavior,
where physiologists, ethologists and behavioral geneticists were struggling
with the complexity of genetically heterogeneous pools, multigene effects, and

pleiotropism.

In the late 1960s, Seymour Benzer, long considered the father of behavioral
neurogenetics, presented and crystallized the concept of genes regulating
behavior with his seminal studies in behavior using Drosophila, bringing the
reductionist approach into this field (Harris WA 2008; (Dudai, 2008;
Greenspan, 2008). Benzer isolated several mutants affecting fly phototactic
behavior in his first paper on fly behavior (Benzer, 1967). The continued
efforts of his lab yielded a collection of single-gene mutations affecting
behaviors as complex as courtship, memory, circadian rhythms, and
modifying sensory perception, nerve conduction, and neural development.
Since then, the field has opened up with thousands of papers studying the
genetic basis of various behaviors in mice, flies and worms in carefully set up
behavioral  paradigms including  foraging, mating, exploration,
communication, learning, memory, anxiety and fear, just to name a few. Even
though there are many single-gene mutations with major consequences on
behavior, the one gene — one behavior concept initially proposed by Benzer
turns out to be rather simplistic, since there is usually more than one gene

acting in concert to produce a certain behavioral output. Single-gene mutations
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are still only tiny bits to explain how the brain controls behavior, specifically
disease-relevant behaviors. But with the development of new methodologies
for brain imaging, genetic and genomic analyses, molecular engineering of
mutant animals, novel routes for drug delivery, and sophisticated cross-species
behavioral assessments, it is now possible to study behavior relevant to
psychiatric and neurological diseases and disorders on the physiological level,

and to elucidate the complex genetic mechanisms associated with them.

1.10.3.2 miRNASs and behavior

A few early behavioral studies emerging from flies, bees and mice assign
miRNAs important roles for regulating behavior. Learning and memory are
processes central to synaptic transmission and plasticity. Extensive dendritic
remodeling occurs during memory formation, via activity-dependent
transcription factors such as c-Fos and CREB. Studies have identified miR-
132 as being regulated by CREB in activity-regulated plasticity (Nudelman et
al., 2010), and over-expression of miR-132 in mouse forebrain neurons
showed a marked increase in dendritic spine density (Hansen et al., 2010).
Additional studies (Mellios et al., 2011; Tognini et al., 2011) also indicate that
a fine balance of miR-132 is required for plasticity. Additional miRNAs are
also being discovered to have roles in learning and memory - miR-128b, miR-
124 and miR-34c are three such examples (Agostini et al., 2011; Yang et al.,

2012; Zovoilis et al., 2011).

Circadian rhythms are controlled by an internal circadian oscillator, which

receives input from light cues. Several proteins in the clocking pathway are
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tightly regulated according to the daily rhythms, and also via the internal
clock. Recent work by a number of groups has revealed a role for miRNAs in
clock physiology. Initial studies in Drosophila profiled miRNA expression
and found oscillations in miR-263a and miR-263b that were observed in wild-
type flies but absent in clock mutants (Yang et al., 2008). In a later study,
Kadener et al found that abolition of miRNA biogenesis led to both an
increase in circadian-regulated gene expression and a disruption of circadian-
regulated behavioral rhythms, revealing a role for miRNA in clock timing
(Kadener et al., 2009). Recently, miR-279 was also identified in driving rest-
activity thythms in Drosophila through regulation of the JAK/STAT pathway

(Luo and Sehgal, 2012).

Sleep and circadian rhythms are intimately connected. It is no surprise that
miRNAs miRNA levels in brain are altered by sleep deprivation, and over-
expression of miR-132 in vivo decreases duration of non-REM sleep while
simultaneously increasing duration of REM sleep during the light phase

(Davis et al., 2011).

One very interesting ‘miRNA-mediating behavior’ story comes from
honeybees (Apis mellifera). Bees are eusocial insects, with a highly ordered
social system and division of labor. Worker bees give up their reproductive
potential and serve to build and maintain the hive, serve the reproducing queen
bee, and take care of the brood. However, interestingly, what worker bees do
depends on how old they are — they begin with brood-nursing, secreting

beeswax and attending to the queen. As they grow older, they assume the role
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of grooming and ventilating the nest and packing pollen. Towards the end of
the worker bee’s life, she becomes a forager, exploring to collect nectar and
pollen for her colony. Greenberg et al identified a genetic basis to this
stereotypical behavior — some miRNAs are upregulated in heads of older
worker bees, enabling their foraging behavior (Greenberg et al., 2012).
Interestingly, these miRNAs are shared with wasps and ants, other eusocial
insects, suggesting that miRNAs are important regulators of social behavior
not just for the bee but also over evolutionary time. Overall, this study
suggests that miRNAs can be powerful remodelers of behavior, imparting the
ability to switch behavioral states with change in their temporal expression

patterns.

miRNA knockout studies also suggest that miRNAs can affect courtship
behavior in Drosophila males (Weng et al., 2013) and have a variety of effects
on negative geotaxis, phototaxis, and anxiety-related behavior (unpublished
data, Cohen Lab). One thing is clear, the playing field of miRNAs in

mediating behavior is very large and we have only begun to explore.
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Chapter 2 Materials and Methods

2.1 Fly genetics

Flies were reared on standard media at 25°C. All crosses were carried out at
25°C. Flies were grown and maintained in vials containing standard agar
cornmeal medium (1.2% agar, 1.8% dry yeast, 1% soy flour, 2.2% turnip
syrup, 8% malt extract, 8% corn powder, 0.24% methyl-4-hydroxybenzoate).

Stocks were kept at 18°C and flipped every 45 days.

2.1.1 Generating the miR-285 mutant flies

miR-285 mutant flies were generated by targeted homologous recombination.
The downstream homology arm was amplified using
TTCGAGAATGTCTGCTCCACT and TTCGATTTGACACTTCGCTG as
forward and reverse primers and cloned into the Ascl site of pW25 (Weng et
al., 2009). The wupstream homology arm was amplified using
AGTGGCAGGGCAAGTAGGTA and CAACCTGTGTGGATGGAGAA as
forward and reverse primers and cloned into the Notl site. Targeting was
carried out as described (Chen et al., 2011). Briefly, the donor construct was
inserted into the genome by P-element-mediated transformation. Transgenic
‘donor’ males were mated to females expressing a site-specific recombinase
(FLP) and a site-specific endonuclease (I-Scel) to generate a linear extra-
chromosomal DNA molecule. Homologous recombination between the donor
and the homologous chromosomal target locus resulted in the replacement of

the endogenous miRNA gene with mini-white. Progeny were screened for w+
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and removal of the miR-285 hairpin was confirmed by PCR on genomic DNA
using GGTGACTAAAGACCCGGTCAACGA and
AGTGGCAGGGCAAGTAGGTAGCTCC as forward and reverse primers.
The miR-285 mutants were backcrossed for 6 generations into the parent line

w''"® followed by 4 generations into w-CS.

2.1.2 Generating rescue, Gal4 and EGFP transgenes

The rescue transgene comprised ~3kB of genomic DNA spanning the miR-285
locus, delimited by flanking loci (Fig 3.4a) cloned into the pAttB vector.
Cloning of the same region, but lacking the miRNA hairpin, was used as the
control rescue transgene. Gal4 and EGFP constructs were generated by
replacing the miRNA sequence in the rescue transgene. All the three
transgenes were introduced in the genome by site-specific integration at 51D,

Bloomington Stock 24483 (Bischof et al., 2007).

2.1.3 Generating UAS-miR-28S5 transgenic flies

The miR-285 hairpin was amplified from genomic DNA using
AGCGGCCGCAACGAGATGGCTTGCACTTT and
AGCGGCCGCCTGACATCGCACCCATAC as forward and reverse primers.
Cloning of the miR-285 hairpin was done into the pUAST vector containing
attB sequences and gypsy elements to prevent site-specific effects on
transcription. UAS-miR-285 was integrated at the 22a and attp16 sites in the

genome. The 22a insertion was used for all experiments.

36



2.2 Fly strains

The deficiency line Df{3L)BSCI120 was used to remove one copy of the
endogenous miR-285 locus. Df(2R)BSC358 was used to remove the
endogenous  Sod3 locus. Deficiency strains were obtained from the
Bloomington stock center. All UAS-RNAIi lines were obtained from the

VDRC stock center.

2.3 RNA analysis

2.3.1 RNA extraction

RNA was isolated using the manufacturer’s protocol (Trizol, Invitrogen).
Briefly, flies were flash frozen in liquid nitrogen and 20-30 heads were
collected per sample. Heads were ground by a pestle in 1000 pL TRIzol,
followed by further shearing and homogenization using a syringe. The
homogenate was vortexed with 200 pL chloroform. Phase separation was
performed by high-speed centrifugation. RNA was precipitated from the
aqueous phase with isopropanol, washed with 70% ethanol and resuspended in
water. RNA samples were digested with DNAse using a kit according to the
manufacturer’s protocol (Promega). Samples for measuring mature miRNA

levels by qPCR were not treated with the on-column DNase Qiagen protocol.

2.3.2 RT-qPCR

2.3.2.1 mRNA RT-qPCR

SuperscriptlIl (Invitrogen) for reverse transcription and Power SYBR Green
(Applied Biosystems) reagents were used for gPCR of mRNAs according to
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manufacturers’ protocols. Briefly, RNA samples from three biological
replicates were reverse transcribed and qPCRs were setup in 96-well plates in
the ABI7500 real time thermal cycler (Applied Biosystems) following

manufacturers’ protocols. GAPDH, rp49 and actin42 were used as controls for

target qPCRs. qPCR primers are in Table 2.1.

1 CGAGAAGGGAGATCTGACCA CG9027 F

2 ACATGACGCACCTCGTGA CG9027 R

3 CCATGTTCTACCCCATGTCC Prx2540-2 F
4 ACCTTGAGGCGATCAGTCAG Prx2540-2 R
5 CGCTTTCGCAACCACTGT CG3835F

6 CTGCACGTTGTCGGTGAT CG3835R

7 TCAACGAGATCTTGGCACAG Cyp6a23 F
8 GAGCTCGTACAGGGCAAATC Cyp6a23 R
9 TCACCTCCTGGCAGTTATCC CG7227 F
10 CGATGCTTTCGTTTACAGAGG CG7227 R
11 CTGCTCAAAGGCGCACAG CG10924 F
12 GAATGGAGAGGAAGCGACAG CG10924 R

Table 2.1 qPCR primers for target genes. F denotes forward primer, R denotes
reverse primer.

2.3.2.2 miRNA RT-qPCR

Primer sets designed to amplify mature miR-285 and reference genes were
obtained from Applied Biosystems. The reverse transcription and real-time
PCR reactions were performed using the TagMan MicroRNA assay kit
(Applied Biosystems) according to the manufacturer’s protocol. Ul4, snoR442
and U27 were assayed as references for miR-285 but U27 (small nucleolar
RNA) was used as an endogenous control because it showed maximum

stability across samples.
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2.3.2.3 RT-qPCR primer sequences

All RT-gPCR primers were designed using the Primer3Plus program

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The

optimal parameters were set as follows: primer length 20nt, product length 80-
120nt, annealing temperature 60°C, GC content 50%, no predicted primer

dimers. RT-qPCR primers used are listed in Table 2.1.

2.3.3 Microarray

RNA samples were prepared from three independent replicates (~50 heads
each) of homozygous mutant and control flies (w'''*) (RNA~3ug/sample) with
newly eclosed mixed gender flies (day 0-1). Labeling and hybridization on
Affymetrix 2.0 microarrays was performed by the EMBL Gene Core facility
according to Affymetrix protocols. Data were analyzed using the CARMAweb

1.5 suite. (https://carmaweb.genome.tugraz.at/carma/). Raw data were pre-

processed and normalized using the Affymetrix standard method MASS. Raw
p-values were determined using moderated t-statistics provided by the limma
package and adjusted by multiple hypotheses testing using the Bonferroni
method (carmawebl.5) (Rainer et al., 2006). The median value of each
biological triplicate was used to determine whether a gene was up regulated.
Cut-off thresholds were 1.5-fold change in expression, and p-value <0.05.
Gene Ontology analysis was done using DAVID

(http://david.abcc.ncifcrf.gov/).
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2.4 Protein analysis

All proteomics work was performed by Siok Ghee Ler and Jayantha

Gunaratne at IMCB.

2.4.1 Preparation of peptides

Frozen fly heads (50 each from wild-type and mutant) were crushed, vortexed
and sonicated for 5 min in 50 mL of SDT buffer (4% w/v) SDS, 100mM
Tris/HCI pH7.6, 0.1M DTT) in separate vials. Lysates were collected after
centrifugation at 16,000x g at RT for 20 min. Protein was measured using the
RCDC assay kit (BioRad). Filter-aided sample preparation (Wisniewski et al.,
2009) was performed on 100 mg of lysates. 8M urea in 0.1 M Tris/HCI pH 8.5
(UA buffer) was added to the lysate and transferred to Millipore 30 kDa
Amicon filter units. Buffer exchange was carried out twice with UA before
alkylation with 50mM iodoacetamide (IAA) in the dark for 20 min. Trypsin
(porcine, modified sequencing grade; Promega) digestion (1:100) in 40mM
ammonium bicarbonate (ABC, Sigma-Aldrich) was performed in the filter at
37°C overnight. Peptides were eluted by centrifuging at 14,000xg for 10 min

at RT, with two additional elution using 40mM ABC.

2.4.2 On-column stable isotope dimethyl labeling

The dimethyl labeling was performed as described (Boersema et al., 2009;
Hsu et al., 2003) with modifications. The digested peptide mixture was
acidified with 100 mL of 1% trifluoroacetic acid (TFA) before proceeding to

dimethyl label on C18-SD solid phase extraction cartridges (3M Empore™).

40



The columns were conditioned with methanol followed by 0.1% TFA/70%
ACN and 0.1% TFA. Peptides from each sample were divided into two equal
portions and loaded separately onto conditioned columns. After washing with
0.1% TFA, the ‘medium’ reagent [45SmM sodium phosphate buffer pH 7.5,
0.2% formaldehyde (CD20) (20%, 98% D, Isotec) and 0.3M sodium
cyanoborohydride (NaBH3;CN, Fluka)] and ‘heavy’ [45 mM sodium phosphate
buffer pH 7.5, 0.2% formaldehyde (13CD20) (20%, 99% 13C, 98% D, Isotec)
and 0.3M sodium cyanoborodeuteride (NaBD;CN, 96% D, Sigma-Aldrich]
reagents were passed through the columns. For “Forward” labeling, medium
reagent was passed through a column with the wild-type digest and heavy
reagent was passed through the column with the mutant digest. For “Reverse”
labeling, medium and heavy reagents labeled the reciprocal digests. After
washing with 0.1% TFA, labeled peptides were eluted with 0.1% TFA/70%
ACN and mixed before concentration using a speed vacuum concentrator. A
small amount of the reaction was used to check label incorporation by mass
spectrometry analysis. The rest were mixed as follows: Forward Experiment:
‘medium’ labeled wild-type sample with ‘heavy’ labeled mutant sample.
Reverse Experiment: ‘heavy’ labeled wild-type sample with ‘medium’ labeled

mutant sample.

2.4.3 Isoelectric Focusing (IEF)

IEF was performed on Agilent 3100 OFFGEL Fractionator (Agilent,
G3100AA). Briefly, after rehydrating the 13 cm ImmobilineDryStrip pH 3-10
(Scimed) with a 12-well frame attached in a tray, the peptide mixture was

loaded equally among the 12 wells. The 12-well frame was covered with a
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cover seal and electrodes were fixed onto the tray on wet electrode pads before
attaching the tray onto the fractionator. Glycerol was added as cover fluid to
the left and right electrode before running a total of 50 kVh with gradient.
Collected fractions were subjected desalting using C18 stage-tip as follows. 3
pieces of the solid phase extraction disks, C18 membrane discs (3M Empore)
were packed into a 200 pL pipette tip. The stage tips were conditioned first
with methanol followed by 80% ACN/0.1% formic acid (FA) and 0.1% FA
with centrifugation. During the conditioning, the flow rates of the stage tips
were determined. Sample was then loaded onto the stage tip and centrifuged at
the determined flow rate. The stage tip was then washed with 0.1% FA before
peptides were eluted with 80% ACN/0.1% FA. Eluted peptides were
concentrated in speed vacuum concentrator for 15min and topped up with
0.1% FA to a total volume of 20 ml before introducing into the mass

spectrometer.

2.4.4 Mass Spectrometry and Data Analysis

Vacuum dried peptide samples were reconstituted in 0.1% FA and analyzed
using nanoHPLC (Proxeon, Thermo Scientific) coupled to a LTQ Orbitrap XL
(Thermo FisherScientific). Peptides were trapped onto a C18 pre-column and
separated on an analytical column using 2% AcN/0.1% FA as Solvent A and
80% AcN/0.1% FA as Solvent B. A 120 min gradient ranging from 5% to
50% solvent B, followed by a 5 min gradient ranging from 50% to 100%
Solvent B at the flow rate of 250 nL/min was used. Survey full scan MS
spectra (m/z 300-1400) were acquired with a resolution of r = 60,000 at m/z

400, an AGC target of 1e6, and a maximum injection time of 500 ms. The ten
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most intense peptide ions in each survey scan with an ion intensity of >2000
counts and a charge state >2 were isolated sequentially to a target value of 1e4
and fragmented in the linear ion trap by collisionally-induced dissociation
using a normalized collision energy of 35%. A dynamic exclusion was applied
using a maximum exclusion list of 500 with one repeat count, repeat, and
exclusion duration of 30 s. Data were searched using MaxQuant version
1.2.0.18 by uniprot DROME fasta (18787 sequences). Database searches
were performed with tryptic specificity allowing maximum two missed
cleavages and two labeled amino acids as well as an initial mass tolerance of 7
ppm for precursor ions and 0.5 Da for fragment ions. Cysteine
carbamidomethylation was searched as a fixed modification, and N-
acetylation and oxidized methionine were searched as variable modifications.
DimethylLys4, DimethylNter4, dimethylLys8, dimethyINter8 were selected as
light and heavy labels respectively. Maximum false discovery rates were set to
0.01 for both protein and peptide. Proteins were considered identified when
supported by at least one unique peptide with a minimum length of six amino
acids. Proteins up regulated >1.5 fold in the mutant samples relative to control

in at least 3 biological replicates were selected.

2.5 Data integration for miR-285 target search

Target sites were identified using the online site calculator, RNAHybrid

http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/.  Briefly, all available

transcript sequences of genes up regulated in the microarray and proteomics
data were downloaded from FlyBase. These were probed for miR-285 binding

sites using RNAHybrid manually. The criteria for a good predicted site
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(Brennecke et al., 2005) were base-pairing from 2 to 8bp from the miRNA 5’
end, single GU pairs were allowed. Both coding sequences and 3’'UTRs were

thus analyzed.

2.6 Cell transfection and luciferase assays

Complete wild type and mutated Sod3 (546bp) and Prx2540-2 (663bp) CDS
were cloned into the 3’UTR of luciferase under the control of a tubulin
promoter. S2 cells were transfected in 24-well plates with 250 ng of tubulin
promoter-miR-285 plasmid DNA or the empty tubulin-promoter vector, 25 ng
of firefly luciferase DNA or Sod3/Prx2540-2 CDS or mutant luciferase
reporter DNA and 25 ng of Renilla luciferase DNA as a transfection control.
Transfections were performed using Cellfectin II reagent (Invitrogen)
according to the manufacturer’s protocol, with triplicate technical replicates in
at least three independent experiments. Dual luciferase assays were performed
60 h post-transfection according to the manufacturer’s protocol (Promega) in

an Infinite 200 multimode reader (Tecan).

2.7 Lifespan assays

For all lifespan assays, flies were collected upon eclosion; male and virgin
females were aged separately in groups of ~20 flies/vial. The vials were
transferred every 3 days to avoid death due to spoilt food conditions. Survival
counts were taken every 3 days. These experiments were done with siblings in

3 biological replicates of 3 starting vials with ~20 flies/vial i.e. ~180-190 flies.
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Analysis was done using Kaplan Meier Statistics and the log-rank test, using

OASIS (http://sbi.postech.ac.kr/oasis/surv/) (Yang et al., 2011).

2.8 Behavior assays

For all behavioral assays, the targeted knock-out allele was used in frans to the
deletion Df(3L)BSCI20 to minimize effects of genetic background. The
heterozygous knockout mutant was used as a control unless otherwise
indicated. Flies were collected upon eclosion and kept and aged in groups of
20 to avoid any behavioral variations associated with social conditions. All
assays were performed during a fixed time window in the afternoon to

minimize circadian variation.

2.8.1 Climbing assays

2.8.1.1 Setup

Climbing assays were performed in long cylindrical tubes (~ 20cm pipette
tubes) on groups of 20 male or female flies. Flies were tapped down and the
number of flies at the top 5 cm (nyp) and bottom 5 cm (Npoiom) 0f the cylinder
were counted after 30 seconds. Each genotype was tested with 3 biological

and 5 technical replicates.
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2.8.1.2 Analysis

Climbing index was calculated as ’2(niitniopNpottom)/Niot) (Feany and Bender,
2000). The climbing index was tested for statistical significance using the

Student’s t-test. Error bars indicate standard deviation.

2.8.2 Phototaxis assays

2.8.2.1 Setup

Two empty fly food vials used for the assay, the base of one was colored
black. Flies were transferred into one vial, and the second vial was taped to the
open end, thus creating a lighted and a darkened end (Koh et al., 2008).
Phototaxis assays were performed in these transparent vials using groups of 20
flies. Flies were exposed to a focused light source (~2000 lux) at one end of
the vial, while the other end of the vial was kept dark. Flies were tapped to one
end horizontally and the number of flies that moved towards the light niign,
and the number that stayed at the dark end ng,« were counted after 30 seconds.

The experiment was repeated in the dark as a control.

2.8.2.2 Analysis

Phototaxis index was calculated as "2(niHniighc Ndarky/Nior) 1n the experimental
(with light) and the control (without light) conditions. In cases where the
control phototaxis index showed a bias towards the left or right side of the
vial, data from that cohort was discarded. The phototaxis index was tested for
statistical significance using the Student’s t-test. Error bars indicate standard

deviation.
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2.8.3 Locomotor assays

2.8.3.1 Setup

Locomotor assays were performed on groups of 20 flies using the Drosophila
Population Monitors (Trikinetics). Equal numbers of flies were transferred
into clean long glass vials (12.5 cm length, 2.5 cm diameter) without using
carbon dioxide. The vials were inserted into the monitors, and the monitors
placed into a behavior chamber with constant temperature and humidity
(25°C, 70%). Monitors were placed uniformly in the chamber, allowing for
uniformity of light. Flies were monitored over a period of 1.5 hours, but only
the later one-hour data was used for analysis to account for acclimatization of
the flies to the new surroundings. Activity is measured by the fly interrupting
an infrared beam in the test chamber, and recorded as number of beam breaks
per hour, per group. Activity plots were recorded using the DAMSystem 308
software (Trikinetics) and binned into 5 minutes intervals over the 1-hour

assay period.

2.8.3.2 Analysis

100 flies (5 biological replicates) were tested per sample. Each biological
replicate was tested 3 times for recording technical variation. Activity counts
were normalized to the control for each experiment. Activity was tested for
statistical significance using the Student’s t-test. Error bars indicate standard

deviation.
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2.8.4 Ether resistance assays

Two drops of ether (Sigma) were put on a cotton plug and were used to knock
out flies. Flies were anesthetized within 10-30 seconds in cohorts of 10 flies
for each genotype. The time to recovery was recorded using a timer. Flies
were also observed for the presence of ether-induced leg-shaking behavior

(Wang et al., 2000).

2.8.5 Courtship assays

For all courtship assays, socially naive animals isolated at late pupal stages

were used.

2.8.5.1 Paired courtship assays

Single male-female courtship assays were performed and video-recorded in
courtship chambers as described (Demir and Dickson, 2005). Videos were
analyzed for courtship latency (time to courtship initiation), copulation latency
(time to copulation). n ~ 20 biological replicates for each genotype and

combination. Statistical analysis was done using the Mann Whitney test.

2.8.5.2 Mate-choice assays

Mate-choice assays were performed and video-recorded in 35mm petri dishes
customized for use as courtship chambers, to allow adequate space for
courting. Briefly, a small hole was made to allow fly transfers into the dish
using a soldering iron in the cover of the petri dish and BluTac was used to
seal it off.
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2.8.5.2.1 Male mate choice assay

Wildtype and mutant males were paired with a CS virgin and a CS non-virgin,
and courtship videos were recorded for ~30 mins. CS females were ‘dotted’ on
their wings using a marker one day before the mate-choice assay. One set
were mated with CS males and one set was kept virgin. The non-virgin
females were tested an hour post-mating. Virgins and non-virgins were
marked in an equal number of trials, to exclude bias due to the mark. Videos
were analyzed for the amount of time the male spent actively courting
(following, singing, licking or attempting copulation) either the virgin or the
non-virgin. Approx 20 biological replicates for each genotype and

combination. Statistical analysis was done using the Fisher’s exact test.

2.8.5.2.2 Female mate choice assays

A WT female was paired with two males of differing genotypes and courtship
videos were recorded for ~30 mins. CS virgin females were used for this
assay. Males of one genotype were ‘dotted’ on their wings using a marker one
day before the mate-choice assay (males of each genotype were marked in an
equal number of trials, to exclude bias due to the mark). Videos were analyzed
for the female’s choice for copulation. Approx 20 biological replicates for
each genotype and combination. Statistical analysis was done using the

Fisher’s exact test.
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2.9 Deep pseudopupil assays

Deep pseudopupils were visualized as described previously (Stark and
Thomas, 2004). Briefly, flies were anesthetized with CO, and immobilized on
a glass microscopic slide using clear nail polish. Heads were oriented to
expose the dorsal region. Because of the regularity of receptor structure in
each ommatidium and of the angle between ommatidia, there is a magnified
virtual image about 80 um in diameter of the rhabdomere tips superimposed
from all the ommatidia sampled (typically 25, depending on the numerical
aperture of the microscope objective) about 150 pm behind the surface of the
eye; this is the deep pseudopupil. For counting, deep pseudopupils in
Drosophila were viewed with a compound microscope at 5x maginification.
Observation of the deep pseudopupil of red-eyed flies required illumination
from below (antidromic), using a narrow, bright light source with a
transparent, elevated stage for the flies. The deep pseudopupil of white-eyed
flies was viewed with illumination from above (orthodromic). For imaging, a

Zeiss LSM 510 confocal microscope was used at 488 nm.

2.10 Semi-thin adult Drosophila retina plastic sections

Plastic semi-thin sections of adult fly retina were prepared as described
(Gaengel and Mlodzik, 2008). Briefly, flies were anesthetized with CO2, and
decapitated. One eye was cut away to allow penetration of fixation solutions.
Samples were fixed with 2% glutaraldehyde followed by 4% osmium
tetroxide. Following fixation, samples were dehydrated with increasing
concentrations of ethanol. Samples were embedded in Durcupan ACM resin

(Sigma D-0166). Eye sections were prepared after mounting the embedded
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samples, and microscopic analysis was done using an electron microscope at

the IMCB EM core facility.

2.11 Western blotting

Heads were taken from 10-15 2 day old adult flies and homogenized in SDS
sample buffer followed by incubation at 98°C. Heat denatured protein samples
were run in 10%~12% SDS-PAGE at a constant voltage of 100 V till the
lowest marker (20kDa, Progema) reached the end. The gels were then
transferred to a nitrocellulose membrane in ice-chilled transfer buffer (25 mM
Tris, 192 mM glycine, 0.025% SDS, 20% methanol) at a constant current of
200 mA/membrane for 50 min. The blocking buffer (5% non-fat dry milk in 1
x PBST [137 mM NaCl, 2.7 mM KCIl, 10 mM Na2HPO4-2H20, 2 mM
KH2PO4, 0.1% Tween-20]) was used to block the membrane for 1 hour at
room temperature. After that, primary antibodies were added and incubate
overnight at 4°C. The next day, 1X PBS-T wash buffer was used to wash the
membrane for 3 times, each for 15 min before addition of HRP-conjugated
secondary antibodies. After incubation of secondary antibody in blocking
buffer for 1.5 hours, the membrane was treated with horseshoe peroxidase

(Promega) for 2 minutes before detection of chemilluminescence.

Antibodies to Drosophila AKT and pAKT S505 were used for immunoblots at

1:1000 and 1:3000, respectively (product # 9272 and 4054, Cell Signaling).

Anti-Kinesin was used at 1:2000 as a loading control.
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2.12 Immunohistochemistry

Adult brains were dissected in ice cold PBS and fixed in freshly diluted 4%
paraformaldehyde (PFA) for 20 min at room temperature on a mild rocker.
Samples were washed 3x with PBT (PBS+0.1%Tween-20) for 20 min each.
This was followed by blocking in BBT (PBT+5%NGS) for 1 hour at room
temperature. Samples were incubated in primary antibody for 2 nights at 4°C.
They were washed thrice with PBT and incubated with secondary antibody for
2 hours at RT. After washing, they were equilibriated in VectaShield
mounting medium (Vector Labs) before mounting for imaging. Rat anti-elav,
mouse anti-Rhl, mouse anti-repo and mouse anti-brp (nc82) were from
DSHB, and used at 1:400, 1:200, 1:20, and 1:400 dilutions, respectively.

DAPI was used at the dilution of 1:2000.

2.13 Measurement of SOD biochemical activity
Total SOD activity was measured from adult fly heads (day 3-5) and the assay

was performed according to the manufacturer’s protocol (Dojindo Molecular

Technologies Inc.). Briefly, adult heads were flash-frozen and homogenized

2.14 Oxidative Stress assay

3-5 day old flies were starved for 5 hours on 1% agarose in groups of 20
before being subjected to oxidative stress by feeding with 5% hydrogen
peroxide, 2.5% sucrose in 1% agarose. Controls were fed 2.5% sucrose in 1%

agarose. Flies were counted for survival every 6 hours.
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2.15 Electroretinograms ERGs

ERGs were performed in the Desplan lab using previously described methods
(Dolph et al., 2011). 10 flies were tested for every different age and genotype.
Flies were immobilized in 0.8% agarose. The recording electrode was placed
on the corneal surface of the eye. The reference electrode was inserted lightly
into the thorax. Flies were given a 1s light stimulus, and the current was

measured using the rig.
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Chapter 3 Results

3.1 The miRNA knockout library

The Cohen lab has produced a library of miRNA knockouts by targeted
homologous recombination in Drosophila, for 131 conserved miRNAs.
Including clustered miRNAs, there are 98 knockout fly lines (Chen et al, in

preparation). Most of the miRNA knockout animals are viable as adults.

3.2 miR-285 and Vision: retinal degeneration screen

miRNAs are thought to have roles in neuronal degeneration, based on several
miRNA expression profiling studies of diseased tissues (Gandhi et al., 2013;
Junn and Mouradian, 2012). Such studies do not distinguish whether changes
in miRNA profiles are a cause or a consequence of neurodegeneration.
However, functional studies of miRNA mutants have highlighted the
importance of miRNAs in neurodegenerative processes (Karres et al., 2007;

Liu et al., 2012).

To isolate miRNA mutants potentially linked to neurodegneration, I chose to
screen the miRNA mutant collection for mutants showing retinal
photoreceptor degeneration. I chose a simple method for this screen, which is
to score for the presence or absence of deep pseudopupils in the eye. Each
Drosophila compound eye is composed of ~ 800 ommatidia, with every
ommatidium containing one rhabdomere. The rhabdomere is the light-sensing

unit found in the 8 photoreceptors R1-R8. The ordered structure of the insect
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compound eye is such that the orientation of the rhabdomeres leads to
formation of the deep psuedopupil, roughly 150 microns below the surface of
the eye (Fig 3.1a) (Franceschini and Kirschfeld, 1971a, b). Visualizing deep
pseudopupils has been a useful tool to identify mutations involved in genes
related to visual transduction and photoreceptor maintenance. Loss of the deep
psuedopupil (DP) is an early marker for loss in structural integrity in the
highly ordered photoreceptor lattice, and is a marker for possible retinal
degeneration (Katz and Minke, 2009). Fig 3.1b shows the method to visualize

DP, and the image of an intact DP in a Canton-S fly eye.

Fig 3.1 a Schematic of deep pseudopupil (DP) formation. Gray discs represent
ommatidia, color-coded cylinders depict R1-R8 photoreceptors. Light passing
through the photoreceptors (colored dashed lines) results in DP formation.
Copied with permission from Dr William S Stark. b Experimental setup for
DP visualization involves 488 nm monochromatic light (above), and the
resulting DP in a Canton-S fly (below).
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3.2.1 Dicer depletion leads to loss of deep pseudopupils

Before screening the mutant library, I tested whether a general depletion of
miRNAs by knocking down their biogenesis using Dicer-1 RNAi could lead to
a loss of deep psuedopupils. I used the eye-specific rhl Gal4 driver to
knockdown Dcr-1. The stronger GMR driver resulted in gross morphological
changes in the eye, and hence, was not used. Under normal 12:12 day/night
condition (~400 lux), Dcr-1 depletion did not result in disappearance of the
DP. However, under constant bright light of ~3000 lux, Dcr-1 depleted flies

showed a loss of DP at 5 days after eclosion (Fig 3.2).

% fies having deep psewdopupil

Day 2 Day 5

Fig 3.2 Graph shows loss of deep psuedopupil in Dcr-1 RNAi flies as
compared with the Gal4 driver alone as control. Flies were kept under constant
light of ~3000 lux. Error bars represent SEM.

3.2.2 Screen summary

I screened the unpublished collection of mutants for the miRNAs most highly
enriched miRNAs in adult Drosophila heads (Ruby et al., 2007b). I isolated 3
candidate mutants, miR-285, miR-284 and miR-7, which caused the
pseudopupil to disappear by 5 days post-eclosion. miR-7 mutants showed a

complete lack of the pseudopupil from the time of eclosion. miR-7 has been
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previously identified to have a role in photoreceptor differentiation (Li and
Carthew, 2005) and hence is likely to have impaired ommatidial structure,
resulting in the lack of the DP. The miR-284 phenotype was non-specific
because restoring miR-284 in the mutant using UAS-miR-284 in the Rhl-
expressing cells did not rescue the DP (Fig 3.3). The miR-285 phenotype

could be rescued (see next section); hence I continued work with miR-2835.
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Fig 3.3 Deep psuedopupil scores for miR-284. Exel7317 is the deficiency used
for miR-284. The heterozygote mutant allele (dmiR-284/+) is used as a control
in addition to CS. The rescue was done by expressing miR-284 in the Rhl
expressing R1-R6 cells. n=30.

3.2.3 miR-285 mutants have impaired pseudopupils

To make the miR-285 mutant, the miR-285 hairpin was replaced with the mini-
white gene, which is used as a marker to track the miRNA loss. A rescue
transgene was generated by inserting the miR-285 hairpin, flanked by 2.7 kB
upstream and downstream genomic fragments into the genome by P-element
mediated transformation (Fig 3.4a). The miR-285 mutant was verified as null
for the miR-285 miRNA by quantitative RT-PCR. The transgenic rescue line
restores mature miR-285 levels to ~1.5 fold wild type (Fig 3.4b). miR-285

mutants are viable, fertile, and do not show any morphological defects.
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miR-285 mutant animals showed disappearance of the DP 5 days post-eclosion
under constant light conditions. In order to minimize background effects due
to the knockout generation process, I used several deficiency lines in trans
with the miR-285 knockout allele. The deep pseudopupil phenotype was
observed using all genetic combinations (Fig 3.5). Additionally, a UAS-miR-
285 transgenic line was generated, and an Rh1-Gal4 mediated expression of
miR-285 restored the loss of deep pseudopupil in the mutants (Fig 3.6). Under
normal 12 hours light (~500 lux) and12 hours dark cycle, miR-285 mutants are

slower to lose the deep pseudopupil. By 20 days of age, only 20% mutants

still have the intact deep psuedopupil (Fig
3.7).
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Fig 3.4 a Schematic showing the genomic locus of miR-285. Also shows the
targeting strategy used to produce the miR-285 mutant by homologous
recombination. miR-285 is located in the interval between CG5883 and
CG7252. The miRNA hairpin was deleted and replaced with a mini-white
cassette flanked by loxP sites. A rescue transgene was constructed comprising
~3KB of DNA located between CG5883 and CG7252. This construct was
used to produce transgenic flies at landing site 51D. The miR285 gal4
transgene contained the same DNA fragment except that the miRNA hairpin
was replaced by Gal4 coding sequences, b Mutants lacked detectable mature
miR-285 miRNA measured by quantitative real time PCR. miRNA expression
was restored to ~1.5x normal levels using the rescue transgene in the mutant
background. This transgene rescued the mutant phenotypes described in the
main text. Data were normalized to U27 RNA and represent average + SD for
two biological replicates. ** p<0.01 Students t-test.
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Fig 3.5 Deep psuedopupil scores for miR-285. a Graph shows the miR-285 DP
phenotype using various homozygous and trans-heterozygous genetic
combinations Df 26579 and Df 26528 uncover the miR-285 locus. b Image
shows lack of deep psuedopupil in miR-285 mutant flies (magnification-10x).
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Fig 3.6 Rescue of miR-285 deep psuedopupil phenotype. Graph shows rescue
of the DP phenotype using Rh1Gal4 mediated expression of miR-285 in the
mutant genetic background. Error bars represent SD. p<0.005 using Student’s
t-test.

59



<‘\ N\ 2\ 2 2 N\ 2\ I\ 7N\ H
100 L S wa o ¢
90
= 80
S
@ 70
z
S 60 == WT male
= S0 == Mut male
z
= Rescue male
Z 40
= Mut female
= 30
v § ==WT female
~ 2
—_ 20 Rescue female
10
0
2 4 6 8 10 12 14 16 18 20
Age (days)

Fig 3.7 Graph shows DP score as a function of age for miR-285 mutants under
normal light-dark (12:12) cycle with light of intensity ~500 lux. WT = CS,
Mut = miR-285/Df, Res = Genomic Rescue+miR-285/Df; n=30.

3.2.3.1 Activity-dependent onset

Either light dependent or independent pathways can trigger retinal
degeneration (reviewed in (Wang and Montell, 2007). Mutations in folding
and maturation of the light-sensing trans-membrane rhodopsin proteins cause
the light-independent form of retinal degeneration. Mutations in the visual
transduction pathway lead to light or activity dependent form of degeneration.
Visual excitation of retinal photoreceptors begins with the absorption of light
by the visual pigment (rthodopsin) which, acting through G proteins, targets
the protein NorpA encoded by a phosphoinositide-specific phospholipase C
(PLC). NorpA then catalyzes the breakdown of phospholipids and generates
inositol trisphosphate (IP3) and diacylglycerol. These second messengers
activate transient receptor potential (trp) channels, causing a high influx of
calcium into the neurons, which needs to be extruded quickly to reset the
photoreceptors and prevent toxicity. Light-dependent degeneration is typically

triggered because of a lack of control of this cycle.
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3.2.3.1.1 Suppression in dark

To test for activity dependence of the phenotype, the mutant flies were reared
in the dark and kept in complete darkness after eclosion. These flies showed a
partial, but significant suppression of the DP phenotype under dark,
suggesting an activity-dependent mechanism (Fig 3.8).

Deep Pseudopupil Score

Fig 3.8 Graph shows DP scores for dark-raised mutant flies. n=20 for each
condition, with 3 biological replicates each. Error bars represent SD. **
p<0.01 by Student’s t-test.

Percentage of flies

3.2.3.1.2 norpA’ mediated-suppression

Null mutations of norpA result in total blindness, resulting from lack of
photocurrents as measured by electroretinograms (ERGs) (Harris and Stark,
1977; Inoue et al., 1989). The norpA7 mutant is a null EMS allele, which has
been used to suppress light-dependent retinal degeneration by blocking
receptor potentials (Harris and Stark, 1977). Using this allele in combination
with the miR-285 mutant, I observed a significant suppression of the DP
phenotype (Fig 3.9). This suggests that the loss of miR-285 causes activity

dependent retinal degeneration.
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Fig 3.9 norpA-mediated rescue. Graph shows percentage of flies with deep
pseudopupil is restored to wildtype genotypes when norp4 mutant allele is
used in the mutant. Error bars represent SD.

3.2.4 Semi-thin retinal sections

The deep pseudopupil analysis suggests that photoreceptor integrity is
impaired in the miR-285 mutant flies in a light-dependent manner. In order to
directly observe the photoreceptors, I made semi-thin resin sections of adult
retina, at 5 and 20 days of age (Fig 3.10). The rhabdomeres looked normal in
the mutant retinas at day 5. However, by 20 days, there were gross
morphological abnormalities in photoreceptor organization (Fig 3.10). Under
normal light, the DP disappeared in miR-285 mutants by 20 days of age. The
rhabdomeres were not lost altogether, however, their arrangement was highly

disordered.

3.2.5 Tests for visual function

While the deep pseudopupil analysis together with retinal sections provided
ample evidence for loss of photoreceptor integrity, I wanted to test whether

this phenotype has functional consequences for fly vision.
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Fig 3.10 Representative electron micrographs of semi-thin retina sections
from wildtype and miR-285 mutant flies at 5 and 20 days of age. Quality of
images is slightly compromised due to incomplete infiltration of the resin.

3.2.5.1 Electroretinograms

Loss of photoreceptor integrity usually translates into loss of photocurrents.
This can be measured using electroretinograms (ERGs). The ERG recording
method uses an extracellular electrode to record a compound field potential
from photoreceptors and downstream neurons within the fly eye in response to
flashes of light (Dolph et al., 2011). Transient spikes at the onset and offset of
a light flash correspond to postsynaptic potentials in photoreceptors, while a
sustained potential during the light stimulus results from the depolarization of
photoreceptor cells (Hardie and Raghu, 2001; Montell, 1999; Stark and
Wasserman, 1972; Wu and Wong, 1977). The ERG experiments were done
with the help of Dr Rudy Behnia (NYU). I aged the flies after eclosion under
normal light-dark (12:12) cycle with light intensity ~ 500lux. While the DP
disappears in miR-285 mutants by 20 days of age (Fig 3.7), the ERGs
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remained intact (Fig 3.11), implying the flies are not functionally blind. The
on and off transients indicate that signaling between photoreceptors and
laminar neurons is functional. The depolarization during the 1s light stimulus
indicates that the photo-transduction cascade is intact. This implies that
perhaps miR-285 is impacting higher visual processing centers. However, the
question of what is leading to disorganized photoreceptors is more difficult to

explain.
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Fig 3.11 Electroretinograms for control (miR-285/+) and mutant (miR-285/Df)
flies at different ages, maintained under normal light-dark (12:12) cycle with
light intensity ~ 500lux.

3.2.6 Targets

I took multiple approaches to find target genes for miR-285, in the context of
the deep pseudopupil phenotype. From the many computational prediction

programs, I identified candidate genes with miR-285 binding sites involved in
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some aspect of eye development or function and those genes that are enriched
in the WT eye (Table 3.1). Quantitative PCRs for measuring these candidates
did not show significant up-regulation for most genes in the mutant heads (Fig
3.12). Pu and bw were slightly upregulated, but were not followed up for
further tests, because these were both involved in pigmentation of the eye, not

potentially relevant for the phenotype under study.

TargetScan 3'UTR  RNAHybrid 3'UTR Minotar ORF sites

sites sites

neur Eip71CD cnk
wis CG13409 Dab
W Ggamma30A msn
Pu CG2121 ca
Rh6 CGY9317

bw trpl

mbl

Ras85D
Dad
bab2

tsh

sna

Table 3.1 Candidate approach for target genes using miR-285 binding site
prediction programs: TargetScan, RNAHybrid, and MinoTar.
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Fig 3.12 qRT-PCRs for candidate target genes. Data from mutant head RNA
is normalized to w'''® head RNA. Error bars represent SD.
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To further my search for a target gene, I performed unbiased microarray

I8 1niR-285 mutant and miR-285 rescue

analyses on RNA from heads of w
(miR-285 mutant with Rh1Gal4>UAS-miR-285). From the set, I found only 4
genes (Table 3.2), which were upregulated in the mutant, and were
downregulated in the rescue; and had weak miR-285 binding sites using the
RNAHybrid program. However, functional genetic tests by reducing

expression of these genes in the mutant could not rescue the deep pseudopupil

phenotype (data not shown).

Gene Binding site  Fold up in Fold down in
mutant rescue
CG31909 6 mer GU 1.482218057  0.703097917
m 6 mer 1.397918949  0.666856623
CalpA 6 mer GU 1.389217869  0.808240791

Irp-1B 6 mers 1.249162464  0.634528782

Table 3.2 Genes shortlisted from the microarray analysis. Binding site denotes
the kind of binding of miR-285; GU pairing weakens the site.

3.2.7 Conclusions

Overall, miR-285 mutants lost the deep psuedopupils, in an activity dependent
manner, and showed morphological abnormalities in rhabdomere arrangement.
These slight changes in rhabdomere morphology would be sufficient to lose
the formation of the deep pseudopupil image, which is very sensitive to the
geometrical arrangement of photoreceptors. However, the ERGs were intact,
implying that the photoreceptors and downstream synapses are functional.

Additionally, I did not observe any increased apoptosis in the mutant brain
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(data not shown), and was unable to rescue the deep pseudopupil phenotype
by expressing p35, an anti-apoptotic protein (Fig 3.13). This suggests that the

defects were not caused by neuronal degeneration or cell death.

% Mies having deep pseudopupil

rhigald; mir-285  rhigald UAS
pAS: mir-285 .

Fig 3.13 p35-mediated rescue. Eye-specific expression of the anti-apoptotic
gene p35 could not rescue the miR-285 deep psuedopupil phenotype (n=30
flies).
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3.3 Age-related phenotypes: Lifespan assay

As a part of a general analysis of the miR-285 mutant, I tested their lifespans
and observed that loss of miR-285 prolonged lifespan by ~25-30% in males
(Fig 3.14a, b). This increase in lifespan could be suppressed by adding the
miRNA back into the system. A control rescue transgene without the miRNA
hairpin did not rescue median lifespan. Lifespan of mutant females was

unchanged (Fig 3.14c).
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Fig 3.14 a Lifespan curve for males, b Median lifespan for the indicated
genotypes. n = 180 flies per genotype (3x3x20 flies/vial). Error bars represent
SD. ** = p<0.01, ns: not significant; Student’s t-test was used. miR-285
knock-out mutants were used in trans to a wild-type copy of miR-285 as
controls. Mutants are the knock-out allele in trans to Df(3L)BSCI120 which
uncovers the miR-285 locus; rescue indicates the mutant/Df combination
carrying one copy of the genomic rescue transgene; control rescue represents
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mutant flies with the rescue construct without the miR-285 hairpin. Data
represent the average of at least 3 biological replicates with 3 vials x 20 flies
for each genotype.
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Fig 3.14 ¢ Lifespan curve for females. Genotypes indicate same as Fig 3.14a.
n = 180 flies per genotype (3x3x20 flies/vial).

3.4 Locomotor phenotypes

An increase in lifespan raised the possibility of other age-related phenotypes
in the miR-285 mutants. Since miR-285 mutants have increased lifespans, it is
possible that their aging is slowed. Based on this hypothesis, I tested the
mutants for age-dependent behaviors. Motor activity is often used as a
parameter to assess aging — typically, motor activity declines in animals as

they age. I used three kinds of motor activity assays to investigate this.

3.4.1 Climbing assay

The climbing assay is a simple tool to measure negative geotaxis and
locomotor behavior in flies. The assay reports a climbing index, which is a

measure of how well flies of a given genotype can climb up a fixed distance in
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a vial. I measured climbing ability of flies at 3 and 7 weeks of age. Wild type
flies showed a decline in performance with age; however, miR-285 mutant
flies continued to do well even at later ages. This age-preserved motor ability

could be suppressed by using a rescue transgene (Fig 3.15).
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Fig 3.15 Climbing index measures innate climbing behavior and requires
motor coordination. miR-285 knock-out mutants were used in trans to a wild-
type copy of miR-285 as controls. Mutant/Df indicates the knock-out allele in
trans to Df(3L)BSCI120 which uncovers the miR-285 locus; rescue indicates
the mutant/Df combination carrying one copy of the genomic rescue
transgene; data represent the average of at least 3 biological replicates. n = 40
flies per genotype. Error bars represent SD.

3.4.2 Phototaxis assay

Fruit flies are positively phototactic, implying that they are attracted to and
move towards a light source. This requires them to be able to sense light, and
have motor coordination. Because miR-285 is expressed in the eyes (Fig 3.18,
3.19), I tested flies using the phototaxis assay in order to complement the
climbing assay. Interestingly, the behavior of flies was similar to that in the

climbing assay — older wild type males showed a decline in movement
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towards light, whereas older miR-285 knockout males did not show this

difference (Fig 3.16). Females were unaffected.
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Fig 3.16 Graph depicts phototaxis index of flies, their ability to move towards
a light source at 21 and 48 days of age. Mutant/Df indicates the knock-out
allele in trans to Df{3L)BSCI120 which uncovers the miR-285 locus; data
represent the average of at least 3 biological replicates. n = 40 flies per
genotype. Error bars represent SD.

3.4.3 Population Locomotor assay

Both the climbing and phototaxis assay show that miR-285 mutants have age-
preserved motor abilities. Both these assays have coordinated motor ability as
the common denominator, which raised the question whether miR-285 mutant
flies have basally high locomotor activity. I tested the mutants using a
population monitor assay, which reports activity of flies every hour. miR-285
deletion mutants show increased motor activity in a population monitor assay
(Fig 3.17). This effect was only observed in males, and could be restored to

wild-type levels using a rescue transgene.
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Fig 3.17 Motility index measures locomotor activity normalized to the activity
of the control population. miR-285 knock-out mutants were used in trans to a
wild-type copy of miR-285 as controls. Mutant indicates the knock-out allele
in trans to Df(3L)BSC120 which uncovers the miR-285 locus; rescue indicates
the mutant/Df combination carrying one copy of the genomic rescue
transgene; n = 100 flies per sample. Error bars represent SEM.

3.5 Expression analysis

miR-285 is one of the ten most abundant miRNAs in adult fly heads and is
expressed almost exclusively in the head (Ruby et al., 2007b) miRBase). I
wanted to examine miR-285 expression in detail at the spatial and temporal

levels.

3.5.1 Spatial expression

3.5.1.1 LNA in situ hybridization

LNA (locked nucleic acid) probes are sensitive and have great specificity for
miRNAs in situ hybridization (Toledano et al., 2012). ISH for miR-285 in
adult brains showed expression in the retina and in the optic lobe, specifically

the lamina (Fig 3.18).
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Fig 3.18 LNA in situ hybridization for miR-285 in the retina and the lamina,

using alkaline phosphatase staining at 40x magnification. nc82 marks the
neuropil (axons and dendrites), DAPI stains all nuclei.
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3.5.1.2 promoter Gal4 mediated-expression

To visualize miR-285 expression at a greater resolution, I used miR-285 Gal4
to drive expression of RFP (Fig 3.3). miR-285 is expressed in the visual
system, broadly in the compound eyes and in the ocelli (Fig 3.19). Fig 3.20
top panel shows expression in the retina and the optic lobe, specifically in the
R1-R6 photoreceptors, and their connections into the lamina. miR-285-
expressing cells in the central brain largely co-localize with repo, a glial
marker (Xiong et al., 1994). Only some of them co-localize with elav, a post-

mitotic neuronal marker (Fig 3.20).

Fig 3.19 Overview of miR-285 expression using miR-285Gal4>UAS mCDS§
RFP — expression in ocelli and compound eyes.
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Fig 3.20 Expression of miR-285 in the adult brain using the promoter-Gal4
driving mCD8-RFP. Top panel single plane image of miR-285 expression in
photoreceptors at 20x; bottom panel maximum projection image of miR-285
co-localization with repo (glia) in the central brain at 20x; miR-285 also co-
localizes with a few neuronal cell bodies (elav).

3.5.2 Temporal expression: decline across age

I found that mature miR-285 expression is age-dependent, and decreases in the
head as animals age (Fig 3.21). This age-dependence is sexually dimorphic,
and was only observed in males. Females have comparably a much lower
abundance (<50% compared to males) of miR-285 (Fig 3.21). Sequencing data

from miRBase also shows a 4 times greater number of reads in male heads as
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compared to female heads (http://www.mirbase.org/cgi-

bin/get_read.pl?acc=MIMAT0000356).

Interestingly, all the age-related phenotypes are only observed in miR-285
knockout males, implying that miR-285 has a specific function at a younger

age in males, which comes at a cost of a shorter lifespan.
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Fig 3.21 Age-dependent decline of miR-285 expression. miR-285 miRNA
levels in RNA from male and female heads at the indicated ages. Data are
normalized to male at day 1; n=4; ** = p<0.01. Error bars represent SD.

3.6 Targets

3.6.1 Unbiased biochemical analyses

To complement computational target predictions, and improve chances of
identifying biologically relevant targets, I did two unbiased genome-wide
biochemical analyses at the mRNA and the protein levels. Adult heads were
the tissue of choice for these experiments, since miR-2835 is highly enriched in

adult heads.
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3.6.1.1 Microarray

To identify miR-285 targets, expression profiling was performed using RNA
extracted from heads of young mutant and control males. 57 transcripts were
upregulated in the mutant by >1.5 fold (p<0.05; Fig 3.23a, Table 3.3). 28 of
these contained potential miR-285 target sites as identified using RNAHybrid.
Gene Ontology (GO) analysis showed enrichment of genes involved in redox

pathways among the upregulated transcripts (Fig 3.22).
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Table 3.3 Transcripts upregulated in RNA extracted from miR-285 mutant
heads normalized to w'''® controls (3 biological replicates). BH represents the
adjusted p-values determined using the Benjamini & Hochberg (1995)
method.

P-Values
¥ Oxidoreductase 0.026
B Secreted 0.055
“ Monooxygenase 0.061
¥ Serine protease inhibitor - (.02
¥ Protease inhibitor 0.028
Copper 0.079

Fig 3.22 Gene Ontology analysis of transcripts that were upregulated >1.5
fold, p<0.05 in RNA from miR-285 mutant heads compared to controls. P-
values for GO enrichment are shown above. % indicates the percentage of
genes in the catoegory that were upregulated.

3.6.1.2 Proteomics

As a second approach, changes in total head protein levels were compared in

"% animals using dimethyl dye-swap mass

mutant and control (w
spectrometry. Among ~2500 detectably labeled proteins, 31 were upregulated
by >1.5 fold in miR-285 mutant heads (p<0.05; Fig 3.23a, Table 3.4). 12

contained potential miR-285 sites, based on manual seed complimentarity

using RNAHybrid analysis.
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Protein 1Ds Gene Fold up-regulation GO molecular function

L2892 Prx2540 135 thaoredoxin peroxidase activity
B7Z103 CGA2323 34
PO770 Sgss 3.5 structural molecule activity
QIVOQH2 Duox 34 calcium ion binding peroxidase activity
QONMY2 CGR34S 28 mannose binding
QOVV2I CG4962 2K
QUUIL2 CGiew 2.8 oxsdoreductase activity
QUENC3 Sod3 2.6 superoxile dismutase activity
PIVYXE CGisT2 2.6
097064 CopSdAg 33 structural constituent uf chitin-based larval
i cuticic
OVVI3 CGLI6S 2.2
097059 CopS4Ab 31 structural constituent uf' chitin-based larval
culicie
OOVH00 LIS 2.1 protein serme'threonine Kinase actvity
QOUVTIS CGIOsS 2.0 serine-type endopeptidase activity
QSUI26 CG34461 2.0 structural constituent of chitin-based cuticke
~ structural constituent of adult chinn-based
Q26416 Acpl 1.9 cuticle
PILST0 RpLPI 1.8 structural constituent of nbosome
Q7KS11 CGIS3S 1.8 flavin ademine dinucleotide binding
QIVZG2 CprAa 1.8 structural constituent us chitin-based larval
cuticic
P23380 Vhaléel 1.8 hydrogen won tr;u‘.\n.u‘znl‘,ml“c Iransporer
activity
Q7IZWD CprsiA 1.8 structural constituent of chitin-based cuticke
QOWHWS CGIoR0 1.7 S-nitropheny Iphosphatase activity
QOKI2I CG006 1.7 .
ARDYS3 CG30492 1.7 -
QOVPRI CG2789 1.7 benzodinzepine receptor activity
QRIQEY fdOSA 1.7 Mg2+ binding transcription factor activity
QUVMRGO CGI2512 1.7 long-chain fatty acid-CoA ligase activity
OIVSFO Atl8 16 phosphatidy linositol-3,5-bisphosphate
’ & binding
QIVXRS CGo2sI 1.6 ATPase activity, coupled to transmembrane
QOWIDY CGIsH0 1.6 oxysterol banding
QOVIRS Ac3 1.6 adenylate cyclase activity
QUD103-3 rdgA 1.6 diacylglycerol Kinase activity

Table 3.4 Proteins upregulated in miR-285 mutant heads normalized to w''"®

controls. Fold-change data are from four biological replicates, with proteins
counted as upregulated >1.5 fold reliably (p<0.05) in at least 3 samples.

3.6.2 Working list of targets

The datasets from both the biochemical approaches were processed — genes

upregulated >1.5-fold were shortlisted and their transcript sequences were

downloaded from FlyBase (http:/flybase.org/). miR-285 mature transcript
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sequence was downloaded from miRBase (Griffith-Jones 2006;

http://www.mirbase.org/). These sequences were tested for target sites using

RNAHybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/), and analyzed

for miR-285 binding sites both in the 3’UTRs and the ORFs of upregulated
genes. Unusually for a miRNA, most of the predicted miR-285 target sites
were found in the open reading frames of the upregulated proteins. The two
datasets overlap on 4 genes - Prx2540-2, Sod3, CG3835 and CG3699; of
which Prx2540-2, Sod3 and CG3835 have binding sites for miR-285 (Fig
3.23a). All 3 of these are involved in redox metabolism. Based on this, I then
looked for other upregulated genes (MRNA and protein) involved in redox
metabolism. Six shortlisted genes were re-confirmed by quantitative RT-PCR,
a more sensitive method for mRNA measurements on RNA isolated from

control and miR-285 mutant male heads (Fig 3.23b).

expression profile: 57 up h

d
cGr727 I
3 protein
28 up N POR
LU OL.PCF
yaz3 IL: Q-PCR
) ' RNA uarray
26 S
CG3335 ' oo
3 CG10924 '
g3 [
10
Prx2540-2 fal
18 —
01 2 3 6 8 10 12 14
differential proteomics: 31 up fold change

Fig 3.23 a Diagram summarizing transcripts and proteins upregulated in the
miR-285 mutant. Data in Tables 3.1 and 3.2, b Upregulation of selected
candidate targets. Blue: microarray analysis of RNA from mutant heads,
compared to controls. Red: quantitative real time PCR analysis using RNA
from mutant heads, compared to controls. Green: proteins measured by
differential proteomics.
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3.6.2.1 Genetic tests

miRNA repress their targets, therefore there should be a genetic interaction
between the putative target and the miRNA. Reduction of expression of
putative target genes that are upregulated in the mutant should rescue the

mutant phenotypes, and serves as a means of identifying such interactions.

3.6.2.1.1 Locomotor Rescue

I used the miR-285 Gal4 driver to express UAS-RNAI transgenes to reduce
expression of the selected targets in the miR-285-expressing cells. Of the 6
genes tested using this strategy, 2 genes showed a significant reduction in
locomotor activity (Fig 3.24a): Sod3 and Prx2540-2, both of which are
important for reactive oxygen species metabolism. To confirm the efficacy of
RNALI, I tested mRNA levels of Sod3 and Prx2540-2 using qRT-PCR with
RNA from the heads of Sod3 and Prx2540-2 RNAi flies (Fig 3.24b).
Surprisingly, Prx2540-2 was reduced upon decreasing Sod3 while the reverse
was not observed. This suggests some influence of Sod3 activity on Prx2540-

2 expression.
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Fig 3.24 a Effect of selective depletion of the candidate targets in miR-285
expressing cells on locomotor activity. Locomotor activity was normalized to
the activity level of the mutant/Df carrying the Gal4 driver, but without RNAi
transgenes. **=p<0.01; ns: not significant. b Test of RNAI efficacy by qRT-
PCR for Sod3 and Prx2540-2 in the genotypes shown.

3.6.2.1.2 Lifespan Rescue

Reducing Sod3 and Prx2540-2 in the miR-285 expressing cells also rescued
the increased lifespan of the mutants (Fig 3.25a, b). The median lifespan of
mutant flies with reduced levels of Sod3 and Prx2540-2 was ~7 weeks, similar

to that of control flies.
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Fig 3.25 Effect of selective depletion of the candidate targets in miR-285
expressing cells on a survival and, b median lifespan. Total 180 flies per
genotype (3x3x20 flies/vial). *=p<0.05; **=p<0.01.

3.6.2.2 Direct targets of miR-285 — Luciferase assays

Genetic interactions of miR-285 with Sod3 and Prx2540-2 are consistent with
the possibility that miR-285 directly regulates their expression, as is the
observation that Sod3 and Prx2540-2 have miR-285 binding sites in their
coding regions. To test direct regulation, I cloned the full-length endogenous
coding sequences of the two genes downstream of the firefly luciferase gene,
using them as artificial 3’-UTRs in an S2 cell-based assay. These reporters
should show decreased luminescence when miR-2835 is also expressed, if there
is direct regulation. At the same time, I cloned the same sequences with
mutated binding sites to disrupt miR-285 binding (Fig 3.26a, c). For Sod3, the
magnitude of down-regulation of luciferase activity was small, but statistically
significant, and was lost in the construct where the site was mutated to disrupt
seed pairing (Fig 3.26b). Down-regulation of the Prx2540-2 reporter was
greater and also was statistically significant, and was lost in the construct

where the site was mutated to disrupt seed pairing (Fig 3.26d). Together, these
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results show that the sites in Sod3 and Prx2540-2 CDS are directly regulatable

by miR-2835.

Sed3 DS

controd

mil-188

Luciferase Activity

Fig 3.26 a Predicted miR-285 target site in the ORF of Sod3. The site shows
extensive seed pairing, but contains 2 G:U base pairs. Residues shown in red
were mutated to disrupt seed pairing for the luciferase assay. b Luciferase
reporter assay to test regulation of the Sod3 sites by miR-285 (comparing Sod3
CDS with the luciferase control, p=0.037 using two-tailed unpaired Student’s
t-test) ¢ Predicted miR-285 target site in the ORF of Prx2540-2. The site
shows 7-mer seed pairing. Residues shown in red were mutated to disrupt seed
pairing for the luciferase assay. d Luciferase reporter assay to test regulation
of the Prx2540-2 site by miR-285 (comparing Prx2540-2 CDS with the
luciferase control, p=0.0009 using two-tailed unpaired Student’s t-test). All
data represent the average of at least three biological replicates. Error bars:
standard deviation.

3.7 The reactive oxygen species pathway

Sod3 and Prx2540-2 are both members of the reactive oxygen species

pathway.
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3.8 Reactive Oxygen Species and miR-285

The functional targets encode enzymes involved in metabolism of reactive
oxygen species (ROS). Sod3 encodes an extracellular copper/zinc superoxide
dismutase (Jung et al., 2011) that converts extracellular superoxide anion (O5)
to hydrogen peroxide (H,O,). H,O, readily enters the cell where it can be
metabolized by peroxiredoxin, a cytosolic thioredoxin peroxidase enzyme
encoded by Prx2540-2 (Fig 3.27). The miR-285 mutant exhibited elevated
superoxide dismutase activity, which could be partially corrected by restoring
miRNA expression in the mutant background (Fig 3.28). Duox, a third
enzyme involved in extracellular superoxide metabolism, encodes a
transmembrane protein with NADPH oxidase activity that produces
extracellular superoxide anion. Although dDuox transcript lacks miR-285
target sites, a miR-2835 site was found in the coding sequence of its maturation
factor Mol, the ortholog of DuoxA. mol/ and dDuox mRNA levels were
increased in the mutant, along with Sod3 and Prx2540-2 (Fig 3.29). Thus,
multiple enzymes involved in production and metabolism of ROS are

upregulated in the miR-285 mutant, both as direct and indirect consequences.
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Fig 3.27 Schematic of the enzymes involved metabolism of extracellular
superoxide. Duox is a transmembrane NADPH oxidase that produces anionic
superoxide. O, Is catabolized by extracellular Sod3 into H,O, and water. H,O,
diffuses freely across the plasma membrane and is converted to molecular
oxygen and water in the cytoplasm by Thioredoxin peroxidase, Prx2540-2.
Mol is an ER-resident transmembrane maturation factor for Duox.

Fig 3.28 Superoxide dismutase activity (in arbitrary units) measured in lysates
of adult heads from flies of the indicated genotypes. Error bars represent SD.
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Fig 3.29 mRNA levels of mol, Duox Prx2540-2 and Sod3 measured by
quantitative real time PCR in RNA isolated from heads of yw control flies,
miR-285 mutants (knock-out/Df(3L)BSC120) and rescued mutant flies
carrying one copy of the rescue transgene. Data represent the average of three
biological replicates and 3 technical replicates each. Error bars: standard
deviation. p<0.05 for mut/Df compared to yw, and rescue (Student’s t-test).

3.8.1 Target levels increase with age

Since miR-285 expression decreases with age, I wanted to test if wild type
flies show an age-dependent increase in the target genes. Fig 3.30 shows qRT-
PCR data using RNA from w'''® heads. There is a modest increase in Sod3
and Prx2540-2 levels in older flies; however, levels of mol and dDuox remain
largely unchanged.

1.6
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1.2

mD1
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0.4 npao
0.2

Sod3 Duox

[

mRNA normalized to rp49

o

Fig 3.30 Age-dependent change in ROS gene expression. Graph shows Sod3,
Prx2540-2 (Prx), mol and Duox expression levels in w1118 head RNA as a
function of age at 1-day, 20-, 40- and 60-days of age. Error bars represent
standard deviation.

3.8.2 ROS signaling in the miR-285 mutant

Although excess ROS can cause oxidative damage, at physiological levels
ROS play important roles as modulators of signal transduction pathways. One
mechanism by which ROS act involves oxidation of catalytically important

cysteine residues in phosphatases, such as PTEN and PP2A (Leslie, 2006).
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ROS-mediated reduction of PTEN and PP2A activity can lead to increased
levels of AKT phosphorylation (Coant et al., 2010; Naughton et al., 2009). I
observed an increase in AKT phosphorylation in the miR-285 mutant, which
was restored toward normal by RNAi mediated depletion of either Sod3 or
Prx2540-2 in miR-285-expressing cells (Fig 3.31a). Expression of the FOXO
target 4E-BP was reduced (Fig 3.31b), consistent with an increase in AKT
activity leading to reduction of nuclear FOXO activity (Teleman et al., 2008).
Other known regulators of AKT were not altered in the mutant mRNA and
proteome analyses. These observations suggest that coordinated increase in
the expression of mol/Duox, Sod3 and Prx2540-2 leads to an increase in ROS

signaling via the AKT pathway.

Elevated ROS signaling may provide an explanation for the hyperactive
phenotype that I observed in the miR-285 mutant. Treatment of flies with low
levels of H,O; has been reported to induce locomotor activity (Grover et al.,
2009). Superoxide dismutase over-expression has also been reported to induce
greater locomotor activity and higher walking speeds, especially in older flies
(Martin et al., 2009; Parkes et al., 1998; Phillips et al., 2000; Spencer et al.,

2003).
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Fig 3.31 a Immunoblot showing total Akt levels and activated Akt detected by
antibody specific to phosphorylated S505. miR-285 knock-out mutants were
used in trans to a wild-type copy of miR-285 as controls in this and subsequent
figures unless otherwise indicated. Mutant/Df indicates the knock-out allele in
trans to Df(3L)BSCI120 which uncovers the miR-285 locus; rescue indicates
the mutant/Df combination carrying one copy of the genomic rescue
transgene. RNAI indicates the UAS-RNAI transgene expressed under miR-285
Gal4 control in the miR-285 mutant background. Antibody to Kinesin was
used to control for loading. b 4E-BP transcript levels measured by quantitative
real time RT-PCR in RNA isolated from heads of the indicated genotypes.
+rescue indicates mutant with a rescue transgene; +Sod3i or +Prx2540-2i
indicate mutant expressing the UAS RNAIi transgene under miR-285 Gal4
control.

3.8.3 Oxidative stress and ROS turnover in the miR-285 mutant male

The elevated expression of enzymes involved in ROS metabolism prompted
me to ask whether miR-285 mutants might be protected from oxidative
damage. Large amounts of H,O, are lethal to flies and they die quickly within
hours. However, miR-285 mutants survived significantly longer (median
survival ~50 hours) than control flies (median survival ~32 hours) on medium
containing 5% H,0, (Fig 3.32). Sensitivity to H,O, was restored toward
normal by depletion of Sod3 or Prx2540-2. This protection from oxidative
stress likely results from increased levels of ROS scavenging enzymes in the
mutant, thus, increasing total ROS turnover (Fig 3.29).

60 —_ %

50 1 l

40
30 1

20 4
10 4

median survival (hr)

0 J
control 285G4 +Sod3i +Prxi

mutant/Df

89



Fig 3.32 Oxidative stress assay. Median survival (hours) of flies on food
containing 5% H,0,. 285G4 +Sod3i or +Prx2540-2i indicate mutant/Df
expressing the UAS RNAI transgene under miR-285 Gal4 control. n = 20
flies/replicate/genotype. Error bars represent standard error.

3.9 Male-specific function of miR-285

Male flies lacking miR-285 show improved resistance to oxidative stress,
extended lifespan and reduced age-progressive decline in performance of
various behavioral tasks. The presence of the miRNA therefore seems to
impair male fitness while having little effect on females. This apparent
conundrum prompted me to look for defects that might be associated with the
absence of the miRNA. miR-285 is expressed at higher levels in young adult
males and its level declines with age (Fig 3.21). Expression in female flies is
relatively constant with age, and similar in appearance to older males. Female
miR-285 mutant flies exhibit normal lifespan and performance in behavior
assays. Presumably, having the miRNA provides some benefit to young males

to offset the obvious costs that its activity causes in later life.

To study this aspect, I explored phenotypes specific to males. I did not observe
any outward morphological abnormalities in the miR-285 mutant males. Since
miR-285 is predominantly expressed in the male brain, I examined several
aspects of male behavior to get clues about function of the miRNA.
Drosophila male courtship behavior is a hard-wired stereotypical behavior.
When a male is paired with a virgin female, the male performs a series of
behaviors, which require multi-modal sensory processing, mainly from visual,
olfactory and gustatory cues. Mutant males paired with wild type females did

not show an obvious defect in mating behavior. Overall performance,
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measured by the time taken to initiate courtship, was faster than control males
(Fig 3.33). This appears to be consistent with the overall higher activity level

in the young mutant males.

However, when female flies were provided with a choice between a miR-285
mutant male and a CS control male, the females copulated with the control
male in ~2/3 of encounters (Fig 3.34a). The females’ ability to discriminate
between the control and mutant males was statistically significant (p=0.013,
Fisher’s exact test). Female discrimination between control and rescued
mutant males was not significant (p= 0.75). Next, I asked whether depletion of
the targets Sod3 and Prx-2540-2 in the miR-285 mutant background would
affect mate choice. Females were able to discriminate between control males
and the miR-285 mutant carrying the miR-285 Gal4 transgene (Fig 3.34b;
p=0.038). Depletion of Sod3 in the mutant background by miR-285 Gal4
driven expression of the Sod3 UAS-RNAI transgene had little effect, but
depletion of Prx-2540-2 reduced the difference between mutant and control
males. Females did not significantly distinguish between control males and

mutant males with Prx-2540-2 depleted (p=0.28).

Overall, miR-285 functions to keep males in the mating competition, at the

cost of a shorter life and impaired motor fitness.
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Fig 3.33 Boxplot of courtship latency showing time to initiate courtship by
control (mutant/+) and mutant males towards CS virgin females. Mann-
Whitney U,=161, p<0.0001. Error bars represent data maxima and minima.
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Fig 3.34 a Preference of CS females in a female mate choice assay between
control vs mutant males and control vs rescue males. b Preference of CS
females in a female mate choice assay between control vs mutant males
carrying the miR-285-Gal4 transgene. +Sod3i or +Prxi indicate mutant
expressing the UAS RNAI transgene under miR-285 Gal4 control.

3.10 Sex-specific expression of miR-285

The sex-specific difference in miR-285 expression levels prompted me to ask
if this expression is dependent upon the sex-determining pathway. Many genes
show soma-biased sex-differential expression in adult flies (Goldman and
Arbeitman, 2007), dependent upon FRUM (fruitless), a male-specific

transcription factor (Manoli et al., 2005). miR-285 expression also showed
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reduction in fiu PI males, which lack FRUM (Fig 3.35), suggesting that it is
under the control of sex-determining genes. Sod3 and dDuox also show sex-
specific expression levels, being higher in males, reflecting the stronger male-

specific transcriptional silencing by miR-285 (Fig 3.36).
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Fig 3.35 miR-285 expression is partially dependent on sex-determination
pathway via fruitless. mature miR-285 levels normalized to U14 in the fru"’
fruitless mutant. Error bars represent SD.
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Fig 3.36 Sex-differential expression of Sod3, Prx2540-2, dDuox and mol.
Expression levels of the ROS pathway genes in male and female w1118 heads.
Error bars represent SD.

3.11 Deep psuedopupil phenotype is being partially mediated by ROS

This thesis presents my work in a chronological order, and thus after

identifying Prx2540-2 and Sod3 as bona fide targets of miR-285 in the context
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of lifespan and locomotion, I wondered if upregulation of the same targets was
responsible for the age-dependent loss of deep psueodpupil, which results
from disorganization of the photoreceptors in the eye. Deep psuedopupil loss
was partially suppressed by reducing Sod3 and Prx2540-2 expression by
RNAI in both males and females under normal conditions of light/dark (Fig
3.37). The partial suppression could very well be because of incomplete
reduction of gene expression by RNAi (Fig 3.24b). Alternatively, there could
be additional targets regulated by miR-285, which might be important for this

phenotype.
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Fig 3.37 Deep psuedopupil score (%flies having deep psuedopupil) of flies
with RNAi-mediated depletion of Sod3 and Prx2540-2 in the miR-285 mutant.
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Chapter 4 Discussion

4.1 Reactive oxygen species

Reactive oxygen species is a collective term that describes chemical species
that are formed upon incomplete reduction of oxygen and includes the
superoxide anion (O;), hydrogen peroxide (H,O,) and the hydroxyl radical
(HO’). Most reactive oxygen species (ROS) are generated as natural by-
products of the mitochondrial electron transport chain. In addition, ROS are
formed as necessary intermediates of metal catalyzed oxidation reactions in
peroxisomes and the endoplasmic reticulum. In phagocytic cells, ROS
production is stimulated by the presence of pathogens, and is catalyzed by the
action of NADPH oxidase, a multicomponent membrane bound enzyme
complex, and is necessary for the bactericidal action of phagocytes (Babior et
al., 1973). NOX2 was identified as the catalytic subunit of this complex. To
date five NOX isoforms and two related enzymes DUOX1 and DUOX2 have
been discovered in mammals. Drosophila functional orthologs are dNox
(NADPH oxidase) and dDuox (Dual oxidase) — both are highly homologous
but dDuox has an additional peroxidase domain that can produce H,O,. In
recent years, it has been reported that O™ is produced in non-phagocytic cells
as well such as vascular muscle cells and gastrointestinal epithelial cells in a
NOX/DUOX dependent manner. In Drosophila, dDuox has been reported to
function in the mucosal barrier epithelia, producing ROS to combat pathogens
(Ha et al., 2009; Ha et al., 2005). There are studies that report their expression

in other tissues too, including the brain (Katsuyama et al., 2012).
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Cells have endogenous systems to deal with these free radicals in the form of
antioxidant enzymes like superoxide dismutases, which can convert
superoxide anions into hydrogen peroxide that is detoxified into water and
molecular oxygen by catalases and peroxidases. Cells also employ non-
enzymatic small molecule antioxidants like glutathione, vitamin C, and

vitamin E to detoxify free radicals.

4.2 Good ROS, Bad ROS

Reactive oxygen species were initially identified as having toxic effects on
physiology — the first traceable paper reported deleterious effects of hydrogen
peroxide on brain tissue (Mann and Quastel, 1946). Indeed, high
concentrations of ROS are harmful, causing DNA damage, lipid peroxidation,
and harmful protein oxidation. ROS also stands at an important position with
respect to aging — Denham Harman proposed the free radical theory of aging
in 1956, stating that organisms age because cells accumulate oxidative damage
during their lives. Consistent with this theory, flies lacking antioxidant
enzymes can shorten lifespan, and reducing oxidative damage in yeast and
Drosophila can extend lifespan (Fontana et al., 2010) (Martin et al., 2009;
Parkes et al., 1998; Phillips et al., 2000; Spencer et al., 2003). However, there
are studies in Drosophila and mice, where over-expression of antioxidant
enzymes did not show any effect. Also, in C. elegans, deletion of
mitochondrial SOD2 can extend lifespan, but deleting all the 5 SOD genes has
no effect on lifespan suggesting antagonistic effects among the homologs
(Van Raamsdonk and Hekimi, 2009, 2012). Therefore while there is evidence

that supports the free radical theory of aging, the question whether reducing
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oxidative damage below normal levels is sufficient to extend lifespan is rather

contentious.

Since the discovery of NOX-mediated superoxide production, the view of
ROS being only harmful has changed. Recent work has shown that ROS can
modulate diverse physiological functions beyond innate immunity, such as the
biosynthesis of thyroid hormones, cellular signaling, gene expression, cellular
growth and death (reviewed in Bedard and Krause, 2007; D'Autreaux and
Toledano, 2007). Of all the free radical species, H,O, fulfills two criteria to be
a second messenger — first, it is enzymatically produced and degraded,
providing spatio-temporal specificity; second, it has the ability and specificity
for thiol oxidation on proteins such as phosphatases, thus triggering
downstream signaling (Forman et al., 2010). Additionally, it is relatively
stable with a half-life of ~Ims and steady state levels ~10” M. Diffusion of
H,O, can be modulated by changes in membrane permeability or by
aquaporin-mediated transport. Overall, stability, controlled production,
selective reactivity and diffusivity make H,O, fit for signaling, and it is
produced in almost all cell types (Finkel, 2011). Signaling occurs by oxidation

of cysteine residues in phosphatases, such as PTEN and PP2A (Leslie, 2006).

4.3 NADPH oxidase — generated ROS and the brain

There are a few studies that investigate the endogenous role of ROS in
neuronal development, physiology and function. Evidence is accumulating
pointing towards a role for ROS produced by NADPH oxidases in cell-

signaling functions in CNS modulating neuronal differentiation (Tsatmali et
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al., 2006). Another recent study showed that high ROS levels promote neural
stem cell renewal and neurogenesis in mice (Le Belle et al., 2011). ROS have
also been demonstrated to have some roles for synaptic activity, learning,
memory and long term potentiation (Gahtan et al., 1998; Hu et al., 2007;
Kishida et al., 2006; Massaad and Klann, 2011; Milton and Sweeney, 2012;
Thiels and Klann, 2002; Thiels et al., 2000). Most of these studies provide a
role for ROS produced by NOX enzymes, whose expression in CNS is well
established (Knapp and Klann, 2002). In contrast, DUOX enzymes are not
well understood in the neuronal context. There is some evidence that DUOX
have roles in astrocytes upon stress induction such as ischemia and osmotic
stress (Reinehr et al., 2007). In Drosophila, dNox has been shown to have a
role in smooth muscle (Ritsick et al., 2007) and dDuox in host defense (Ha et
al., 2009; Ha et al., 2005; Razzell et al., 2013) — their role in the brain is

largely unexplored.

4.4 Maintaining the right level of ROS activity in the brain

Of all the genes tested in this study, Prx2540-2 and Sod3 were found to
behave as functional targets mediating activity of the microRNA. Depletion of
these genes suppressed the increased locomotor activity and lifespan of the
mutants. Prx2540-2 and Sod3 are both genes involved in ROS metabolism.
Increased expression of two enzymes in the same pathway suggests an overall
increase in ROS turnover. In addition to these ROS scavengers, dDuox, an
NADPH oxidase and mol, dDuox maturation factor, are also upregulated
indirectly in the mutants, also consistent with an increased flux of ROS

signaling. miRNAs function to regulate the robustness of cellular processes,
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and to maintain balance in gene expression. This study suggests that miR-285
functions to balance superoxide production and breakdown, because a direct
increase in superoxide breakdown is being offset by an indirect increase in

superoxide production via Duox in the mutants.

The concerted action of miR-285 to regulate multiple members of the
extracellular ROS pathway suggests that fine-tuning of ROS signaling is
needed to mediate appropriate CNS function. Cytoplasmic NADPH oxidase
(Nox)-generated-H,O, plays a key role as a mediator of growth factor
signaling during neuronal stem cell proliferation and neurogenesis, as well as
supporting cell survival (Dickinson et al., 2011). In mammals, cytoplasmic
Nox enzymes are a source of brain ROS implicated in seizures and
neurodegeneration (Bedard and Krause, 2007; Lambeth, 2004). Specific roles
of the plasma membrane dDuox enzyme and extracellular ROS in the CNS are
less well studied. Failure to maintain an appropriate level of extracellular ROS
activity by miR-285-expressing cells of the young male brain leads to reduced

reproductive success, presumably through subtle alterations in behavior.

4.5 The ROS theory of aging

Discovering the biological basis of aging is an important remaining challenge
in science. A long-standing assumption is that aging occurs due to wear and
tear, and molecular and cellular damage by free radicals has long been thought
to be a causative agent. However, since the discovery of beneficial roles of
ROS signaling, the question of whether free radicals are ‘friends or foes’, or

both, is being reassessed. Recently, this theory has come under serious
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question because of evidence from C. elegans (Gems and Doonan, 2009; Van
Raamsdonk and Hekimi, 2009, 2012). However, studies from flies and mice

are still supportive of this theory of aging (Liochev, 2013).

Young male Drosophila have higher miR-285 levels, hence a reduced level of
ROS signaling. This seems to impair male attractiveness, suggesting a normal
role for ROS in CNS functions related to courtship success. As males age,
miR-285 levels reduce, increasing the ROS signaling, and possibly ROS
turnover — just as in the miR-285 mutant. This mechanism might help deal
with the age-increasing oxidative damage in the CNS. This study adds onto
the body of evidence that reports increases in lifespan in Drosophila by over-
expression of ROS scavengers. Additionally, this work shows that an
endogenous miRNA-mediated mechanism exists to increase ROS scavenger

levels in biological systems in an age-dependent manner.

4.6 Function and significance of miR-285 in male Drosophila

The presence of miR-285 sites in the coding sequences of three separate
proteins involved in extracellular ROS metabolism suggests that this
regulation has been selected for during evolution. As a consequence, male
flies lacking miR-285 show improved resistance to oxidative stress, extended
lifespan and reduced age-progressive decline in performance of various
behavioral tasks. Hyperactive locomotor behavior can be considered a
potential evolutionary disadvantage because hyperactive, longer-lived flies

would likely consume more resources, and would need to forage better.
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However, the presence of the miRNA seems to impair only male fitness while
having little effect on females.

This conundrum is resolved by the finding that miR-285 knockout males are
less attractive to females in the context of mating. In a natural setting, where
competition for mate choice is expected, miR-285 mutant males would likely
be at a disadvantage. Thus, the activity of the miRNA in promoting
reproductive success in the young male appears to provide a selective
advantage that has outweighed the cost of accelerated impairment of CNS
function later in life. These effects appear to be mediated through regulation of
ROS metabolism, though there may also be other miR-285 targets mediating
this subtle behavior. The question of why the mutant male is less attractive to
the female remains to be addressed — it could have defects in courtship song
production, or its pheromonal profile. It is also possible that hyperactivity

itself might be acting as a ‘mating deterrent’.

Lifespan is unlikely to be under direct selective pressure unless it interferes
with the reproductive potential of the organism. There is a growing body of
evidence that signals from the gonad affect lifespan in C. elegans and
Drosophila through modulation of the insulin-signaling pathway (Arantes-
Oliveira et al., 2002; Flatt et al., 2008; Hsin and Kenyon, 1999). These have
recently been linked to function of the heterochronic miRNA let-7, in the
nematode (Shen et al., 2012). This study provides evidence for a different type
of link between reproduction and lifespan: selection for reproductive success,
through miRNA mediated modulation of ROS metabolism in the brain, which

comes at a cost in terms of aging and lifespan.
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4.7 Function of miR-285 in glia

miR-285 co-localizes largely with glial markers in the brain, and miR-285
repression in glia using a sponge transgene could reproduce lifespan extension
as observed in miR-285 mutant males, indicating functional association of
miR-285 and glia. It would be interesting to explore the exact nature of these
glia, and the cellular function of the miRNA in them. miR-285 expressed in
glia in the central brain is able to control male behavioral output of altered
locomotion and mate attractiveness, which is directed by neurons. It is
tempting to hypothesize that miR-285 could be mediating communication
between glia and neurons by transmitting signals to neurons via changes in
gene expression profiles in glia. Morphologically, astrocytes associate closely
with neurons — they are abundant in the cortex, they surround synaptic
terminals, are interconnected via gap junctions and modulate neuronal activity
by releasing neurotransmitters (Alvarez-Maubecin et al., 2000; Ventura and
Harris, 1999) (Fields and Stevens-Graham, 2002). Thus it is possible that miR-
285 mediates communication by extracellular ROS production. Interest has
been growing in the potential roles of ROS signaling in the developed brain in
recent years - ROS have been demonstrated to have some roles for synaptic
activity, learning, memory and long term potentiation (Gahtan et al., 1998; Hu
et al., 2007; Kishida et al.,, 2006; Massaad and Klann, 2011; Milton and
Sweeney, 2012; Thiels and Klann, 2002; Thiels et al., 2000). There is some
evidence that DUOX have roles in astrocytes upon stress induction such as

ischemia and osmotic stress (Reinehr et al., 2007). It is interesting to note that
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miR-29a, the vertebrate homolog of miR-285, is enriched in astrocytes, and
was recently shown to prevent ROS accumulation in primary mouse astrocytes
under glucose deprivation (Ouyang et al., 2013). This exciting finding points
to probable functional conservation of the miR-285/miR-29 family in

astrocytes, which remains to be tested.

4.8 Sexual dimorphism of miR-285

The sexual dimorphism observed in miR-285 expression is interesting. Due to
this peculiar expression pattern, there are some phenotypes common to both
sexes, and some only restricted to males. While aberrant lifespan, locomotor
and mating behaviors are only observed in males, the deep psuedopupil
phenotype does not show this gender bias - both males and females exhibited
it. Additionally, locomotor activity itself has been shown to have sexually
dimorphic features. Female flies constantly adjust their activity pattern
whereas males usually show a steadier, walking pace (Gatti et al., 2000).
Taken together, these suggest that perhaps miR-285 might also function to
steady the male locomotion behavior by suppressing ROS signaling. This

possibility remains to be tested.

4.9 ROS targets in the context of deep pseudopupil

Prx2540-2 and Sod3 were able to partially suppress the deep pseudopupil
phenotype observed in both mutant males and females. This indicates that
elevated Sod3 and Prx2540-2 levels impair visual function in the animal, and
the miRNA limits this. Increased oxidative signaling is known to be harmful

to cellular integrity. The defect is exacerbated by light, suggesting that it is
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dependent on the visual signal transduction pathway. Oxidative damage
appears to be a byproduct of rhodopsin-mediated photo-activation (Wiegand et
al., 1983), because animals lacking functional rhodopsin are resistant to
oxidative damage (Grimm et al., 2000). miR-285 appears to act by protecting

against such ROS damage.

It is interesting that miR-285 is highly enriched in the photoreceptors, and that
norpA deletion can rescue the deep pseudopupil phenotype. norpA is a
phospholipase C, which gets activated by a G-protein coupled receptor, and is
expressed in the photoreceptors and the gut. In the photoreceptors, light is the
activating trigger, whereas microbes activate norpA in the gut epithelia. There
is evidence that norpA activates dDuox to produce ROS in the gut (Ha et al.,
2009). It is possible that they function similarly in the photoreceptors — miR-
285 keeps ROS signaling low in the eye, failing which, leads to the cellular

dismorpholgy that is reflected by loss of deep pseudopupil.

In this context, it is really remarkable that the signaling between
photoreceptors and laminar neurons is intact, even though the deep
pseudopupil disappears in the mutants in a light-dependent manner. As a
simple assay for visual function, I measured the male mutant flies’ ability to
locate a wild type female in the dark. Functionally blind males take much
longer to locate the female, and typically trace a distinct zigzag path towards
the female (Krstic et al., 2009). However, miR-285 mutant males did not show
any such disadvantage in locating the females in dark conditions (data not

shown). It is still possible that there is some effect at higher visual centers,
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which is reflected in the disappearance of the deep pseudopupil. Fruit flies
require complex coordination between visual processing and motor output
centers for steering flight courses (McCann and MacGinitie, 1965). Optomotor
response is a useful measure of such higher order processing, and it would be
interesting to test optomotor performance of miR-285 mutants as readout for

visual function.

4.10 Conclusions and Future Work

Overall, this work explores the role of miR-285 in neural physiology and
behavior. The aspect of miR-285 functioning to impart precision to courtship
at the cost of a shortened lifespan and reduced general fitness is novel and
interesting. The question of why the mutant male is less attractive to the
female remains to be addressed — there could be several potential reasons,
concerning male behavior or its pheromonal profile. Also, since the ROS
genes-mediated rescue of the male rejection is only partial, it is very likely

that other targets are acting to modulate mate-choice behavior.
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APPENDIX I

Permission to re-use Fig 3.1a from Dr William Stark. Following is the series
of emails for the same.

Devika Garg <devika.garg@gmail.com> Fri, Apr 19,2013 at 12:41 PM
To: starkws@slu.edu
Dear Dr Stark,

I am a graduate student in Dr Steve Cohen's lab in Singapore. I have been working with fruit
flies, and studying retinal degeneration for the first part of my thesis. I also received the norpA
P24 mutant flies from your lab a couple of years ago. I used deep pseudopupil analysis as a
method to screen possible mutations. In order to explain this optical phenomenon in my thesis,
I wish to use figure 2 from your paper -

Stark and Thomas Molecular Vision 2004; 10:943-955

I wish to ask your permission if it would please be okay for me to use it without any
modifications from my end. I would attach my correspondence with you with my final
volume. I would be very grateful.

Many thanks
Regards
Devika

Devika Garg

Graduate Student

Stephen Cohen Laboratory

Institute of Molecular and Cell Biology
61 Biopolis Drive, Proteos

Singapore 138673

William Stark <starkws@slu.edu> Sun, Apr 21,2013 at 11:40 PM
To: Devika Garg <devika.garg@gmail.com>, Doekele Stavenga <D.G.Stavenga@rug.nl>

the caption reads:

This diagram is redrawn from one used in the laboratory of Dr. Doekele G. Stavenga where
WSS was a research fellow in 1978. The original was drawn by Jan Witpaard, a former
student of Dr. Stavenga. This drawing helps to demonstrate the optics of the deep pseudopupil
as characterized by Franceschini and Kirschfeld [32,47].

and so I am Cc'ing to Doekele Stavenga to see if it is OK with him.
Frankly, in addition to thinking that the material is not really "mine,"

I really do not think my student's art work was very good, but I wanted
to put his picture in so I could acknowledge him

"When it comes to brains, remember that the simpler electric, molecular and cellular forces
and laws, though still present and operating, have been superseded by the configurational
forces of higher level mechanisms" - Roger Sperry (1981 Nobel Prize)
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William S. Stark, Ph.D.
Professor of Biology
Saint Louis Univ.

3507 Laclede Ave.

St. Louis MO 63103-2010
(314) 977-7151

starkws @slu.edu
http://starklab.slu.edu

William Stark <starkws@slu.edu> Fri, Apr 26,2013 at 12:31 AM
To: Devika Garg <devika.garg@ gmail.com>

yes, use the figure and thank you for your interest

"What if you knew her and found her dead on the ground?" - CSNY (RIP Allison Krause,
Jeffrey Miller, William Schroeder & Sandra Scheuer, Kent State May 4, 1970)

William S. Stark, Ph.D.
Professor of Biology
Saint Louis Univ.

3507 Laclede Ave.

St. Louis MO 63103-2010
(314) 977-7151

starkws @slu.edu
http://starklab.slu.edu
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