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Abstract

Oxidative stress is considered to be an underlying mechanism in the pathogenesis of
many cellular degenerative processes. In this study, microRNAs (miRNAs) are examined as
potential epigenetic regulators of the oxidative stress response. In an effort to identify miRNAs
up- or down-regulated during oxidative stress, we conducted a microarray analysis to evaluate
miRNA accumulation changes in Drosophila melanogaster exposed to hyperoxic versus
normoxic conditions. Several miRNAs were further evaluated using qRT-PCR to determine their
accumulation in whole bodies and heads as well as changes over extended hyperoxia exposures.
Dme-miR-8, -11, and -970 were found to be up-regulated in both whole bodies and heads after 5
days hyperoxia exposure. Jaguar (jag), castor (cas), and derailed (drl) were identified as
putative targets of these three miRNAs using miRNA target prediction algorithms. Reporter
gene-based assays were used to examine the interaction of the miRNAs with the target mRNAs,
and confirmed functional suppressive relationships between miR-11:cas and miR-970:drl, but not
miR-8:jag. Cell-based assays were also used to assess the ability of candidate microRNAs to
suppress expression of several different predicted target genes with known antioxidant activities:
superoxide dismutase (Sod), heat shock protein cognate70-4 (Hsc70-4), sniffer (sni),
thioredoxin-2 (trx-2), and catalase (cat). Sod was not significantly down-regulated by any
miRNA, but mir-927:Hsc70-4, mir-964.:Hsc70-4, mir-277:sni, mir-1013:trx-2, and mir-1012:cat
interactions were all functionally verified in addition to some pairings having correlational

accumulation/expression profiles under hyperoxic stress conditions.
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Chapter 1: General Introduction

1.1 Oxidative Stress

A challenge for all aerobic species is the homeostatic regulation of molecular oxygen’s
metabolites, namely, the reactive oxygen species (ROS). Whether ROS are generated
exogenously or endogenously, an intracellular rise in ROS can damage cell organelles and
activate specific signalling pathways, which is collectively termed oxidative stress (D’ Autréaux
& Toledano 2007). There are many human disease states linked to oxidative stress and
mitochondrial dysfunction. At a cellular level, excessive ROS can alter cellular homeostasis by
directly oxidizing and thereby inhibiting the functions of many cellular macromolecules, while at
the tissue level, defective or incomplete repair of ROS-induced cellular damage can result in
broader scale damage, such as neurodegeneration, bone marrow failure, and cancer (Kim et al.
2015). Alterations in mitochondrial DNA, as a known oxidative stress precursor, is associated
with the pathogenesis and progression of myoclonic epilepsy, ragged red fibres syndrome,
skeletal muscle diseases, and ischemic heart diseases (Greaves & Taylor 2006; Wu et al. 2010;
Powers & Jackson 2008; Tsutsui et al. 2011; Pei et al. 2016; Lightowlers et al. 2015).
Additionally, mitochondrial biogenesis plays a central role in cellular activity, especially in
neurons, where it promotes development, activity, connectivity, plasticity, and survival
(Uittenbogaard & Chiaramello 2014). The brain is a particularly vulnerable tissue as it contains
large amounts of polyunsaturated fatty acids (PUFA), which are prone to free radical attack due
to the double bonds within membranes, allowing easy removal of hydrogen atoms by ROS such

as OH" (Frederickson & Bush 2005). Clearly, the imbalance of oxygen homeostasis that triggers



oxidative stress is an important component of many disease etiologies and pathophysiology,
particularly in neuronal tissue.

Oxidative stress, a state of lost balance between the oxidative and anti-oxidative systems
of the cells and tissues, results in the over-production of oxidative free radicals and reactive
oxygen species (ROS), which is a collective term for superoxide anions (O,"), hydrogen peroxide
(H203), and the hydroxyl radical (OH") (Zhao et al. 2010; Rani ef al. 2016). ROS can be formed
outside the cell by UV irradiation, ozone, pollutants, and cigarette smoke (Pratico 2008).
Endogenously, their rate of formation can also be enhanced by genetic mutations and cell
membrane sources including NAD(P)H oxidase (NOx) and cytochrome P450s (Reddy & Beal
2008). H,0O; can also undergo Fenton reaction chemistry in the presence of metals such as iron
(Fe’) to generate OH™ (Reddy & Beal 2008). Mitochondrial sources include the electron
transport chain, which produces cytosolic O, that can be converted to HO, by superoxide
dismutase (SOD) and back to O, by xanthine oxidase (XO) (Pratico 2008). It is estimated that
approximately 1-3% of all normal O, is converted into ROS in mammals due to inefficiencies of
the electron transport chain and this ROS production can be enhanced if mitochondria are not
functioning optimally due to hypoxic, hyperoxic, or other stress-related conditions (Figure 1.1)

(Heis et al. 2003).
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Figure 1.1. [n vivo sources of oxidative stress. (O, =superoxide, H,O,=hydrogen peroxide, OH’
=hydroxyl radical, ROS=reactive oxygen species, NOx=NAD(P)H oxidase, P450=cytochrome
P450, ETC=electron-transport chain, SOD=superoxide dismutase, XO=xanthine oxidase,
Fe*"=Fenton reaction). Adapted from Pratico 2008.

It is also well established that mitochondrial function declines with age and is correlated
with oxidative stress and accumulated gene defects that are particularly abundant in the brain,
heart, and muscles (Beal 1995). Functional decline can be attributed to mitochondrial DNA
mutations and deletions, which are associated with syndromes characterized by
neurodegeneration indicating that mutations acquired with aging may disrupt the efficiency of
electron transport and augment oxidative stress (Mecocci ef al. 1993; Chinnery ef al.2002). This

is further supported by the fact that mitochondrial DNA has a mutation rate 10 times greater than

nuclear DNA and less effective repair mechanisms generating a 15-fold increase in oxidized



nucleotides in brain mitochondrial DNA with age (Mecocci et al. 1993). In fact, cells may not be
able to trigger an effective response until oxidative stress activates a signaling pathway after
mitochondrial dysfunction is already well advanced causing delayed repair from slow
communication between mitochondria and the nucleus (Wu et al. 2014).

These highly reactive and unstable ROS molecules can form during normal metabolic
reactions, but generally, cell-generated antioxidant proteins such as superoxide dismutase
(catalyzes the dismutation of superoxide radicals), catalase (converts H,O, to H,O and O,), and
glutathione peroxidase (metabolize H,O, and lipid peroxides) mitigate the adverse effects of
ROS (Heis et al. 2003; Svensson & Larsson 2007; Pratico 2008). A secondary defense system is
ROS scavenging provided by vitamins E & C, beta-carotenes, glutathione, urates, bilirubin, as
well as others, which help mitigate overproduction of ROS (Kirkwood 2005). Excessive ROS
attack cellular proteins, lipid membranes, and nucleic acids leading to cellular dysfunction
including loss of energy metabolism, altered cell signaling and cell cycle control, genetic
mutations, altered cellular transport mechanisms, and overall decreased biological activity, as

well as immune activation and inflammation (Figure 1.2) (Rani et al. 2016).
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Figure 1.2. Schematic diagram illustrating the harmful effects of ROS on the cells’ molecular
components and subsequent outcomes.

Reactive nitrogen species (RNS) are also naturally produced and contribute to oxidative
stress. They are primarily derived from the nitric oxide radical (NO"), which is produced by
nitric oxide synthase and serves signaling and immune defense roles when NO™ reacts with
O to produce peroxynitrite (ONOQO") (Fang 2004). Unfortunately, shifting this reaction to the
right, for example, by reduced SOD proficiency, leads to elevated O, , which results in ONOO"
overproduction (Fang 2004). ONOO" usually reacts with the cellular abundant HCO3' to generate
carbonate radicals, but will also react readily with heme-proteins, sulfur groups, and selenium
groups of relevance to metal homeostasis and oxidative stress control (Squadrito & Pryor 1998).
ONOQO" also oxidizes cysteines to cysteine bridges or oxygenated side chains and “nitrosative
stress” manifests itself as nitrosylations of protein side chains to impair protein function and
stability and the deamination of DNA affecting both transcription and mitochondrial metabolism

(Squadrito & Pryor 1998).



Metal ions play key roles in both ROS production and clearance. Metal ions readily bind
ROS and RNS as ligands, and both copper and iron produce hydroxyl radical in solvent-exposed
cellular environments, notably via the Fenton reaction (Jomova & Valka 2011). Fenton
chemistry unites metal ion dis-homeostasis with oxidative stress pathogenesis, which is strongly
aggravated by free copper and iron (Jomova & Valka 2011). Additionally, disturbed metal
homeostasis resulting in increased concentrations of free intracellular metal ions will itself
generate ROS leading to oxidative stress (Jomova & Valka 2011). Given the links between metal
ions and ROS, it is not surprising that a vast number of copper, zinc, and iron containing proteins
are involved in oxidative stress modulation (Rivera-Mancia ef al. 2010).

ROS also play important roles as secondary messengers, mediating numerous cellular
functions in stem cells such as self-renewal, differentiation, and proliferation, which can improve
pathophysiological outcomes (Drége 2002; Sarta et al. 2015). ROS are implicated in various
important biochemical processes linked to healthy maintenance such as the mitochondriogenesis
(Suliman & Piantadosi 2014). They also have functional roles in innate and adaptive immunity,
by initiating secondary signal transduction processes (Nathan & Cunningham-Bussel 2013; Zuo
et al. 2014). Hence, ROS production has opposing effects, depending on the level and duration
of the stress induced. The physiological effects of short lived ROS in activating the redox-
sensitive signaling pathways has been linked to longevity via studies of caloric restriction or
exercise, while chronic excess activates aging processes and reduces longevity (Bianchi &
Falcioni 2016). Muscle exercise is an important stimulator of ROS production as it activates
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1a) stimulating
mitochondriogenesis as well as gene transcription in skeletal muscle, liver, and heart (Handschin

& Spiegelman 2006; Ji ef al. 2016). Activation of PGC-1a can prevent mitochondrial



dysfunction for treating various pathologies, such as diabetes, muscular dystrophies,
neurodegenerative diseases, or cancer (Wareski et al. 2009; Villena 2015). Clearly, ROS have
important physiological roles to play, but uncontrolled overabundance proves eventually

deleterious.

1.2 Cellular degeneration and oxidative stress theory of aging

Throughout an organism’s life, the efficiency of various physiological processes decline
with advancing age, making the process irreversible and progressive (Kirkwood 2005; Hayflick
2007). Oxidative stress is considered to be an underlying mechanism in the pathophysiology of
cells in any aerobic organism, and is considered an important component in the cellular basis of
aging due to its contribution to progressive physiological deterioration (Stadtman 1992;
Beckman & Ames 1998; Finkel & Holbrook 2000). As advocated by the free radical theory of
aging, slower metabolic rate induced by moderate hypoxia enhances life span by producing less
radical oxidative damage from mitochondrial activity, whereas hyperoxic conditions shorten life
span of cultured cells and organisms as a whole (Wallace 2005). The role of ROS in chronic
diseases has also been shown to be influenced by sex steroids that decrease with age (Bianchi &
Falcioni 2016). Comparative studies have shown that most variation in lifespan between species
is driven by ROS production and susceptibility of proteins and lipid to damage, but not
differences in antioxidant defenses (Magwere et al. 2006). In general, species with longevity
tend to have lower levels of antioxidant defenses, but only because of a disproportionate
reduction in susceptibility to oxidative stress or rates of ROS production (Barja 2002).

Reduced fatty acid unsaturation in tissue cellular membranes and lower rates of

mitochondrial ROS production are considered to be the strongest correlated factors to longevity



in vertebrate animals and mammals (Ku ez al. 1993; Pamplona et al. 1998; Pamplona ef al. 1999;
Pamplona et al. 2002; Barja 2004; Hutter et al. 2007; Lambert et al. 2007). Severe disease
phenotypes and shortened lifespan are reversible upon partial restoration of ubiquinone levels
and mitochondrial function, which strongly suggests that the irreversible degenerative
phenotypes are not secondarily caused by the gradual mitochondrial dysfunction, but that the
damage at the mitochondrial level could be a consequence of aging (Wang et al. 2015).
Additionally, it has also been shown that oxidative damage in mitochondrial DNA is low in long-
lived animals (Barja & Herrero 2000). The mitochondrion is both the source and target of ROS,
making it a very delicate and influential organelle in oxidative stress processes.

Again though, a little bit of oxidative stress has some protective properties. Studies on
caloric restriction have shown that oxidative damage to lipid, DNA, and protein was reduced and
in general it was found that caloric-restricted rodents compared to rodents fed ad lib were more
resistant to oxidative stress (Sohal & Weindruch 1996; Yu 1996; Barja 2002; Bokov et al. 2004).
Mutations in the insulin and insulin-like growth factor-1 (IGF-1) signaling pathways (age-1, daf-
2, and daf-16 mutants) have also been shown to increase the lifespan of Caenorhabditis
elegans and increase resistance to oxidative stress by reducing oxidative damage via reduced
cellular glucose uptake (Ishii ef al. 2002). In general, the balance of ROS has proven to be a

highly complex yet influential process in any and all cellular organism’s longevity.

1.3 Drosophila melanogaster as a model species
Drosophila melanogaster, the vinegar fly, has long been used as a genetic tool to yield
fundamental insights into mammalian biology due to the abundant sequence homology between

D. melanogaster and mammalian genomes (Adams et al. 2000). With its fully sequenced, and



relatively compact, minimally redundant genome, D. melanogaster is a far easier organism than
many vertebrates to assess gene functions and to perform genetic manipulations (Adams et al.
2000; Helfand & Rogina 2003; Khurana 2008). Availability of constantly updated and readily
shared genetic tools that allow for detailed genetic analyses also makes D. melanogaster an ideal
model species. In addition to the genetic rationale, working with D. melanogaster produces
quicker and more cost efficient results due to their short life cycle, low maintenance cost, and
ease of drug and treatment testing. Additionally, numerous research groups have shown the
utility of examining the effects of oxidative stress in D. melanogaster and their ability to
generate significant and multigenerational data on gene expression (Gruenwald ef al. 2009; Zhao
et al. 2010; Harrison & Haddad 2011; Zhao & Haddad 2011; Zhao et al. 2011; Weber et al.
2012; Bosco et al. 2015).

Flies exhibit a wide range of complex behaviors that are relevant to mammalian and other
higher organism behaviors. These include circadian rhythms, sleep, learning and memory,
courtship, feeding, aggression, grooming, and flight navigation (Greenspan & van Swinderen
2004). Flies also have neurotransmitter systems similar to those found in humans and include
those that use serotonin, dopamine, glutamate, GABA, acetylcholine, histamine, adenosine, and
neurokinins, utilizing both metabotropic G-protein coupled receptors and ionotropic receptor
channels (Nichols 2006; Jeibmann & Paulus 2009; Lu & Vogel 2009). Within these neuronal
signaling pathways, the catalytic domains of many neurotransmitter biosynthesis and receptor
proteins share greater than 80% similarities with their counterparts found in higher organisms
(Nichols 2006). For these reasons, the fly has and will continue to serve as an essential platform
for the development of novel therapeutics for various neurological diseases (Bilen & Bonini

2005; Cowan et al. 2011).



1.4 Oxidative Stress in Drosophila

Given the high frequency of sequence identity between Drosophila and mammalian
genes, these insects are a valuable model species to study genetic and molecular changes that
occur in animals undergoing oxidative stress. Additionally, the free radical theory of aging has
been extensively examined and strong evidence supporting the role of oxygen radicals in aging
metazoans has come from Drosophila studies. The rates of mitochondrial O, and H,O,
production tend to increase during the post-reproductive phase of life, especially in post-mitotic
cells (Mockett et al. 1999; Mansfield ef al. 2004; Morrow & Tanguay 2008). Many studies have
shown increases in the rate of mitochondrial H,O; production is a consistent feature of the aging
process in various species, including Drosophila, and is therefore a shared phenomenon
(Mockett et al. 1999; Begel et al. 1999; Fu et al. 1999). One conserved transcription factor
involved in oxidative stress regulation is cap-n-collar (CncC/Nrf2) (Grimberg et al. 2011).
Drosophila cells that are pretreated with H>O, adapt to oxidative stress by up-regulation of
CncC/Nrf2-dependent 20S proteasome expression, which is a phenomenon also seen in
mammalian cell lines (Grimberg et al. 2011). It has also been shown that decreased proteasome
expression is related to CncC/Nrf2 dysfunction in older flies (Tsakiri ef al. 2013). Enhanced
proteasomal activity by CncC/Nrf2-induced gene expression represents a fundamental strategy
in the protection against oxidative stress not only in flies, but also in nematodes and mammals
(Loboda et al. 2016).

Interestingly, resistance to induced oxidative stress in Drosophila and
mice overexpressing antioxidant enzymes (e.g. SOD or catalase), has not led to prolongation of
life span and these enzymes were not found to be up-regulated in Drosophila exposed to

hyperoxic conditions (Gerschman et al. 1954; Walker ef al. 2006; Gruenewald et al. 2009).
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Selective breeding of Drosophila strains with enhanced longevity produced flies with a suite of
other up-regulated antioxidant defense system enzymes (Arking ef al. 2000), but some
researchers have argued that enhancing just a single component of the antioxidant system is not
sufficient to increase longevity (Hulbert ef al. 2007). However, decreased lifespan in Drosophila
has been observed with increased flight activity because of a change in membrane fatty acids
making them more prone to lipid peroxidation (Magwere ef al. 2006). There seems to be a clear
correlation between oxidative stress and aging, but a definitive link is yet to be elucidated and D.
melanogaster 1s an ideal model species to aide in this endeavor.

Recent transgenic studies provide more evidence for the oxidative stress theory of aging
in Drosophila. Overexpression of Peptide-S-methionine sulfoxide reductase (MsrA), was found
to increase average life span in up to 85% of independent breeding lines (Ruan ef al. 2002). In a
similar overexpression study, the most pronounced longevity was observed with MsrA
overexpressed in motor-neurons, but this study also demonstrated age-related decrease in
spontaneous activity and fertility when overexpressed in other tissues (Parkes ef al. 1998).
Global overexpression glutamate-cysteine ligase results in increase glutathione, a primary
antioxidant in both Drosophila and mammals, and extended the mean life span of Drosophila up
to 24% (Orr et al. 2005). Neuronal overexpression of the glutamate-cysteine ligase extended
mean and maximum life span up to 50%, without affecting the rate of oxygen
consumption/metabolic rate and produced the longest living Drosophila strain to date (Orr ef al.
2005). In vitro studies on isolated mitochondria demonstrate ROS production is dependent on
proton motive force, and can be significantly decreased by chemical uncouplers (Skulachev
1996; Muller 2000; Esteves et al. 2005). Expressing human uncoupling protein-1 (UCP) in

mitochondria of adult fly neurons results in decreased ROS production, reduced oxidative
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damage, resistance to the free radical generator paraquat, and an extension of Drosophila life
span (Fridell et al. 2005). These experiments strongly support the free radical theory of aging in
Drosophila.

It is still unclear whether decreased longevity in response to increased oxidative stress is
due to “oxygen poisoning” or that oxidative stress just accelerates aging. Oxygen poisoning is
less likely given that survival in early fly development (i.e. pre-eclosure) is unaffected by 40%
O, environments (Frazier et al. 2001). Additionally, gene expression patterns in young flies
treated with 100% oxygen is complementary to the gene expression changes seen in old
flies (Landis ef al. 2004). This suggests that oxidative injury can have a role in normal fly aging
and that life-span shortening with hyperoxia may just be accelerated aging. Additionally,
hyperoxia induces severe Drosophila flight muscle mitochondrial malformations, which are
characterized as “swirls” and are present in old flies reared under normoxic conditions (Walker
& Benzer 2004). “Hyperswirl” mutants exhibit accelerated formation of these swirls and reduced
life span (Walker & Benzer 2004). This study demonstrates that the two phenomena are not
independent and that screens under hyperoxia can be used as a successful strategy to identify
aging-related gene and molecular processes (Mockett ef al. 1999).

Many studies with antioxidant-supplementation have been conducted in Drosophila, but
the conclusions drawn from these studies have been mixed, with some studies confirming that a
given antioxidant can clearly extend life span, while in others, the antioxidant has no effect (Le
Bourg 2001; Beckman & Ames 1998). One such supportive study showed that genetic inhibition
of the antioxidant defense enzyme, Sod, in D. melanogaster enhanced tau-induced
neurodegeneration in oxidative stress fly brains (Dias-Santagata ef al. 2007). Though some

studies have shown that manipulation of a single enzyme can effect ROS production, oxidative
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stress, and longevity, there are still many other factors to consider in these regulatory processes.
One such consideration is the epigenetic regulation of enzymes in cells undergoing oxidative

stress, including microRNA post-translational regulation.

1.5. MicroRNAs as gene regulators

In recent years, several research groups have focused their attention on a new class of
gene expression regulators, microRNAs (miRNAs), as potential epigenetic factors that regulate
the cellular response to oxidative stress/aging (Satoh 2010; Zovoilis et al. 2011). MiRNAs are
components of an endogenous RNA interference system with implications for regulation in
virtually all eukaryotic biological functions (Ambros 2004; Selbach et al. 2008). MiRNAs are
short non-coding RNAs of approximately 22 nucleotides that were first described in the
nematode C. elegans in 1993 (lin-4 and let-7), but have since been found in an ever growing list
of eukaryotes, and are presumed to regulate the expression of genes associated with most
biological functions (Lee ef al.1993; Ambros 2004). MicroRNAs have also recently been
identified the unicellular algae Chlamydomonas reinhardtii and viruses (Papaioannou ef al.
2010). In animal cells, they act as post-transcriptional regulators that usually bind to
complementary sequences on the 3" untranslated regions (UTRs) of target messenger RNAs,
which can result in gene silencing via translational repression or target degradation, though some
miRNAs have been found to target within the protein coding region (Reczko et al. 2012).
MiRNAs are either expressed from independent transcriptional units or derived from introns of
protein-coding genes or introns of long non-coding RNAs (Rodriguez et al., 2004; Griffiths-
Jones 2007). MiRNAs are highly conserved across species and are involved in the regulation of

different cellular processes such as developmental timing, cell differentiation, cell proliferation,
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apoptosis, and metabolism (Brennecke et al. 2003; Xu et al. 2003; Chen 2004; Bushati & Cohen
2007; Ambros 2011). Although a plethora of miRNAs are found in many species, the function of
the vast majority of them has not been identified yet (Ying et al. 2012). The deficit in functional
miRNA knowledge provides a novel research platform in uncovering miRNAs’ regulatory roles

in oxidative stress processes.

1.6 Biogenesis and mechanism of microRNAs

The majority of miRNA genes are transcribed from inter- and intra-genic locations by
RNA polymerase II into pri-miRNA transcripts, but a small group of miRNAs can be transcribed
by polymerase Il (Zhou et al. 2007; Faller et al. 2008). Polymerase II-derived pri-miRNAs are
5’ capped, spliced, and poly-adenylated (Cai ef al. 2004). In the nucleus, pri-miRNAs are
processed by a multi-protein complex called Microprocessor, which cleaves the pri-miRNA into
a shorter hairpin-structured precursor miRNA (pre-miRNA) (Siom et al. 2010). Microprocessor
consists of DGCR (Pasha in invertebrates), a double-stranded RNA binding protein, and Drosha,
an RNase III enzyme (Bartel 2004). DGCR8/Pasha binds to the junction between the single-
stranded and double-stranded regions of the pri-miRNA stem and directs Drosha to cleave 11-bp
away from the junction, resulting in a molecule of about 70 nucleotides long, with a two-
nucleotide overhang at the 3’ end (Bartel 2004).

The pre-miRNAs are exported from the nucleus by exportin-5, a nuclear membrane
transport protein, which also exports the short hairpin RNAs (Y1 ef al. 2005). The two nucleotide
overhang left by Drosha is recognized by exportin-5 and transports the pre-miRNAs into the
cytoplasm via a Ran-GTP-dependent reaction (Okada ef al. 2009). In the cytoplasm, pre-

miRNAs are cleaved by Dicer, an RNaselll enzyme, producing a 22-nt miRNA duplex that is
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unwound by helicase (Kim et al. 2009). After Dicer cleavage, the duplex is separated by the
RNA-induced silencing complex (RISC), which includes both TRBP, a double stranded RNA
binding protein and argonaute-2 (Siom ef al. 2010). One 22 nucleotide strand remains bound to
the argonaute-2 protein on RISC as the mature miRNA (the guide strand), and the other strand
(the passenger strand or miRNA*) is degraded (Siom et al. 2010). The thermodynamic stability
at the two ends of the miRNA duplex determines which strand is the guide strand (Khvorova et
al. 2003). The miRNA strand with the relatively unstable base pairs at the 5’ end will be more
frequently chosen as the guide, while the miRNA strand with relatively stable base pairs at the 5°
end will be degraded (Khvorova et al. 2003). However, recent studies show that either the
miRNA or miRNA* strands can be functional; in this case, the miRNA* strand is not degraded,
but associates with argonaute-2 (Okamura et al. 2009). More recent evidence has shown that
miRNAs in mammals can also bind to coding regions or even to 5'UTR sites of target mRNAs
(Lytle et al. 2007; Schnall et al. 2010). Due to imperfect binding of miRNAs to mRNAs in
animal cells, one miRNA can target many different sites on the same mRNA or many different
mRNAs at the post-transcriptional level (Zhang et al. 2009). It is worth noting that miRNAs
function slightly differently in plants (Jones-Rhoades et al. 2006). The main difference is that in
plants, miRNAs bind with perfect or near-perfect complementarity, and therefore always induce
cleavage of the mRNA target transcript rather than cleavage or repression depending on binding

strength seen in animal cells (Figure 1.3) (Zhang et a/ 2009).
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Figure 1.3. The microRNA biogenesis and mechanism pathway. (Adapted from Gan et al. 2015)

1.7 Computational tools for microRNA target prediction.

MiRNA target recognition is based on the complementarity of the eight nucleotide seed
region, and this complementarity has been used to develop computer algorithms to predict
miRNA:mRNA target binding (Watanabe et al. 2007). Several computational algorithms have
been developed to predict miRNAs target mRNAs. These algorithms are mainly focused on
sequence alignments to identify complementary elements between the seed region at the 5’-end
of the miRNA and the 3’UTR of the mRNA, so more novel binding patterns are currently not
well predicted (Yue et al. 2009). Most algorithms also use additional steps to refine the

predictions and rank them according to statistical confidence (Ritchie ez al. 2013).
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Microlnspector, miRanda, and PITA algorithms for example, calculate the thermodynamic
stability of miRNA:mRNA duplexes by searching for the strongest physical interactions between
the seed region at the 5’-end of a miRNA and the 3’UTR of putative mRNAs (John et al. 2004;
Rusinov et al. 2005; Kertesz et al. 2007; Grimson et al. 2007). This approach is limited by
unidentified or inaccurate predictions of stable secondary structures (Ritchie et al. 2013).
Another approach that is used for prediction of miRNA targets involves evaluating sequence
conservation of predicted targets between different species. For example, TargetScan predicts
biological targets of miRNAs by searching for the presence of conserved sites that match the
seed region of a miRNA among different vertebrate species (Lewis et al. 2005). This approach
reduces the number of false positive predictions and helps determine conserved miRNA:mRNA
relationships among different species, but has little use in detecting species-specific binding sites
(Ritchie et al. 2013).

The ability to catalog and predict targets is an essential tool in determining miRNA
biological function once candidate miRNAs are uncovered, but the predicted target binding must
be functionally tested. In addition, most prediction algorithms are restricted to examining the
3’UTR of the mRNA and do not incorporate evidence of functional binding between the miRNA
and the 5’UTR or protein coding region of the mRNA (Thomson et al. 2011). Additionally, the
stable pairing between miRNA and 3'UTR of the mRNA may not necessarily be functionally
interactive, which may explain why the false positive predication rate by these algorithms is
relatively high (Kuhn ez al. 2008; Thomson et al. 2011). Therefore, functional miRNA:mRNA

interaction is essential to identify molecular and physiologically relational miRNA targets.
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1.8 MicroRNAs in oxidative stress

Environmental factors that cause cellular stress can influence miRNA expression (Maes
et al. 2008; Maes et al. 2009). The miRNA biosynthesis apparatus is compromised during
organismic aging and in cellular senescence, leading to a general decline of miRNA availability
with age (Bu et al. 2017). Global decrease in miRNA accumulation was found in aging of
different model organisms, suggesting an aging-associated alteration of miRNA biogenesis
(Inukai & Slack 2013). Dicer down-regulation and subsequently reduced miRNA processing in
adipose tissue is associated with accelerated aging, reduced life span, and reduced stress defense
in different model organisms from C. elegans to mice as well as in humans (Mori et al. 2012).
Longevity-promoting interventions (i.e. caloric restriction) prevent decline of Dicer and miRNA
processing, while senescence-inducing stimuli, like oxidative stress or UV radiation, decrease
Dicer expression (Martin-Montalvo et al. 2013; Mori et al. 2012; Noren Hooten 2016).
Inhibiting DGCRS expression in adult C. elegans resulting in loss of miRNA synthesis showed
accelerated aging and reduced lifespan (Lehrbach ef al. 2012). Clearly oxidative stress can
reduce miRNA synthesis/accumulation by affecting proteins’ biogenesis pathways. Additionally,
through these experiments it could be extrapolated that oxidative stress can induce miRNA-
mediated gene silencing during senescence induction, by either affecting the enzymes that
process miRNAs or regulating (up-regulation or down-regulation) the expression of certain
specific miRNAs.

Since miRNAs can generate rapid and reversible responses, they are ideal mediators for
adaptive responses against oxidative stress through their capacity to fine-tune gene expression
(Mendell & Olson 2012). MiR-34a has been found to induce oxidative stress-mediated cellular

senescence by targeting Situin 1 (SIRT1) and other antioxidant pathway genes in different tissues
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(Hermeking 2010; Ito et al. 2010; Li et al. 2011; Tabuchi et al. 2012). MiR-34a along with miR-
335 were found to be up-regulated in aged rat kidney with respective mRNA targets being
thioredoxin reductase 2 (Txn2) and superoxide dismutase 2 (SOD2) (Bai et al. 2011).
Additionally, increased accumulation of miR-335 and miR-34a resulted in increased ROS and
premature apoptosis of mesangial cells via suppression of both antioxidant enzymes (Bai ef al.
2011). NRF2, a regulator of redox biology, is targeted by various miRNAs in order to fine-tune
redox homeostasis (Cheng et al. 2013). One example of such regulation was when NRF2
expression was restored under caloric restriction by significantly decreasing miR-144 levels
(Csiszar et al. 2014). MiRNA expression during hyperoxia may provide insight into epigenetic
mechanisms involved in oxidative stress responses that are either mediating repair responses,
malfunctioning, or at least not sufficiently functioning in cells undergoing oxidative stress.
Many studies have started to uncover the way in which miRNAs regulate and respond to
states of oxidative stress or how miRNA dysregulation can adversely affect Drosophila.
Dysregulation of 17 miRNAs in D. melanogaster was observed to modify expression of amyloid
precursor protein (APP) (Kong et al. 2014). Several D. melanogaster aging induced miRNA
candidates have recently emerged. Dme-miR-34 expression increases with age in D.
melanogaster and deletion of miR-34 has been shown to both shorten lifespan and accelerate
brain degeneration (Liu et al. 2012). Dme-mir-8, 7, 9, and bantam have been observed to
regulate different aspects of neuronal function in D. melanogaster (Chawla & Sokol 2011). Dme-
miR-8 null mutants display progressive neurodegeneration and humans have 5 paralogues of this
miRNA (hsa-miR-200b, 200a, 429 200c and 141) (Karres et al. 2007). These candidate miRNAs
have clear associations to the aging process, which could have applicative use in mammalian

models if their mechanisms can be further elucidated.
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1.9 Thesis Objectives

The primary aim of this project is to uncover novel miRNA mediators involved in the
oxidative stress response. Additionally, this project sought to determine whether miRNAs could
regulate key antioxidant genes involved in oxidative stress.
Therefore, the specific objectives for my M.Sc. were:
1. Elucidate novel miRNASs involved in regulating genes in the setting of oxidative stress

Oxidative stress has been well studied as the underlying cause of many disease processes

and in aging overall. What is still unclear is the underlying mechanisms that regulate the balance
between oxidative stress and innate antioxidant defenses. In this study, a global scan of all
Drosophila melanogaster miRNAs was used to uncover novel miRNA regulators in oxidative
stress. These candidate miRNAs were further evaluated for the functional roles they play through
accumulation profiling using qRT-PCR. Predicted gene targets of select miRNAs were
functionally tested in order to determine these miRNAs’ ability to bind and suppress predicted
gene targets. An attempt was also made to undercover the effect of eliminating key miRNAs in
Vivo.
2. Assess microRNASs’ abilities to functionally regulate key antioxidant genes

MiRNA target prediction programs only suggest which miRNAs may bind and regulate
specific genes, but do not provide confirmed functions of the miRNA:mRNA target relationship
(Kuhn ef al. 2008). In order to understand how key antioxidant genes may be regulated by
miRNAs, a cell-based functional assay was used to determine the gene regulatory potential of
miRNAs of their predicted antioxidant genes. Functional miRNA:antioxidant mRNA gene pairs
underwent accumulation/expression profiling in order to correlate their functional relationship to

oxidative stress conditions.
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Chapter 2: Elucidating miRNAs and their regulatory functions in oxidative stress

2.1 Introduction

The oldest method of modulating in situ oxidative damage is through the manipulation of
oxygen tension by creating an environment with elevated oxygen content. Harman’s free radical
theory of aging was supported with oxygen “poisoning” experiments where in situ oxidative
damage was modulated through changing the oxygen tension (Gerschman et al. 1954). Because
O; is the substrate for superoxide (O, ) production, an increased in O, tension can result in
increased superoxide formation, in the cytoplasm as well as mitochondria (Boveris & Chance
1973; Li et al. 2004; Walker & Benzer 2004). This manipulation is most effective in organisms
that lack ability to sufficiently regulate their oxygen tension, such as Drosophila (Frazier et al.
2001). Early experiments demonstrated an inverse linear relationship between life span and
oxygen tension in Drosophila (Miquel et al. 1975; Baret et al. 1994). For example, if
atmospheric oxygen is increased above 21% there is a resulting corresponding life span decrease
(Miquel et al. 1975). Additionally, despite the potential to increase ROS production in hypoxic
conditions, some studies have indicated that decreasing oxygen tension below 21% actually
increases life span (Strehler 1977; Mansfield et al. 2004). For this reason, a hyperoxia chamber
was developed to provide a ~95-100% hyperoxia environment for my experiments described
herein.

Hyperoxia-exposed flies were used in a microarray analysis to identify candidate
miRNAs, which were then subjected to further evaluation. This evaluation included observing
how these miRNAs’ accumulations vary between D. melanogaster whole body and head
samples. Additionally, the response and corresponding accumulation of miRNAs has also been

shown to change, depending on the length of time an organism is exposed to an environmental
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stress (Kaur ef al. 2016). I sought to determine when during the oxidative stress process these
miRNAs accumulation patterns were most pronounced in order to better understand their
physiological relevance. Dme-miR-34 was added to this group of candidate miRNAs, even
though it was not initially identified in the microarray screen, because its accumulation has been
associated with adult-onset, brain-enriched, and age-modulated characteristics, and miR-34 loss
triggers accelerated brain aging, late-onset brain degeneration, and a catastrophic decline in
survival (Liu et al. 2012). Up-regulation of miR-34 has also been shown to extend median
lifespan and counteract polyglutamine-mediated neurodegeneration (Liu ef al. 2012).
Additionally, I sought to identify some of the enzymes that these miRNAs are targeting. Dme-
miRNA-8, -11, and -970 were selected to investigate further, and jaguar, castor, and derailed,
respectively, were the genes chosen to evaluate the impacts on gene expression.

To help understand the potential impacts of oxidative stress on neural or other
physiological functions within the insects, it is worth highlighting the known roles of these
proteins within D. melanogaster. Jaguar encodes myosin VI, an F-actin-based motor protein, in
D. melanogaster (Kellerman & Miller 1992). Myosin V and VI have been shown to modulate
axonal mitochondrial transport in D. melanogaster (Pathak et al. 2010). In addition, myosin VI
may promote mitochondrial docking and anchoring along the actin-based cytoskeleton by
moving mitochondria away from microtubule tracks and holding them there, as it has slow
kinetic properties due to a small peptide insertion near the ATP binding pocket, which reduces
accessibility of the modulating ATP (Ménétrey 2007). Inhibition of mitochondrial transport may
result in the loss of mitochondria from synaptic terminals, which leads to dysfunctional synaptic
transmission (Stowers et al. 2002; Yano ef al. 2006). Hence, abnormal or insufficient myosin VI

expression may contribute to mitochondrial dysfunction. The absence of mitochondria in
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presynaptic terminals may reduce local ATP supply and thus affect ATP-dependent processes
including myosin motors that transport synaptic vesicles, which indicates a complex, but
dependent relationship between myosin and mitochondria (Stowers ef al. 2002). Outside of the
nervous system, jaguar has been shown to stabilize DE-cadherin at adherens junctions in the
ovaries (Geisbrecht 2002). Myosin VI/Jar has also been implicated in the regulation of actin
dynamics during sperm individualization (Rogat 2002). If dme-miR-8 does bind and suppress
jaguar it would implicate its role in neuronal mitochondrial as well as reproductive regulative
processes.

Castor (cas) encodes a zinc finger protein and has multiple transcriptional activation
domains, suggesting that it acts as a transcription factor necessary for the development of a
subset of central nervous system neuronal precursors expressed in a subset of Drosophila
glioblast cells where it controls neuronal differentiation (Mellerick ef al. 1992). Castor interacts
genetically with linotte, a transmembrane protein, and no-bridge (Hitier et al. 2001). Cas may
also directly silence nubbin, a homeodomain transcription factor in the wing, expressed in early
and late developing wing neuroblasts, given that nubbin contains a cas-binding site (Kambadur
et al. 1998). In addition, increased production of Cas protein in all neuroblast lineages reduces
nubbin expression (Kambadur ef al. 1998). Embryos that lack castor expression have a
diminished CNS axonal network and express engrailed aberrantly late during central nervous
system development (Mellerick ef al. 1992). Taken all together, it is clear that castor has a
significant role in central nervous system growth, development, and regeneration.

Derailed (drl) encodes a known Wnt5 receptor of the protein-tyrosine kinase receptor
family expressed in dendrites and the precise expression patterns of Wnt5 and Drl orient

dendrites allowing them to target their final glomerular positions (Wu ef al. 2014). Mutation of
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drl results in derangement of the glomerular map, particularly the olfactory map; ectopic midline
glomeruli; and the accumulation of Wnt5 at the midline (Yao et al. 2007). Derailed is expressed
by a small subset of embryonic interneurons whose growth cones choose common pathways
during development (Yao et al. 2007). In derailed mutant embryos these neurons fail to make the
correct pathway choices and fail to establish the correct neuronal pathway recognition (Callahan
et al. 1995). Derailed as a WntS5 receptor, again plays a distinct role in central nervous system
growth, development, and regeneration.

The interactions of the hyperoxia-induced miRNAs and these aforementioned target

genes within D. melanogaster 1s discussed.
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2.2 Methods

2.2.1 Insect rearing

A Drosophila melanogaster white-eyed strain (wl118) was used for all experiments.
Stocks were maintained at room temperature under atmospheric oxygen on a potato flake
medium (Ward’s Instant Drosophila Medium). All experiments were performed using an

approximately 50/50 random distribution of male and female flies.

2.2.2 Hyperoxia treatment

Hyperoxia treatments were performed by exposing groups of flies in a sealed glass
container to a constant flux of ~99.5% oxygen under a low positive pressure. Two day old adult
flies were exposed to hyperoxia for various treatment time points including: 6 hours, 12 hours, 1
day, 2 days, and 5 days. Control flies were handled under identical conditions of light and

temperature, but kept in normoxia (normal atmospheric levels of oxygen).

2.2.3 Evaluating lipid peroxidation as an indirect measure of reactive oxygen species
production using Thiobarbituric acid reactive substances (TBARS) Assay

Flies were treated as described in 2.2.2 Hyperoxia treatment. Five flies from each
treatment (hyperoxia and normoxia at different time points) were frozen in liquid nitrogen then
homogenized in PBS to a final volume of 250uL. Homogenates were centrifuged (5 min at
13,000 rpm) to pellet debris and the supernatant was divided into two 100 ul aliquots for
experimental replicates (50 ul of homogenate debris was discarded). Lipid peroxidation of the
100 ul samples was determined using an OXItek TBARS Assay Kit (ENZO Life Sciences),

according to the manufacturer’s specifications.
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2.2.4 Microarray analysis

Three replicates of 5 day hyperoxia and normoxia treatments were conducted. RNA was
isolated from approximately 25 hyperoxia- or normoxia-treated flies using the miRNeasy® Mini
Kit (QIAGEN). Samples were evaluated for purity and concentration by UV spectrophotometry,
and RNA integrity was assessed by resolving 10% of the RNA sample on a 1% agarose gel in
TAE buffer. The gel was stained using SYBR Gold and samples were visualized on a UV
transilluminator. Approximately Spg of RNA for each sample (two treatments in triplicate) were
sent to LC Sciences for microarray analysis. The complete microarray protocol was carried out
by LC Sciences (Houston, TX, USA) using pParaflo® Microfluidic Chip microRNA microarrays
containing oligos for mature miRNAs cataloged in miRBase version 17 (425 unique mature
miRNA probes). Validation of the microarray analysis was performed by quantitative RT-PCR

(see section 2.2.5).

2.2.5 Accumulation profile of the miRNAs at various stages of hyperoxia exposure

Quantitative reverse-transcriptase PCR (QRT-PCR) was used to determine when
microarray-identified miRNAs and predicted targets are transcribed under various stages of
hyperoxia exposure. RNA was isolated from either approximately 25 whole bodies or 250 fly
heads using the miRNeasy® Mini Kit (QIAGEN) for 1-day, 2-days, and 5-days hyperoxia and
normoxia treatments. cDNA was synthesized using QuantiTect® Reverse Transcription Kit
(Qiagen) with random hexamers. Transcript levels were assessed by quantitative RT-PCR (qRT-
PCR) using a BioRad iQ5 Real-Time thermal cycler and SYBR Green dye. Primers were
designed for microRNAs to amplify pre-miRNAs as described previously by Schmittgen et al.

(2008) and primers for the predicted miRNA target genes were designed using Beacon
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DesignerTM program (Premier Biosoft) (Table 2.1). In general, qRT-PCR primers have annealing
temperatures within 1°C of each other and produce relatively small amplicons of fewer than 200
bp long. When designing qRT-PCR primers to the levels of a miRNA, the general rules of primer
design were relaxed slightly (with slightly higher annealing temperature gaps and slightly longer
amplicon lengths), as the primers needed to be designed to amplify the pre-miRNA sequence in
order to have enough nucleotide sequence for amplification as well as specificity of the targeted
miRNA and not the miRNA’s target gene. For each cDNA sample, qRT-PCR was performed in
triplicate using a BioRad iQ5 Real-Time PCR Detection System using 96-well plates with 20 pl
reactions containing ~10 ng of cDNA, 10 pul of SYBR Green Supermix (BioRad), 1 pl each of
forward and reverse primers (10 uM), and Nanopure water, using the following program: 95°C
for 3 min, followed by 40 cycles of 95°C for 10 seconds, then 45°C for 30 secs, followed by a
melt curve analysis to confirm that only a single PCR product was amplified. For this
experiment, one set of primers was designed to target the Rpl32 as an internal reference gene.
The relative amount of transcripts in the Drosophila samples was determined using the 2"
method (Livak and Schmittgen, 2001) where miRNA transcript levels are normalized to the
internal standard (Rpl32) using the following equation:

Fold change in miRNA accumulation = 2+, where AACT = (€T- mRNA - CTRPED o0 roxia - €T

miRNA - CTRPIB2IN i vt

Table 2.1. Primers used for qRT-PCR analysis of microRNAs.

qRT-PCR Target

Sense Primer

Antisense Primer

dme-miR-8 5’-AAGGACATCTGTTCACATCT-3’ 5’-ACACGGACGACATCTTTAC-3’
dme-miR-34 5’-AATTGGCTATGCGCTTTG-3’ 5’-CGGCAGTGAAGATAGTGG-3
dme-miR-11 5’- CACTTGTCAAGAACTTTCTC-3’ 5’-CTCAGCAAGAACTCAGACT -3°
dme-miR-970 S>-TTTTATTTGGTAGCTGTAA -3’ 5’-TTAGACAACGGTTATAGC -3’
dme-miR-2491 5’- TTGCAGTTGCTGTTTTCCAT-3’ 5’- AAAGTGAATCACGAGTGCT-3’
dme-miR-313 5’- ATTTTCTGCTGCGGATGG-3’ 5’-TTTCGGGCTGTGAAAAGTG-3’
dme-miR-10 5’- GTCGATCCGAATTTGTTTT-3’ 5’- TCTCTAGAACCGAATTTGT-3’

RpL32 (Control)

5’-AAGGGACAGTATCTGATGC-3°

5’-CACCAGGAACTTCTTGAATC-3’
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2.2.6 Identification of potential miRNA gene targets

MiRBase (http://www.mirbase.org/) was used to investigate the general features
(sequences and predicted secondary structures) of candidate miRNAs uncovered from the
microarray. Several databases were used to help determine predicted targets, including: DIANA
lab (DNA intelligence analysis)
(http://diana.cslab.ece.ntua.gr/DianaTools/index.php?r=site/home); miRNA.org — Targets and
Expression (http://www.microrna.org/microrna/home.do); and TargetScanFly
(http://www .targetscan.org/fly 12/). Each database uses its own algorithm to predict
miRNA:mRNA 3’UTR binding based on various parameters, including the presence of
conserved 8mer and 7mer sites that match the seed region of the miRNA, and the free energy of
binding the miRNA to its predicted target (Lewis et al. 2005). Top predicted targets were
compared among the three databases. Target genes that were identified by two or more of the
aforementioned databases were then evaluated for physiological function using FlyBase

(http://flybase.org/) gene ontology information.

2.2.7 Preparation of plasmids for miRNA functional analyses
2.2.7.1 Isolation of miRNAs and predicted miRNA target gene fragments (3’ UTRs)

Genomic DNA was isolated from approximately 15 flies (0.02 g) using a Wizard®
Genomic DNA Purification Kit (Promega). Predicted gene untranslated regions (UTRs) were
PCR-amplified from genomic DNA using extended primers (Table 2.2). Extended primers of
predicted miRNA regulators were designed to amplify dme-miR precursors plus 100 bp of
flanking sequences on both ends of the stem loop (Table 2.2). PCR products were resolved by
electrophoresis on a 2% agarose gel in TAE buffer. The gel was stained using SYBR Gold and

the bands were visualized on a UV transilluminator. Bands were gel extracted using a QIAquick
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Gel Extraction Kit and cloned into the pstBlue™ Novagene cloning vector according to the

manufacturer’s instruction.

Table 2.2. Extended primers used for PCR amplifying predicted gene untranslated regions and
dme-miR precursors plus 100 bp of flanking sequences from genomic DNA.

Genomic Extended Sense Primer Extended Antisense Primer

PCR Target

dme-miR-11 5’-TCGAGGATCCAAAAATTAAACAAATTAAACA -3’ 5’- TCGAGCTAGCCATGATCATTTTGCATCCGCC-3’
Castor 5’- GGTACCAGGAATCGACCGAC-3’ 5’- GGGCCCCGGAAAACATAA-3’

dme-miR-970 5.TCGAGGATCCCAGGAGATTCAGGAGCAACTC -3’  5°- TCGAGCTAGCAAGAGAAGAAATTGGATCAAA-3’
Derailed 5’- GGTACCCCAGCGGTGCT-3’ 5’- GGGCCCGTTTTTAAATATTATGCACG -3’
dme-miR-8 5’-TCGAGGATCCTGAGAACTTTGAGCTTCCTCT-3’ 5’- TCGAGCTAGCAACTTGTTTTTCCTTCGACTT-3"
Jaguar 5-GGTACCACCCCCAATACGAC -3’ 5~ GGGCCCACGTTTAAGTTCTC-3’

2.2.7.2 miRNA and target gene cloning and ligation into expression vectors

3’UTR fragments and respective dme-mirs were PCR-amplified from pstBlue using T7
(5’-TAATACGACTCACTAGGG-3") and Sp6 (5’-GATTTAGGTGACACTATAG-3’) primers.
3’UTR fragments and the miRSelect™ pMIR-GFP reporter vector were digested with BamHI
and Apal restriction enzymes. Respective Dme-mir and the miRSelect™ pEP-miR expression
vector were digested with BamHI and Nhel restriction enzymes. Fragments were resolved by
electrophoresis on a 1% high-resolution agarose gel in TAE buffer. The gel was stained using
SYBR Gold and the bands were visualized on a UV transilluminator. Bands were gel extracted
using a QIAquick Gel Extraction Kit. 3’UTR and miRNA fragments were ligated into pMIR-
GFP and pEP-miR vectors respectively using T4 DNA Ligase (Invitrogen). Ligated vectors were
then transformed into either E.cloni® (Lucigen) or Subcloning Efficiency™ DH5a™
(Invitrogen) chemically competent cells according to the manufacturer’s instruction. Vectors
were isolated using a QIAprep® Spin Miniprep Kit (QIAGEN) and sent for DNA sequencing to

the Robarts Research Institute (London, ON).
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2.2.8 MiRNA functional assays in HEK293 cells
2.2.8.1 HEK293 cell culture and Lipofectamine™ transfection with miRNASelect™ vectors

HEK293 cells were maintained in DMEM 10% FBS media (+4.00mM L- Glutamine,
4500 mg/L Glucose, and Sodium Pyruvate) at 37°C in a 5% constant flow CO2 incubator. Cells
were evenly aliquoted into wells of a 96 well plate and grown until approximately 95-99%
confluent. Cells were transfected with either pMIR-GFP-3’UTR, pEP-miR, or pMIR-GFP-
3’UTR+pEP-miR treatments. Control cell transfections included pMIR-B-Gal, pEP-miR-Null,
and pMIR-B-Gal+pEP-miR-Null vector transfections as well as non-transfection treated cells.
Transfections were performed in triplicate with 0.2 pg vector with 0.5ul Lipofectamine™ in
100uL OptimMEM® reduced serum medium in each well. The transfection medium was
changed after 4 hours. After 24 hours, transfected cells were treated simultaneously with
puromycin (2ug/ml) to select for cells containing the pEP-miR plasmid and with neomycin
(G418 Sulfate) (2pg/ml) to select for cells containing the pMIR-GFP vector. GFP fluorescence
expression within the cells was recorded after 24 hours of vector selection (Figure 2.1) (Section
2.2.8.2).
2.2.8.2 Quantification of GFP expression

Cells were washed with PBS and covered with 100uL PBS to facilitate measurements of
GFP fluorescence. The fluorescence was read using a BioTek® microplate reader using Gen5™
1.09 software at 485nm excitation and 528nm emission, and the cell density was determined by
reading the same plate at 600nm. The fluorescence of each well was normalized to blank wells

containing only 100uL. PBS.
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Figure 2.1. Assay principle for the miRSelect™ pEP-miR expression and miRSelect™ pMIR-
GFP reporter vector system to functionally test predicted miRNA:3’UTR mRNA binding. Cells
were transfected with both pEP-miR, containing the miRNA coding sequence, and pMIR-GFP,
containing the testable 3’UTR fused to the GFP reporter gene. Loss of fluorescence is an
indication that the miRNA can bind to the UTR and repress translation of the GFP transcripts.

2.2.9 In vivo suppression of dme-miR-8 and dme-miR-34 by antisense oligomer injections
and bioassay

Antisense oligonucleotide constructs for dme-miR-8, dme-miR-34, and a GFP control
were designed as chimeras of modified 2’-O-methyl RNA and phosphorothioate DNA
nucleotides using GeneTools and ordered from IDT (Table 2.3). These oligomers were injected
into adult flies using borosilicate glass needles. Needles were pulled on a P-97 Flaming/Brown
Micropipette Puller (Sutter Instruments) using 50 pl glass capillary tubes and a program of: one
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cycle of heat = ramp + 5, pressure = 500, pull = 30, velocity = 120, time = 125. Approximately
250-500 nl of constructs were injected into one day-old D. melanogaster into the mesopleuron of
the thorax. Four treatment samples of D. melanogaster were prepared for each miRNA
(Hyperoxia + anti-miR, Hyperoxia + GFP Control, Normoxia + anti-miR, and Normoxia + GFP
Control). The insects were then observed for 6 hours to ensure their viability before being placed
in their respective treatment environments. These four treatments were compared by assessing
changes in target gene expression (by qRT-PCR) at 1-day, 2-days, and 5-days post injection and

treatment using qQRT-PCR as previously described.

Table 2.3. Antisense oligonucleotide constructs for dme-miR-8, dme-miR-34, and a GFP control
designed and ordered through IDT. (* = Phosphorothioate bonds; mN = 2’-O-Me RNA base)

Target Antisense Oligomer Construct

dme-miR-34 | mC*mG*mA*mC*A*T*C*T*T*T*A*C*C*T*G*A*C*A*G*T*mA*mU*mU*mA*mG*/3Phos/
dme-miR-8 mC*mG*mA*mC*A*T*C*T*T*T*A*C*C*T*G*A*C*A*G*T*mA*mU*mU*mA*mG*/3Phos/
GFP Control | mG*mC*mC*mA*C*A*A*C*G*T*C*T*A*T*mA*mU*mC*mA*mU*/3Phos/

2.2.10 In vivo detection of reactive oxygen species by dihydroethidium

Drosophila melanogaster brains were dissected under a dissecting microscope in
Schneider’s medium. Brains were then stained in a 30uM solution of dihydroethidium and
washed 3 times prior to fixation in 7% formaldehyde in 1X PBS (Owusu-Ansah, 2008). Brains

were visualized using a dissecting fluorescence microscope.
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2.3 Results

2.3.1 Hyperoxia environment induces early death and oxidative stress in D. melanogaster
Adult D. melanogaster flies grown in hyperoxic conditions displayed progressive
qualitative physical deterioration and death as treatment time progressed. Initially, flies were
subjected to a 6-day hyperoxia exposure, as described by Gruenewald et al. (2009). However, by
day 6, the majority of the flies were dead or dying and therefore considered unsuitable for
miRNA extraction and accumulation analysis. Subsequently, all hyperoxia treatments were
conducted for a maximum of 5 days, when the majority (>80%) of the flies were still active.
Two-days post-eclosure D. melanogaster were exposed to a ~99% O, chamber for 6
hours, 2 days, and 5 days. Enzo Life Sciences’ OXY-TEK TBARS assay was then used to
determine the extent of lipid peroxidation, to indirectly confirm that the hyperoxia environment
was inducing some degree of cellular oxidative stress damage during the various hyperoxia
exposure treatments (Oakes & Van Der Kraak 2003; Aksu et al. 2014). There was a significant
increase in lipid peroxidation in all treatment time points (Figure 2.2). With these 3 treatment
time points, there appears to be a peak in cellular lipid peroxidation at 2-days hyperoxia
exposure, with a nearly 4-fold increase in lipid peroxidation relative to normoxia flies. At both 6
hours and 5-days hyperoxia there was an approximately 2.5-fold increase in lipid peroxidation

relative to normoxia flies.
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Figure 2.2. Extent of lipid peroxidation following different exposure lengths of hyperoxia in D.
melanogaster adults. Thiobarbituric acid reactive substances (TBARS), in particular,
malondialdehyde (MDA), a lipid peroxide byproduct, concentrations were measured, using a
standardized curve that measured serial dilutions of MDA with a fluorometer with the excitation
wavelength set at 530 nm and emission at 550 nm. All values were significantly different from
the normoxia (NormO2) control (student t-test; p<0.05).

2.3.2 Hyperoxia whole body and head miRNA analysis

Gruenewald et al. (2009) showed that hyperoxia in D. melanogaster induces cellular
degeneration and they identified a considerable number of genes with altered expression during
oxidative stress in the flies. To extend on their findings, I aimed to determine whether miRNAs
could be regulating the expression of genes during hyperoxia-induced oxidative stress by
performing a genome-wide miRNA accumulation analysis using LC Sciences microarrays. This
analysis identified seven miRNAs that exhibited statistically significant changes in the

hyperoxia-treated flies, relative to those reared in normoxia (Table 2.4).
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Table 2.4. Top seven miRNAs identified in a microarray screen (LC Sciences) that showed

statistically significant changes in accumulation in whole bodies of flies subjected to normoxia

relative to hyperoxia.

Mature dme-miR Identified Accumulation Change Amount of Change p-value
miR-2491-3p Down-regulated .76 2.98E-02
miR-970-3p Up-regulated 1.37 3.65E-02
miR-11-3p Up-regulated 1.20 6.29E-02
miR-8-3p Up-regulated 1.25 6.98E-02
miR-313-5p Down-regulated 22 7.40E-02
miR-10-5p Up-regulated 1.28 8.21E-02
miR-4969-3p Up-regulated 3.31 9.07E-02

Quantitative RT-PCR was used to confirm oxidative stress-mediated changes of

accumulation in both D. melanogaster whole body and head samples. The qRT-PCR analyses

confirmed the up- or down-regulation of six of the seven miRNAs identified by the microarray

analyses; the only exception was dme-miR-10, which showed considerable variation in transcript

levels in hyperoxia-treated flies, and hence, no significant difference from normoxia control

levels was observed (Figure 2.3). Hyperoxia flies showed significant dme-miR-8, -11, -34, -970,

and -4969 up-regulation in both whole body and head samples. Interestingly, dme-miR-2491 and

-313 had the opposite accumulation changes between whole body and head tissue, while dme-

miR-10 accumulation changes were not significant.
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Figure 2.3. Accumulation levels of miRNAs elucidated by microarray global screen after 5 days
hyperoxia treatment relative to the ribosomal protein gene RpL32 and adjusted to show
dysregulation relative to normoxia treated flies, in both whole body and head samples of D.
melanogaster subjected to hyperoxia growth conditions. The values represent means and
standard errors for 3 replicate qRT-PCR experiments. All values were significantly different
from Normoxia unless designation with NS (student t-test; p<0.05)

2.3.3 miRNA accumulations over continuous hyperoxia exposures

Following multi-day hyperoxia exposure, substantial oxidative stress and non-reversible
cellular degeneration has already occurred (Zhao et al. 2010, Gruenewald et al. 2009). In order
to determine if any of these identified miRNAs play a role in the earlier stages of oxidative stress
responses, it was important to determine more precisely when they had altered levels of
transcription. Preliminary experiments showed there are no significant changes in miRNA
accumulation after the first 6 hours of hyperoxia exposure for any of the miRNAs previously
identified (data not shown). However, QqRT-PCR miRNA accumulation analysis confirmed that
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miRNA levels had changed significantly after 1 day-post hyperoxia exposure. Dme-miR-8, -34,
and -7/ all displayed consistent up-regulation at all treatment time points (Figure 2.4). Dme-miR-
2491 and -313 showed up-regulation earlier in hyperoxia exposure, but were down-regulated by
5-days. Dme-miR-970 and -4969 were only significantly up-regulated at 5 days hyperoxia
exposure. Dme-miR-10 was never significantly different from normoxia treatments at any time

point.
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Figure 2.4. Relative accumulation levels of dme-miR-8, -34, -11, -970, -2491, -313, -4969, and -
10 in D. melanogaster treated in both normoxia and hyperoxia growth conditions for 1-day, 2-
days, and 5-days and normalized to the normoxia treatments in whole body samples. The values
represent means and standard errors for 3 replicate QqRT-PCR experiments. All values were
significant unless designation with NS (student t-test; p<0.05).

37



2.3.4 Selecting and evaluating dme-miR-8, -11, and -970 predicted targets

The top 50 predicted gene targets for dme-mir-8, -11, and -970 from DIANA lab,
miRNA.org, and TargetScanFly computer algorithms were compiled and compared. For each of
the three miRNAs, the highest ranking, functionally characterized, protein-encoding target gene
was selected for further analysis. The dme-mir-8 target was jaguar, the dme-mir-11 target was
castor, and the dme-mir-970 target was derailed, which had two similarly-scoring mir-970
binding sites. Table 2.5 shows the predicted consequential pairing of the target gene’s region and
respective miRNAs.
Table 2.5. Predicted 3’UTR targets of Dme-miR-11, -970, and -8. Seed match definitions - 8mer:
an exact match to positions 2-8 of the mature miRNA (the seed + position 8) followed by an ‘A’;
7mer-m8: an exact match to positions 2-8 of the mature miRNA (the seed + position 8); 7mer-

1A: An exact match to positions 2-7 of the mature miRNA (the seed) followed by an ‘A’ (Lewis
et al. 2005). Alignment data provided by TargetScanFly (http://www.targetscan.org/fly 12/).

Cas 3°UTR nt 326-332 5' . ..UUAAGUUUGACUAAA-CUGUGAUG. . . 7mer-m8 5.27
. 1] LTI

Dme-miR-11-3p 3 UCGUUCUUGAGUCUGACACUAC

drl 3’UTR nt 812-818 5' .. .UAGUUCUUAAGUUACUCUUAUGG. . . 7mer-m8 339
_ LITLIT

Dheitf 27 3 UAUCGGCGCACACAGAAUACU

drl3’UTR nt 165-171 5' .. .UAAAUGUACGAACGACUUAUGAG. . . Tmer-1A 0.41
_ LT

Rt s 3 UAUCGGCGCACACAGAAUACU

jar 3°UTR nt 84-90 5' .. .UAUAUAUAUAUUUUACAGUAUUU. . . 7mer-mS8 527
. LITLIT

Dme-miR-8-3p 3 CUGUAGAAAUGGACUGUCAUAAU

To confirm whether or not dme-miR-11, -970, and -8 bind to the respective 3°’UTRs of

Cas, drl, and jar, functional cell-based assays using pMIR-GFP-3’UTR reporter and pEP-

miRNA expression vectors were performed. The 3’UTR sequences for three target genes and

the three dme-miR genes were successfully PCR-amplified from genomic DNA and cloned into
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their respective vectors. DNA sequencing confirmed that the entire 3’UTR sequences and the
miRNA gene had each been successfully cloned. Cells were first transfected with the GFP
reporter plasmid alone, and were observed to fluoresce strongly (results not shown), which
confirmed that the 3’UTR sequences did not prevent GFP expression. Equal dosages of the
pMIR-GFP-3"UTR reporter and the pEP-miR-927 expression vectors were then co-transfected
into HEK293 cells, and 2-days post-transfection, the cells were monitored to assess whether the
miRNAs were capable of suppressing expression of the GFP reporter gene. Cells that were co-
transfected with the dme-miR-11 and dme-miR-970 expression plasmid and their respective
3’UTR-GFP reporter plasmid (cas 3°’UTR and dr/ 3°’UTR) showed a significant suppression of
GFP fluorescence, relative to cells treated with the 3°UTR-GFP reporter plasmid alone (Figure
2.5). These results suggest that the dme-miR-11 and -970 can bind to the cas and drl 3°’UTR
sequences to reduce the reporter genes’ expression. Dme-miR-970 showed 88% translation
reduction in pMIR-GFP-dr/, while Dme-miR-11 showed 36% reduction. Unfortunately, Jaguar
does not appear to be regulated by dme-miR-8 (Figure 2.5) as pMIR-GFP-jar showed no

translation reduction when co-transfected with dme-miR-8.
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Figure 2.5. Cell based assays to assess whether the dme-miR-11, -970, and -8 miRNA can bind
to Cas, drl, and Jar 3°UTRs respectively. The pMIR-GFP-3’UTR plasmid alone and pMIR-
GFP-3’UTR plasmid and the pEP-miR expression plasmid were transfected into HEK293 cells,
and GFP fluorescence was measured 2-days post-transfection. GFP fluorescence was normalized
to non-transfected cell (auto)fluorescence levels and values shown are % GFP fluorescence
relative to pMIR-GFP-3’UTR + pEP-miR-Null. The values represent the means and standard
errors for the experiment performed in triplicate. All values were significant unless designation
with NS (student t-test; p<0.05).
2.3.5 In vivo suppression of dme-miR-8 and dme-miR-34
2.3.5.1 Evaluating the effect of antisense oligomer constructs to suppress miRNA accumulation
Dme-miR-8 and -34 were two of the most significantly altered miRNAs following
hypoxia stress in Drosophila and have been shown to have roles in aging, neuronal regulation,
and neurodegeneration (Chawla & Sokol 2011; Liu et al. 2012). To functionally confirm the
relevance of these two miRNAs in the opposing hyperoxia stress, dme-miR-8 and -34 antisense
oligomers were designed with the aim to reduce the levels of these miRNAs before subjecting

them to hyperoxia. The oligomers were injected into D. melanogaster in the mesopleuron of the

thorax; control flies were injected with a nonsense oligomer with specificity to GFP (a sequence
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not found within the Drosophila genome/transcriptome). Normoxia treated flies were first
examined for evidence of miRNA knockdown (by qRT-PCR) at 1-day, 2-days, and 5-days post
injection and treatment. Curiously, the oligomer injections had the opposite anticipated effect;
anti-miRNA-8 induced increased accumulation of dme-miR-8 transcripts after only 1-day post-
injection and anti-miRNA-34 induced increased accumulation of its respective target after 2-days

post-injection (Figure 2.6).
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Figure 2.6. Relative accumulation levels of dme-miR-8 and 34 in D. melanogaster injected with
their respective antisense miRNA oligomers under normoxia growth conditions normalized to
the GFP control injections. The values represent means and standard errors for 3 replicate qRT-
PCR experiments. All values were significantly different from the normoxia treatment (student
t-test; p<0.05).

2.3.5.2 Evaluating the effect of antisense oligomer constructs to alter miRNA in vivo
functionality
Even though the miRNA accumulation change had the opposite of its intended effect

with antisense oligomer construct injections, flies were monitored for survival with all 3
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injection treatments in both normoxia and hyperoxia growth settings (Figure 2.7). Hyperoxia
treated flies were placed in the hyperoxia environment 2-days post injection, to ensure mortality
was not simply a result of the injection trauma. Overall, all treatments showed some degree of
long term post-injection mortality. Anti-GFP control injections appear to have had better overall
survival in both environment treatments, as they had the lowest mortality at day 6 post injection
(4-days hyperoxia exposure) and had the lowest mortality in their respective treatment groups by
day 9 post injection (7-days hyperoxia exposure). MiR-34 antisense injected flies showed the
highest mortality in the normoxia treatment group. All three antisense oligomer-injected flies,
including the negative control oligomer, showed similarly high mortalities by day 9 when the
insects were subjected to hyperoxia, which only suggests that the injections themselves were too
stressful for flies subjected to the hyperoxia treatments. The lack of any discernable difference
in survival of flies injected with the different oligomers makes it difficult to conclude much more

about the roles of these miRNAs.
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Figure 2.7. D. melanogaster survival post-antisense oligomer injection in Normoxia and
Hyperoxia enviroments. Hyperoxia treated flies where place in their hyperoxia treatment setting
2-days post injection and are designated by O2 after their injection construct name. All
experiments started with 60 flies 2-days post injections.

2.3.6 In vivo detection of reactive oxygen species by Dihydroethidium (DHE)

This experiment was originally intended to examine if decreased accumulation of key
miRNAs would increase ROS accumulation, oxidative stress, and tissue specific damage. While
the miRNA antisense oligomer injections seemingly had the opposite of the predicted effect,
with the injection of the antisense oligomers seemingly failing to knock down the targeted
miRNAs, the oligomer-injected flies were nevertheless examined for ROS-associated damage
following hyperoxia treatment. DHE staining, which is indicative of superoxide accumulation,
demonstrated ROS accumulation and damage was occurring within hyperoxia treated flies,

specifically in the head (Figure 2.8).
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Figure 2.8. Normoxia and hyperoxia Drosophila melanogaster DHE head staining A&B)
Normoxia fly heads dissected and incubated with Dihydroethidium (DHE) 5-days post-oligomer
injection C-D) Hyperoxia fly heads dissected and incubated with DHE 5-days post-oligomer
injection. Note the widespread red fluorescence in the hyperoxia-treated brain (C) and within
clusters of neurons on the apical lobe of the brain (D).

In normoxia treated fly heads, red fluorescence was only faint and on the peripheral
regions, and likely reflects a small degree of oxidative stress from cellular damage due to the
dissection process. In contrast, hyperoxia-treated flies display distinct red fluorescence within
neuronal cells in the head, indicating cellular damage prior to dissection. Three flies from each

treatment were dissected and stained for a total of nine hyperoxia and nine normoxia examined

flies, in which this effect was consistently seen.
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2.4 Discussion

2.4.1 Hyperoxia and its effect on miRNA accumulation

Hyperoxia treatment has been shown to induce a range of cellular and tissue impacts,
including: advanced aging processes; induced inflammation, neurodegeneration, and
cardiomyopathies; and early mortality in D. melanogaster, presumably by constantly subjecting
cells to oxidative stress through the creation of ROS (Gruenewald et al. 2009; Wu et al. 2010,
Powers & Jackson 2008; Tsutsui et al. 2011; Pei et al. 2016; Lightowlers et al. 2015). Lipid
peroxidation is the oxidative degradation of lipids in cell membranes and is used as a marker for
oxidative stress-induced cellular damage. This process is quantified by indirectly measuring the
malondialdehyde (MDA) end product reacting with thiobarbituric acid (TBARS test) to yield a
fluorescent product (Marnettt 1999). There is a clear and significant increase in lipid
peroxidation, and by association, oxidative stress in hyperoxia-exposed flies. A more interesting
and novel finding is that maximal lipid peroxidation was seen at 2-days and not 5-days post-
hyperoxia exposure. This may reflect the flies’ capabilities to counter those particular oxidative
stress effects, or simply reflect the maximal level of lipid peroxidation tolerated before apoptosis
or cellular senescence produces the more toxic 4-hydroxynonenal secondary product, as the
majority of flies died when exposed to 6-days of hyperoxic treatment (Ayala ef al. 2014). The
TBARS assay has been criticized for overestimating MDA levels because some aldehydic
compounds, other non-lipid-related, and non-MDA substances are capable of reacting with TBA
to produce absorbance spectra similar to those of the MDA-complex (Janero & Burghardt

1988). This could also be contributing to peak fluorescence 2-days post hyperoxia treatment.
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Regardless, this experiment sufficiently demonstrates that lipid peroxidation and oxidative stress
occurs in flies reared in hyperoxia environments.

Hyperoxia induces oxidant injury in almost every organ, with the brain being particularly
susceptible (Webster et al. 1987). MiRNAs are emerging as critical factors in gene regulation
during development and may hold the key to understanding the still undetermined modulation of
neurodegenerative diseases. To initially identify miRNAs involved in neuronal protection
against oxidative stress, flies were treated in a highly oxidative atmosphere and miRNA
accumulation was analyzed using a microarray approach. The microarray analyses identified
seven candidate miRNAs with altered accumulations following five days of hyperoxia treatment
in whole body samples while head samples were assessed by qRT-PCR. Quantitative RT-PCR
confirmed whole body changes in all identified miRNAs except for dme-miR-10. This is most
likely due to dme-miR-10 having the shortest pre-miRNA hairpin (only 71 nucleotides) and
therefore insufficient nucleotide sequence to properly and consistently amplify using qRT-PCR
as dme-miR-10 accumulation was never found to be significantly different from any of the
normoxia treatments and regularly only showed minimal or no amplification in qRT-PCR
analyses.

Dme-miR-2491 and -313 also showed down-regulation in whole body samples, but were
up-regulated in head samples. These variances in miRNA accumulation profiles between whole
bodies and heads is not surprising, as similar differences in whole body and head gene
expression profiles have been observed in other D. melanogaster gene expression studies (Zhao
et al. 2010). MiRNAs s typically display tissue-specific accumulations, and potentially regulate
different genes in different tissues (Mohammed et al. 2014), and hence, the differences in the

responses of these two miRNAs in the different tissues likely reflect their different functions in
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heads and other body tissues. These opposing responses in the two samples (heads vs bodies)
were still associated with high levels of mortality and declines in lipid peroxidation, relative to
the control normoxia flies, and hence necessitated evaluation of these miRNAs accumulation at
earlier time points of hyperoxia and oxidative stress exposure.

Following prolonged hyperoxia exposure (5-days), substantial oxidative stress and non-
reversible cellular degeneration had likely already occurred (Zhao et al. 2010, Gruenewald ef al.
2009). MiRNAs are known to influence fundamental cellular activities in health and disease
through their ability to post-transcriptionally regulate gene expression of most genes.
MicroRNAs have been shown to change their accumulation as soon as 2-hours post-treatment;
increased accumulation of miR-21, for example, was observed that soon after Interferon-alpha-
induction (Yang ef al. 2010). In my study, 6 hours of hyperoxia was selected as the earliest time
point to examine miRNA accumulations, but no significant change in accumulation in any
miRNA was observed. This lack of change in miRNA accumulation may simply reflect the
duration of time required for ROS to accumulate to trigger an oxidative stress response and
induce miRNA transcription (Lee & Choi 2003). Reinsbach ef al. (2012) similarly observed no
change in interferon-y-induced miRNA accumulation until well after 12 hours, with the most
significant changes in miRNA accumulations occurring at 24 hours. For this reason, the initial
time point was increased to 1-day post-hyperoxia exposure.

As before, dme-miR-10 showed no significant changes in accumulation over the course of
the hyperoxia exposures. Dme-miR-970, and -4969 showed no significant accumulation changes
at earlier stages of oxidative stress, suggesting their roles are limited to terminal stages of
oxidative stress assault. Dme-miR-2491 and -313 displayed initial up-regulation prior to a down-

regulation at 5-days hyperoxia exposure. Dme-miR-2491’s accumulation displayed a gradual
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decline, while Dme-miR-313 initially had increasing accumulation until it was down-regulated.
Presumably, these miRNAs have important regulatory roles in the early to mid-phase period of
oxidative stress. The decline in their accumulation by day 5 may reflect widespread gene
expression dysfunction, as oxidative stress-induced damage was irreparable after this long
hyperoxia exposure. As there are currently no other studies that have examined the functions of
these miRNAs in association with cell processes involved in oxidative stress, these findings are
novel, but still demand future exploration to resolve their specific roles in response to oxidative
stress.

Dme-miR-34 was added to the list of candidate miRNAs due to its strong link to
regulating ageing processes (Liu et al. 2012). Dme-miR-34, as predicted, showed a gradual
increase in accumulation as hyperoxic exposure increased. Dme-miR-8 and -11 also displayed
consistent up-regulation at all three time points, with Dme-miR-11 having a progressive increase
in accumulation as well. Dme-miR-11 is located in the last intron of dE2f1, a transcription factor,
and its expression parallels that of dE2f1 (Truscott et al. 2011). It has been shown that co-
expression of miR-11 limits the pro-apoptotic function of dE2f1 directly, as well as reaper and
head involution defective indirectly after DNA damage by directly modulating dE2F 1-dependent
apoptotic transcription (Truscott et al. 2011). Its progressive up-regulation, indicates it may be
trying to suppress cell induced apoptosis. Dme-miR-8’s up-regulation, coupled with its potential
to regulate over 250 conserved predicted target genes, is highly suggestive that it has a
significant role in responding to oxidative stress (Grun ef al. 2005). It has also previously been
shown that dme-miR-8 is essential in normal neuronal maintenance, and at least one of the genes
that it regulates encodes atrophin, a protein associated with neuronal function in a wide range of

species, from flies to humans (Karres ef al. 2007). Given these three miRNAs’ consistent up-
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regulation and their affiliation with oxidative stress influenced processes, they seemed the ideal

candidates to further explore functional validity.

2.4.2 Functional validation of Dme-miR-8, -11, and -970 predicted neuronal targets

MiRNAs can potentially regulate many different genes, as they bind with imperfect
complementarity to the target genes’ 3’UTR (Bartel 2004). For this reason, computer programs
are often used to identify putative miRNA target genes (Friedman et al. 2010; Hofer et al. 2011;
Vlachos et al. 2012). This technology only continues to improve with software advancement and
collaborative research input. For example, after the initial microarray results identified miRNAs
associated with oxidative stress, two of the up-regulated miRNAs (dme-miR-2491-3p and -4969-
3p) appeared to lack any predicted target mRNAs, but newly developed programs have now
identified possible targets for these and other miRNAs. Given the growing number of theoretical
target genes to pursue, it was prudent to narrow the focus of both miRNAs of interest as well as
their predicted targets.

I opted to focus my attention on miRNAs that had clearly significant responses in both
whole body as well as heads. Given Dme-miR-970’s consistent up-regulation in both heads and
whole bodies during oxidative stress, it was included along with Dme-miR-8 and -11 for
investigation into potential neuronal regulatory targets. 3’UTR seed-match pairings were initially
used to identify potential miRNA interactions and branch-length scores were then calculated by
combining computational evaluation of five general parameters in order to boost confidence in a
target site’s likelihood of interacting with a specific miRNA (Grimson et al. 2007). These
parameters included: AU-rich nucleotide composition near the site, proximity to sites for co-

expressed miRNAs (which leads to cooperative action), proximity to residues pairing to miRNA
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nucleotides 13—16, positioning within the 3'UTR at least 15 nt from the stop codon, and
positioning away from the center of long UTRs (Grimson et al. 2007; Kheradpour et al. 2007).
miR-11:Cas and miR-8:jar both had the highest possible branch length score at 5.27, while miR-
970:drl was found to have two regions for which dme-miR-970 could bind to dr/ with branch-
length scores of 3.39 and 0.41. Interestingly, even with the high scores for both miR-11:cas and
miR-8.jar interactions, only cas was observed to be significantly suppressed by dme-miR-11,
while jag was not significantly suppressed by dme-miR-8. This observation further supports the
need for functionally testing miRNA:mRNA pairings, as there are obviously other mechanisms
mediating their ability to bind and suppress even high-scoring predicted targets (Ritchie ef al.
2013). Additionally, even though miR-970:drl had the lowest branch-length scores, it proved to
have the highest level of mMRNA suppression. This could be due to the ability of dme-miR-970 to
bind and suppress drl at two 3’UTR locations, providing an additive effect in suppression.

While dme-miR-8 did not sufficiently bind and subsequently suppress jaguar in the
functional assay, it does not mean that it has a reduced role in regulating oxidative stress cellular
responses. On the contrary, its lack of functional suppression, which would potentially be
deleterious to an already ROS-assaulted cell/neuron, may further attest to dme-miR-8’s helpful
up-regulation in cells/neurons undergoing oxidative stress. Given that suppressing jaguar could
cause insufficient myosin VI expression and contribute to mitochondrial dysfunction at synaptic
terminals, dme-miR-8’s lack of jag suppression could be perceived as a benefit to the cell’s
survival (Pathak et al. 2010).

Dme-miR-11 binding to and suppressing Castor transcripts, which encode a zinc finger
transcription factor mainly present in neuronal development, suggests that dme-miR-11’s up-

regulation during oxidative stress could contribute to cellular energy conservation in oxidative
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stress (Mellerick et al. 1992). This correlation can also be drawn for the functional relationship
between dme-miR-970 and drl, given that drl is expressed in embryonic interneurons and helps
to facilitate pathway development as a WntS5 receptor (Callaham ef al. 1995). While this is only
speculation, and there are of course numerous other potential dme-miR-11 and -970 regulatory
targets, down regulating neuronal generation/regeneration during a time of stress could minimize

subsequent aberrant neuronal regeneration.

2.4.3 Functional validation by in vivo suppression of dme-miR-8 and -34

A relatively new approach to inducing miRNA loss-of-function is to use chemically
modified antisense oligonucleotides, which bind to the mature miRNA, leading to functional
inhibition of the miRNA (Torres et al. 2012; Stenvang et al. 2012). These antisense
oligonucleotides are single-stranded RNA-based inhibitors that are chemically modified with
phosphorothioate bonds and 2’-O-Me RNA bases to improve their activity and to increase their
stability (Torres et al. 2012). This strategy has proven to be effective in examining phenotypic
impacts of miRNA suppression in Drosophila embryos (Boutla ef al. 2003). A similar strategy
was applied in young adult Drosophila in this study. Unfortunately, upon evaluation of miRNA
suppression following antisense miRNA injection using qRT-PCR, the opposite of the
anticipated effect was seen. One day after the antisense oligomer injections, miR-34 was
suppressed, but miR-8 was up-regulated when compared to the negative GFP injected control
flies. Two-days after antisense oligomer injections, both miRNAs were up-regulated, and this
up-regulation persisted for 5-days post-injections. It is possible that the oligomers did, in fact,
initially inhibit or ‘mop up’ the miRNAs, but subsequently, triggered a responsive up-regulation.

A study in HeLa cells and Drosophila embryo lysates suggested that antisense oligonucleotides
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block the miRNA loaded miRISC complex in a stoichiometric and irreversible manner
(Hutvagner et al. 2004). This suppression of both the miRNA-miRISC complex may trigger a
compensating response, resulting in up-regulation of the targeted miRNA. Unfortunately,
previous studies have not evaluated the change in miRNA accumulation following antisense
oligonucleotide injection using qRT-PCR in adult Drosophila, so the exact mechanism for the
results seen here remains unresolved.

Given this unintended result, it is difficult to interpret the experimental results that
followed the miRNA antisense oligonucleotide injections. Increased morality was observed in
both normoxia and hyperoxia flies injected with miR-34 and -8 antisense oligonucleotides as
compared to GFP controls. Whether this effect is due to a true sequestration of these miRNAs or
a general dysregulation of miR-34 and -8 remains unclear.

The antisense oligomer injections had been conducted with the aim to examine whether
inhibition of miRNAs could enhance ROS-induced damage in vivo. Despite the apparent lack of
miRNA inhibition using injected antisense oligomers, the injected fly heads and brains were
nevertheless examined for cellular damage. The dihydroethidium staining confirmed that
hyperoxia exposure results in distinct compartmentalized oxidative damage in the Drosophila
head. This, along with qualitative observations of Drosophila behavior changes (slow mobility
and reduced ability to climb or mate as previously described by Zhao et al. 2011) further
supports the oxidative stress hypothesis that neurons are highly susceptible to ROS damage and
that oxidative stress has a pronounced effect in the central nervous system (Webster ef al. 1987;

Greunewald et al. 2009).
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Chapter 3: Antioxidant genes and their miRNA regulators

3.1 Introduction

Antioxidants are essential for cells in maintaining ROS homeostasis in order to prevent
oxidative stress and its deleterious effects as previously described. I sought to uncover how
miRNAs may be regulating antioxidant genes’ expression by focusing on five specific
antioxidants: Superoxide dismutase, Catalase, Heat shock cognate 70-4, Sniffer, and

Thioredoxin-2.

3.1.1 Superoxide dismutase and Catalase — Essential antioxidant enzymes

Superoxide dismutase (SOD) catalyzes the conversion of superoxide to oxygen and
hydrogen peroxide and occurs in both cytoplasmic and mitochondrial isoforms (encoded by
Sodl and Sod2, respectively) in Drosophila. Catalase (cat) catalyzes the decomposition of
hydrogen peroxide to water and oxygen and there is only one functional catalase gene in
Drosophila (Mackay et al. 1989). Some of the first experiments to test the free radical theory of
aging showed that artificial selection for increasing longevity results in increased SOD content
and activity through elevated mRNA content of Copper/Zinc SOD, Iron/Magnesium SOD, and
catalase (Arking 1987). In one study, concomitant overexpression of superoxide dismutase and
catalase increased both average and maximum life span while in another it had no effect on life
span, but had an increase in acute oxidative stress resistance (Sohal et al. 1995, Mockett et al.
2003). The overexpression of only Iron/Magnesium SOD increased life span, albeit to only a
modest extent (Philips et al. 2000). Combined overexpression of Sod/ and Sod2 was shown to

have an additive effect with the increase in life span proportional to the level of SOD
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overexpression (Sun & Tower 1999, Sun et al. 2002, Sun et al. 2004). From these studies we see
a clear link between oxidative stress, aging, and Sod/cat.

Sod - and Sod2-null fly phenotypes are quite deleterious, resulting in 80% life-span
shortening and accelerated aging via expression of the wingless gene (Reveillaud ef al. 1994;
Rogina & Helfand 2000). RNAi-mediated knockdown of the Drosophila Sod? resulted in larval
lethality (about 10 days after hatching), which was only slightly worse than the Sod/-null mutant
(Mockett et al. 2003). True knockout of Sod2 was found to be larval-lethal (36-hours post-
hatch), and established that mitochondrial superoxide dismutase is necessary for life (Duttaroy et
al. 2003). Also, while complete loss of catalase activity results in fatality, partial levels are
sufficient to ensure the viability of Drosophila to normal lifespans (Mackay et al. 1989). These
results provide a strong rationale for manipulating individual antioxidant genes. However, there
have been contradictory findings described in other studies: some have reported an increase in
average life span; others reported no effect or a decrease in life span; and very high
overexpression of superoxide dismutase was found to be lethal (Staveley et al. 1990; Seto et al.
1990; Reveillaud et al. 1991, Reveillaud ef al. 1991). These conflicting results necessitate a
better understanding of these antioxidant genes’ expression as well as their miRNA epigenetic

regulators.

3.1.2 Heat shock cognate 70-4

Heat shock cognate 70-4 belongs to the Heat Shock Protein 70 (Hsp70) superfamily of
chaperones, which assist in numerous folding processes and are up-regulated in response to heat
stress and toxic chemicals (Shaner & Morano 2007). Hsp70 chaperones share a highly conserved
bipartite domain structure composed of an ATPase domain and a substrate-binding domain

(Wang & Brock 2003; Shaner & Morano 2007). Hsc70-4’s mutant allele is lethal (Chang et al.
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2002). Extended longevity was also observed in transgenic flies overexpressing Hsc70-4 (Aigaki
et al. 2002). Hsc70-4 controls rejuvenation of the synaptic protein pool by refolding proteins or
by targeting them for degradation via facilitating endosomal microautophagy based on its
membrane deforming activity (Uytterhoeven ef al. 2015). When Hsc70-4 is able to oligomerize,
it promotes endosomal microautophagy and the turnover of specific synaptic proteins, resulting
in increased neurotransmission (Uytterhoeven et al. 2015). Hsc70-4 is also involved in clathrin-
mediated endocytosis, at least in part by inhibiting the uncoating of clathrin-coated vesicles
(Chang et al. 2002). Additionally, a screen to elucidate components of the RNAi pathway in
Drosophila melanogaster uncovered Hsc70-4 (Dorner et al. 2006). Hsc70-4 has a clear role to
play in managing of oxidative stress-induced protein damage through either repair or

degradation, especially in the nervous system.

3.1.3 Sniffer

Sniffer (Sni) encodes a homodimeric NADPH-dependent carbonyl reductase that
catalyzes the reduction of the lipid peroxidation and belongs to the short-chain
dehydrogenase/reductase (SDR) superfamily of proteins. Sniffer catalyzes the reduction of the
lipid-derived aldehyde 4-oxononenal (Martin et al. 2011). Its functions include protection against
oxidative stress-induced neurodegeneration and prevention of apoptosis by removal of damaged
cardiolipin (Martin et al. 2011). Mutant flies overexpressing sniffer have significantly extended
life spans in a 99.5% oxygen atmosphere compared to wild-type flies (Martin et al. 2011).
Sniffer’s function has been found to be essential for preventing age-related neurodegeneration, as
reduction of sniffer activity leads to neuronal cell death (Botella et al. 2004). Overexpression of

sniffer confers neuronal protection against oxygen-induced apoptosis, increases resistance of
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flies to experimental hyperoxia, and improves general locomotive fitness (Botella et al. 2004).
Sniffer in another essential gene to try to better understand in terms of miRNA regulation during

oxidative stress and neurodegeneration.

3.1.4 Thioredoxin-2

As Drosophila melanogaster does not contain glutathione reductase, the thioredoxin
system has a key function for glutathione disulfide reduction in this and other insects (Candas et
al. 1997). Thioredoxin-2 (Trx-2) is capable of reducing glutathione disulfide and represents up to
1% of the extractable protein extracted from either D. melanogaster Schneider cells or whole
flies (Bauer et al. 2002). Thioredoxins are proteins that have thiol-reducing activity from the
conserved WCGPC region, facilitating roles in defenses against oxidative stress and as electron
donors for ribonucleotide-reductase (Svensson & Larsson 2007). In Drosophila, there are three
classic thioredoxins with the conserved active site: deadhead, ThioredoxinT and Thioredoxin-2
(Svensson & Larsson 2007). Constitutive overexpression of thioredoxin reductase in long-
lived Drosophila strains had no effect on life span, though an increase in acute oxidative stress
resistance was present (Mockett ef al. 1999). Trx-2 null mutants have decreased lifespans, and
thioredoxin double mutant flies showed reduced oxidative stress tolerance, while flies carrying
multiple copies of a Trx-2 rescue construct showed higher tolerance (Svensson & Larsson 2007).
These findings suggest that Trx-2 has modest or redundant functions in Drosophila physiology
under unstressed conditions, but could be important during times of oxidative stress.

In this chapter, I examined the changes in expression of these five genes following
hyperoxia treatments and explored the potential for selected miRNAs to modulate their

expression.
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3.2 Methods

3.2.1 Preparation of plasmids for miRNA functional analyses

3.2.1.1 Isolation of miRNAs and predicted miRNA target gene fragments (3’ UTRs)

Genomic DNA was isolated from approximately 15 flies (0.02 g) using Wizard®

Genomic DNA Purification Kit (Promega). Fragments of antioxidant gene untranslated regions

(UTRs) were PCR-amplified from genomic DNA using extended primers (Table 3.1). Extended

primers of predicted miRNA regulators were designed to amplify dme-miR precursors plus 100

bp of flanking sequences on both ends of the stem loop (Table 3.1). PCR products were resolved

by electrophoresis on a 2% agarose gel in TAE buffer. The gel was stained using SYBR Gold

and the bands were visualized on a UV transilluminator. Bands were gel extracted using a

QIAquick Gel Extraction Kit and cloned into the pstBlue™ Novagene cloning vector according

to the manufacturer’s instruction.

Table 3.1. Extended primers used for PCR amplifying predicted gene untranslated regions and
dme-miR precursors plus 100 bp of flanking sequences from genomic DNA.

Genomic PCR Extended Sense Primer Extended Antisense Primer

Target

SOD 5 GGTACCGCGATAATCTATTCCGATGT-3’ 5-GGGCCCATGGGGCAATTTCAAAACAC-3’

Hse 70-4 5-GGTACCACCATTCACCCCCACACCTC-3’ 5-GGGCCCGCAATTCTCAAATTTATTTA-3"
dme-miR-927 5’-TCGAGGATCCATTTCATTTTATGCAGAATAT-3’ 5’-GGGCCCTTATATCAAAAAATAAAGAA-3’
dme-miR-964 5’-TCGAGGATCCAAAACAAGGTAAATATCAGGT-3’ 5’-TCGAGCTAGCTTTAATTCAACAGTAATTCAT-3’
Catalase 5-GGTACCGCTGAGCGAGCGGATTCGAC-3’ 5. TCGCGCTAGCGCAAGCAATCAACTTGGTGAT-3’
dme-miR-971  5-TCGAGGATCCCACACACACACTGACAGCTAT-3"  5-TCGAGCTAGCCAAGAGTATAGAGGCGATGGC-3’
dme-miR-1012  5-TCGAGGATCCTCAATGTCTGTAAGCCGGTGC-3*  5-TCGAGCTAGCACTGGAGTTCTTGGCACATGG-3’
Sniffer 5-GGTACCACGATGACAGCGGTTAGTTT-3 5-GGGCCCCTTGACTTTAGGAGTCCAGT-3’
dme-miR-978  5-TCGAGGATCCAAACCAGTGGTGAGAGCTACC-3’  5-TCGAGCTAGCTTGCCATCCAACAAAGCGCAC-3’
dme-miR-277  5-TCGAGGATCCACTTACGCCGCGCCGTGCCGA-3>  5-TCGAGCTAGCTTATTTATTGCTATTTCTTTT-3’
Trx-2 5-GGTACCGTGGGCAGCGCATAGACGTC-3’ 5-GGGCCCCAAACGGCGAGTGTGTAATA-3’
dme-miR-1013  5-TCGAGCTAGCATATCATTCCTACTCTGATAG-3’ 5 TCGAGGATCCCTGCGTGTACCCACTTCTCTC-3’

3.2.1.2 miRNA and target gene cloning and ligation into expression vectors

3’UTR fragments and respective dme-mirs were PCR-amplified from pstBlue using T7
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(5’-TAATACGACTCACTAGGG-3") and Sp6 (5’-GATTTAGGTGACACTATAG-3’) primers.
3’UTR fragments and the miRSelect™ pMIR-GFP reporter vector were digested with BamHI
and Apal restriction enzymes. Respective Dme-mir and the miRSelect™ pEP-miR expression
vector were digested with BamHI and Nhel restriction enzymes. Fragments were resolved by
electrophoresis on a 1% high-resolution agarose gel in TAE buffer. The gel was stained using
SYBR Gold and the bands were visualized on a UV transilluminator. Bands were gel extracted
using a QIAquick Gel Extraction Kit. 3’UTR and miRNA fragments were ligated into pMIR-
GFP and pEP-miR vectors respectively using T4 DNA Ligase (Invitrogen). Ligated vectors were
then transformed into either E.cloni® (Lucigen) or Subcloning Efficiency™ DH5a™
(Invitrogen) chemically competent cells according to the manufacturer’s instruction. Vectors
were isolated using a QIAprep® Spin Miniprep Kit (QIAGEN) and sent for DNA sequencing to

the Robarts Research Institute (London, ON).

3.2.2 MiRNA functional assays in HEK293 cells
3.2.2.1 HEK293 cell culture and Lipofectamine™ transfection with miRNASelect™ vectors
HEK293 cells were maintained in DMEM 10% FBS media (+4.00mM L- Glutamine,
4500 mg/L Glucose, and Sodium Pyruvate) at 37°C in a 5% constant flow CO2 incubator. Cells
were evenly aliquoted into wells of a 96 well plate and grown until approximately 95-99%
confluent. Cells were transfected with either pMIR-GFP-3’UTR, pEP-miR, or pMIR-GFP-
3’UTR+pEP-miR treatments. Control cell transfections included pMIR-B-Gal, pEP-miR-Null,
and pMIR-B-Gal+pEP-miR-Null vector transfections as well as non-transfection treated cells.
Transfections were performed in triplicate with 0.2 pg vector with 0.5ul Lipofectamine™ in

100uL OptimMEM® reduced serum medium in each well. The transfection medium was
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changed after 4 hours. After 24 hours, transfected cells were treated simultaneously with

puromycin (2ug/ml) to select for cells containing the pEP-miR plasmid and with neomycin

(G418 Sulfate) (2ug/ml) to select for cells containing the pMIR-GFP vector. GFP fluorescence

expression within the cells was recorded after 24 hours of vector selection (Section 3.2.3.2).

3.2.2.2 Quantification of GFP expression

Cells were washed with PBS and covered with 100uL PBS to facilitate measurements of

GFP fluorescence. The fluorescence was read using a BioTek® microplate reader using Gen5™

1.09 software at 485nm excitation and 528nm emission, and the cell density was determined by

reading the same plate at 600nm. The fluorescence of each well was normalized to blank wells

containing only 100uL. PBS.

3.2.3 Expression profile of the antioxidant genes and their miRNA regulators at various

stages of hyperoxia exposure

As described above (Section 2.2.5), quantitative reverse-transcriptase PCR (qRT-PCR)

was used to determine when antioxidant genes and their miRNA regulators were being

transcribed under various stages of hyperoxia exposure (Table 3.2).

Table 3.2. Primers used for qRT-PCR analysis of microRNAs and their antioxidant targets.

qRT-PCR Target

Sense Primer

Antisense Primer

Sod
Hsc70-4
dme-miR-927
dme-miR-964
Sniffer
dme-miR-277
Trx-2
Catalase

5’-CCCACCAAGGTCAACATCAC-3’
5’-GATCACCATTACCAACGACAAG-3’
5’-GGCATACGAAATTCGGCAAAG-3’
5’-ACTTGCCTTAGAATAGGGGAGC-3’
5’-CGGAATGTACGCCTATCGCA-3’
5>-TGAAGGTTTTGGGCTGCGTG-3’
5’-GTCCTGAAGGTCGATGTGGA-3’
5>-TGAATGTGACGGACAACCAG-3’

5’-CCAAGATCATCGGCATCGG-3’
5’-GTCTCCTTCTGCTTCTCATCC-3’
5’-TAATGGATCGGTAGGGTTTCAG-3’
5>-TCAAATTGTCTTAGAACAGAGGCT-3’
5’-TTGCGGATACAGATCCACGC-3’
5’-GATTGTACGTTCTGGAATGTCGT-3’
5’-TCTTGAGGAACACGAAGGTGG-3’
5’-ACAGCAGGAGGACAAGGC -3’
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3.3 Results

3.3.1 Regulation of antioxidant genes by predicted microRNAs

A number of genes were previously identified in D. melanogaster that encode proteins
that help cells protect themselves against oxidative stress (Gruenewald et al. 2009). The
TargetScanFly algorithm was used to find miRNAs with the predicted capability of regulating
these genes with known protective functions against oxidative stress: superoxide dismutase
(Sod), heat shock cognate 70-4 (Hsc70-4), Catalase (Cat), Thioredoxin-2 (Trx-2), and Sniffer
(Sni). TargetScanFly identified miRNAs with the potential to bind and suppress these key
antioxidant genes’ translations. The miRNAs with the strongest predicted binding strength were
identified for further analysis (Table 3.3).
Table 3.3. Antioxidant genes (Superoxide Dismutase, Heat Shock Cognate 70-4, Catalase,
Sniffer, and Thioredoxin 2) and their top candidate miRNA binders. Seed match definitions-
8mer: an exact match to positions 2-8 of the mature miRNA (the seed + position 8) followed by
an ‘A’; 7mer-m8: an exact match to positions 2-8 of the mature miRNA (the seed + position 8);
Tmer-1A: An exact match to positions 2-7 of the mature miRNA (the seed) followed by an ‘A’

(Lewis et al. 2005). Alignment data provided by TargetScanFly
(http://www.targetscan.org/fly 12/).

Sod 3°UTR nt 86-92 5' . ..AAACGAUAUACAUACUUCUAAAC. .. 7mer-1A 0.0
_ LT

e 3 CCAUUUCGCAUCCUUAAGAUUU

Hsc70-4 UTR nt98-105 | 5' .. .CUUAAACAAACUUGGAUUCUAAA. .. 8mer 4.48
_ LITLIT

Dme-miR-927-5p 3 CCAUUUCGCAUCCUUAAGAUUU

Hsc70-4 UTR nt98-104 | 5' .. .CUUAAACAAACUUGGAUUCUAAA. .. Tmer-1A 4.48
. LT

Dme-miR-964-5p 3 UUCAAUUCGAGGGGAUAAGAUU

Catalase ’UTR nt 8490 | 5' ... AA\UUAUUCCAACACCAACACCAC. .. 7mer-m8 0.32
_ LTI

Dme-miR-971-3p 3 AGUGACAUUCUUCAUUGUGGUU

Catalase ’UTR nt 78-85 | 5' ... GGAACUAAUUAUUCCAACACCAA. .. 8mer 0.32
_ 1] LTI

S 3'  AGUGACAUUCUUCA--UUGUGGUU
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Catalase 3’UTR nt 118-125 | 5" . . . CCACCCAUUCCGAAA----UUGACUAA. . . 8mer 251
. 1111 LTI

Dme-miR-1012-3p 3 GAUACCCCUUUUAGAAACUGAUU

Sniffer 3UTR nt 61-67 5' .. .AUUGUUGUUGAAUAAACUGGACU. . . 7mer-m8 0.13
. LITLIT

Dheitli 2785 3 GACGUUAAAUGCCGUGACCUGU

Sniffer 3’UTR nt 24-30 5' . ..AGCGGUUAGUUUACCUGCAUUUU. .. 7mer-m8 1.43
. LTI

Dme-miR-277-3p 3 ACAGCAUGGUCUAUCACGUAAAU

Trx-2 3’UTR 217-223 5' .. .UGAGAAACUAAGUGGCUUUUAAA. . . Tmer-1A 3.29
. LT

Wil 3 GCUCAAGCCGUAUGAAAAUA

3.3.2 Functional validation of predicated miRNA:antioxidant gene regulation

To confirm whether or not predicted miRNAs bind to targeted 3°’UTRs of antioxidant
genes, functional cell-based assays using pMIR-GFP-3"UTR reporter and pEP-miR-X (where X
represents a specific miRNA) expression vectors were performed. The 3’UTR sequences for the
target genes and the miRNA genes were successfully PCR-amplified from genomic DNA and
cloned into their respective vectors. DNA sequencing confirmed that the entire 3’UTR
sequences and the miRNA genes had all been successfully cloned. Cells were first transfected
with the GFP reporter plasmid alone, and were observed to fluoresce strongly (results not
shown), which confirmed that the 3’UTR sequences did not prevent GFP expression. Equal
dosages of the pMIR-GFP-3’UTR reporter and the pEP-miR expression vectors were then co-
transfected into HEK293 cells, and 2-days post-transfection, the cells were monitored to assess
whether the miRNAs were capable of suppressing expression of the GFP reporter gene.
MiRNA:3’UTR mRNA pairings with stronger branch-length binding scores (>1) showed
significant reduction in the translational levels of their predicted targets ranging from ~20%-35%
reduction (Figure 3.1), which suggests that these miRNAs could indeed affect the expression of
these antioxidant proteins within flies. Antioxidant genes with weaker branch length scores for

miRNA binding (miR-927:Sod, miR-971:Cat, miR-978:Sni) displayed no significant reduction in
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GFP expression, and therefore do not appear to have a strong functionally regulative

relationship.
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Figure 3.1. Cell based assays to assess whether antioxidant gene expression can be suppressed
by miRNAs predicted by binding algorithms. The pMIR-GFP-3"UTR plasmid without predicted
miRNA and pMIR-GFP-3’UTR plasmid and the pEP-miR expression plasmid were transfected
into HEK293 cells, and GFP fluorescence was measured two days post-transfection. GFP
fluorescence was normalized to non-transfected cell (auto)fluorescence levels and values shown
are percent GFP fluorescence relative to pMIR-GFP-3’UTR + pEP-miR-Null. All miRNAs
induced statistically significant reductions in GFP fluorescence except those designated with NS
(student t-test; p<0.05).

3.3.3 Antioxidant gene and associated miRNA expression over continuous hyperoxia
exposure

Quantitative RT-PCR was used to determine the expression of antioxidant genes and their

predicted miRNA regulators over various durations of hyperoxia exposure (Figure 3.2).

Transcript levels of dme-miR-927 were initially insignificantly variable, but by day 5 of



hyperoxia, the level of this miRNA was significantly reduced, relative to normoxia flies. Dme-
miR-964 hyperoxia accumulation was found to be significantly down-regulated at 1 and 2 days
hyperoxia exposure, but was up-regulated by 5 days. The down-regulation of these miRNAs
predicted to bind and suppress Hsc70-4’s translation corresponds with this protein’s necessary
expression in a hyperoxic environment. Similarly, dme-miR-277 was down-regulated for 1 and 2
days of hyperoxia exposure, and then was up-regulated by 5-days, with its predicted target gene,
Sniffer, showing consistent and increasing expression during the hyperoxia treatment.
Unfortunately, miR-1012 and -1013 could not be successfully amplified in either normoxia or
hyperoxia treated flies using qRT-PCR, presumably because they in are comparatively lower
abundance than the other miRNAs examined here. Hence, it is not possible to show any
regulatory relationship of these two miRNAs with their respective antioxidant gene targets (Cat
and 7rx-2), even though both of these genes showed up-regulation under oxidative stress.
Catalase displayed consisted up-regulation, with peak translation at 1-day hyperoxia exposure,

while Trx-2 was initially down-regulated at day 1, but was up-regulated by days 2 and 5.
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Figure 3.2. Relative expression and accumulation levels of Sod, Hsc70-4, dme-miR-927, 964,
Sniffer, dme-miR277, Trx-2 and Catalase in D. melanogaster treated in both normoxia and
hyperoxia growth conditions for 1-day, 2-days, and 5-days and normalized to the normoxia
treatments in whole body samples. The values represent means and standard errors for 3 replicate
gRT-PCR experiments. All miRNAs induced statistically significant reductions in GFP
fluorescence except those designated with NS (student t-test; p<0.05).

3.3.4 Antioxidant gene and associated miRNA expression in head and whole body samples
after S days hyperoxia exposure

Quantitative RT-PCR was used to determine the expression of antioxidant genes and their
predicted miRNA regulators in head as compared to whole body samples after 5-days hyperoxia
treatment. Down-regulation of dme-miR-927 was observed in both head and whole body
samples of hyperoxia-treated flies, relative to normoxia flies (Figure 3.3). Both Sod and Hsc70-4
were up-regulated approximately 3.5-fold under hyperoxia stress in whole bodies, but only

Hsc70-4 had significant up-regulation in head samples.
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Figure 3.3. Relative expression and accumulation levels of dme-miR-927, Sod, and Hsc70-4 in
D. melanogaster treated in both normoxia and hyperoxia growth conditions for 5 days
normalized to the normoxia treatments in head and whole body samples. The values represent
means and standard errors for 3 replicate qRT-PCR experiments. All miRNAs induced
statistically significant reductions in GFP fluorescence except those designated with NS (student
t-test; p<0.05).
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3.4 Discussion

3.4.1 Antioxidant genes and their miRNA regulators

The mechanisms underlying the control of antioxidant gene expression during the aging
process and during extended periods of oxidative stress have not been fully elucidated. For this
reason, | chose to examine the potential role of miRNAs as post-transcriptional regulators of
antioxidant gene expression. The first step in this endeavor was to determine which miRNAs
regulated 5 key genes involved in repairing and modulating oxidative stress. These genes were:
superoxide dismutase (Sod), heat shock cognate 70-4 (Hsc70-4), Catalase (Cat), Thioredoxin-2
(Trx-2), and Sniffer (Sni). MiRNAs with the highest likelihood of binding to and suppressing
these antioxidant genes where chosen.

Interestingly Sod! only has one miRNA predicted to bind and target its 3’UTR, dme-
miR-927, and this pairing had the lowest possible branch length pairing of 0.0 indicating that it
contains a conserved pairing site, but with little to no potential of molecularly binding (Ruby et
al. 2007). Additionally, Sod2, mitochondrial superoxide dismutase, currently has no predicted
miRNAs. The lack of suppressive miRNAs for these two enzymes may reflect their
physiological significance in combating oxidative stress, and an intolerance for down-
modulation by miRNAs, especially considering null mutant produces fatal phenotypes (Duttaroy
et al. 2003). Dme-miR-927 is also predicted to bind and target Hsc70-4 in addition to dme-miR-
964, each with a much higher branch length score of 4.48. Cat had several potential miRNA
regulators; dme-miR-971 and dme-miR-1012 were chosen as miR-971 was predicted to bind to
two different locations on ca#’s 3’UTR and miR-1012 had one of the higher predicted branch-
length scores of 2.51. Sni also had a limited number of predicted miRNAs that might bind its

3’UTR, but dme-miR-277 and -978 were selected to study here as they had moderate branch
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length scores of 1.43 and 0.13 respectively. Trx-2 only had 1 conserved miRNA to choose from,
which was dme-miR-1013 and has a branch length score of 3.29.

Overall, microRNAs with higher branch-length scores were more successful in binding to
and suppressing their predicted antioxidant 3’UTRs, and in general, any miRNA with a branch-
length score >1.0 successfully bound to and suppressed GFP expression, though increased
branch binding scores did not directly correlate to greater GFP suppression.

Sod was not suppressed by dme-miR-927 while Hsc70-4 was, in addition to being
suppressed by dme-miR-964. Dme-miR-927 has previously been shown to be mostly restricted to
accumulation in the head while dme-mir-964 was observed to be expressed in the head as well as
other systems (Mohammed et al. 2014). Hsc70-4’s concentration within the nervous system,
combined with the fact that these two miRNAs are similarly expressed in the head of the insect,
strongly suggests that they are indeed capable of modulating responses to oxidative stress. The
additional finding that dme-miR-927 was down-regulated in both head and whole body samples
during prolonged (5-days) hyperoxia exposure suggests that Hsc70-4’s expression could increase
(due to the lack of miR-927 modulation), and thereby provides a protective antioxidant role
during oxidative stress induced neurodegeneration processes. The lack of significant dme-miR-
927 down-regulation at 1- and 2-days post-hyperoxia exposure in whole body samples could
reflect its greater accumulation in the head or it could reflect its target Hsc70-4’s more dominant
antioxidant role in later stages of oxidative stress induced cellular- and neuro-degeneration. The
variability of dme-miR-964’s accumulation between 2 and 5 days hyperoxia exposure in whole
body samples is somewhat perplexing. Its alternation between decreased to increased
accumulation from 2- to 5-days suggests that it may not have a large role in down-regulating its

target mRNAs during early hyperoxia, but that is needed in later stages of oxidative stress. If
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dme-miR-964 is indeed regulating Hsc70-4’s expression, then perhaps this is occurring in the
peripheral nervous system during late hyperoxia, as this miRNA is not restricted to just the brain.
Alternatively, dme-miR-964 may be interacting in coordination with other miRNAs, such as
dme-miR-927, to fine-tune Hsc70-4’s expression.

Sod and Hsc70-4 were both up-regulated in whole bodies under oxidative stress, while
only Hsc70-4 expression was significantly increased in heads during oxidative stress. In another
study, overexpression of Hsc70-4 was able to extend the life span of hyperoxia-treated flies
while Sod overexpression did not (Gruenewald ef al. 2009). As Hsc70-4 is a molecular
chaperone involved in maintaining proper protein folding, these findings suggest that protein
maintenance rather than ROS scavenging may be somewhat more important in organisms
subjected to prolonged oxidative stress. However, Gruenewald ef al. (2009) also showed that Sod
was able to preserve the integrity of the dopaminergic system, highlighting the importance of this
enzyme in neuronal integrity maintenance. Based on those findings, increased accumulation of
dme-miR-927 may have deleterious effects in the central nervous system of D. melanogaster
through suppression of these key enzymatic antioxidant proteins involved in the oxidative stress
response.

Catalase, even with miR-971’s two binding sites within its 3’ UTR, was only suppressed
by miR-1012. Dme-miR-1012 has been shown to be globally translated in D. melanogaster,
which further supports a dme-miR-1012:cat relationship (Mohammed et al. 2014).
Unfortunately, dme-miR-1012 was never successfully amplified using qRT-PCR as it is a small
miRNA with only 59 pre-miRNA nucleotides, and hence difficult to amplify. Similarly, dme-
miR-1013 significantly suppressed 7rx-2 and has body-wide accumulation, but its small size

rendered it impossible to amplify using QRT-PCR and thereby examine its changes during
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oxidative stress. Both cat and Trx-2 were up-regulated under hyperoxic conditions. Catalase had
the highest expression in earlier oxidative stress conditions, as its up-regulation was likely
triggered by early rising and peaking levels of H,O,, as evidenced by the peaking lipid
peroxidation levels at 2-days post-hyperoxia exposure. 77x-2, on the other hand, was initially
down-regulated then became up-regulated 2- and 5-days post-hyperoxia exposure indicating it
has a greater antioxidant role once cellular degeneration ensues.

Sniffer was suppressed only by miR-277 in the plasmid-based functional assays. /n vivo,
this miRNA was down-regulated on day 1 of the hyperoxia treatment, and this correlated with an
increase in sniffer transcripts, but by day 2 to 5 of the hyperoxia treatments, this miRNA was
accumulating along with its associated target. This could suggest that dme-miR-277’s
accumulation is increasing in an effort to suppress or at least fine tune the translation of sniffer
transcripts. Both dme-miR-277 and sniffer are expressed almost exclusively in the head of the
insects, which also supports a possible interaction between this miRNA and target mRNA
(Mohammed et al. 2014). Interestingly, another study supported dme-miR-277’s role in
modulating metabolism and lifespan, a result that is further supported here (Esslinger et al.
2013).

Unfortunately, due to time limitations, full head accumulation/expression profiling of all
candidate miRNAs and antioxidant genes by qRT-PCR was not undertaken, limiting the
interpretation of these genes’ and miRNA’s interactions in oxidative stress-induced
neurodegenerative processes. The real proof of the regulatory roles of these miRNAs however,
would involve measurements of the target proteins, to demonstrate that an increase in a particular

miRNA leads to a predicted reduction in the predicted protein’s levels. Such analyses are beyond
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the scope of this study, but nevertheless, my findings provide insights that will help direct future

studies in the roles of these miRNAs.
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Chapter 4: Conclusions and Future Directions

From the studies described in Chapters 2 and 3, it appears highly likely that miRNAs play
a role in the response to oxidative stress, given that their abundances change over the course of
the stress period and that they are capable of interacting with and presumably destabilizing
transcripts of genes associated with the oxidative stress responses. New miRNAs involved in
advanced stages of the oxidative stress response were initially identified with the microarray
analysis and then confirmed with qRT-PCR. Unfortunately, the microarray analysis only
examined these miRNAs’ accumulation variation during the final stages of the hyperoxia-reared
flies’ life spans. Hence, these analyses failed to identify miRNAs involved in the early phases of
oxidative stress, at time points that might be critical to the organism’s response to the oxidative
stress. The cost of the microarray analyses was surprisingly high (>$5000), and precluded
performing any additional microarray analyses of samples derived from earlier time points
during the oxidative stress. As high-throughput RNA sequencing continues to improve and its
cost continues to drop, it would be worthwhile using this method to examine changes in miRNA
accumulation patterns during both early and late oxidative stress response periods. As the initial
goal of the project was to examine miRNAs associated with neurodegenerative conditions arising
from oxidative stress, it would be especially interesting to compare changes in miRNA
abundance in both heads and the rest of the body, to identify those miRNAs exclusively
associated with brain adaptation to oxidative stress.

Regardless of these initial limitations, it was still possible to examine whether these
candidate miRNAs played an earlier role in oxidative stress response regulation using qRT-PCR.
These experiments proved fruitful, and also helped narrow down key regulatory miRNAs, in

order to start investigating potential miRNA targets. These functional assay experiments proved
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that not all predicted target mRNAs, identified using a variety of publicly-available
miRNA:mRNA binding algorithms, may be destabilized by the miRNA, at least using this
somewhat artificial cellular assay system. Given the current results, it is worth pursuing
alternative predicted miRNA targets for dme-miR-8, -34, and -11, as these three miRNAs had
consistent up-regulation at all hyperoxia exposure points, and presumably must be regulating the
suppression of many genes. Of particular interest would be to functionally verify the interaction
between dme-miR-11:dE2fI given their transcriptional as well as correlative relation (Truscott et
al. 2011). As of now, castor and derailed are the only functionally proven targets for these
miRNAs (dme-miR-11 and -970 respectively), but the significance of these miRNA:mRNA
target gene interactions are still unclear. Both castor and derailed are important genes in neural
development and function, but they are not known to have any roles in dealing with oxidative
stress. Perhaps these miRNAs may suppress these genes’ expression during stress periods, to
minimize any further physiological or developmental defects during periods of cellular repair.
We have much to learn about the number of genes that a single miRNA can regulate, and
how that regulation actually impacts the cell’s and/or organism’s phenotype in both development
and during times of cellular stress. While the cell-based assays are informative about the mRNA
binding capabilities of miRNA, they do not inform us of the miRNA’ in vivo functions. The use
of a heterologous cell system (HEK) offers some security in that it may lack the mRNAs
(3°’UTRs) of interest, but it might still have similar miRNAs. In this way, the system is not
perfectly clean as endogenous miRNAs may also bind to 3’UTRs of interest and disrupt the
assay. Fortunately, the latter can be somewhat mitigated or at least accounted for by running

parallel peP-miR-Null as well as pEP-has-miR-941 control vector assays. Additionally, since
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more than one miRNA can bind to a single 3’'UTR, some assay results may not reflect the actual
biology as multiple miRNAs may need to work together to effectively reduce transcript stability.

With the unexpected result of antisense oligomer constructs having the opposite of
predicted effect in suppressing dme-miR-8 and -34, it seems an alternative method to knock
down miRNAs would be worth pursuing in order to understand the in vivo consequences of these
miRNAs’ absences. An alternative method could be to create transgenic fly stocks with either
dme-miR-8 and/or -34 sponges rather than just injecting antisense oligomers (Ebert and Sharp
2012). This method has proven to be more advantageous in biological experiments as it
eliminates the need to continually inject antisense oligomers in order to reach desired miRNA
suppression. Sponges also have the potential to be expressed using a tissue-specific promoter in
order to keep the loss of a miRNA to just one tissue (brain), and not cause body-wide deficits.
Dme-miR-11, -927, -964, and -277 would also be miRNAs worth pursuing to identify potential in
vivo knock-down targets in future studies.

The use of microRNA-inhibiting oligonucleotides can help define a microRNA’s
function, but as proven by this study, this method can be unreliable. Additionally, simply
injecting or constitutively expressing miRNAs is complicated by the multiplicity of impacts that
each microRNA has on any single cell, especially given the fact that most miRNAs display tissue
specific accumulation (Mohammed ef al. 2014). For this reason, an additional experiment worth
pursuing to understand the roles of these candidate miRNAs would be in situ hybridization. This
technique would help to determine in which tissue they are most predominantly accumulating in
during oxidative stress (Song and Yan 2010). Once their primary tissue was uncovered, direct
tissue suppression of the miRNA would yield the most indicative results of the miRNAs’

regulatory function in oxidative stress.
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While there are many leads to follow in the future, this study provides some thought-
provoking findings that indicate a role for miRNAs in regulating a very important cellular
protective mechanism, and demonstrates the utility of a simple insect model to explore complex
cellular and genetic aspects of both disease processes and ageing. In conclusion, this study
provides new insights into the role of some key miRNAs relevant to oxidative stress regulatory
response. Although there is much more to understand about the complexity of miRNAs and their
roles in regulating cellular functions, this study also provides some possible new directions in

understanding the complex processes involved in oxidative stress.

74



References

Adams M, Celniker S, Holt R, Evans C, Gocayne J, Amanatides P, Scherer S, Li P, Hoskins R,
Galle R, George R, Lewis S, Richards S, Ashburner M, Henderson S, Sutton G, Wortman J,
Yandell M, Zhang Q, Chen L, Brandon R, Rogers Y, Blazej R, Champe M, Pfeiffer B, Wan K,
Doyle C, Baxter E, Helt G, Nelson C, Miklos G, Abril J, Agbayani A, An H, Andrews-
Pfannkoch C, Baldwin D, Ballew R, Basu A, Baxendale J, Bayraktaroglu L, Beasley E, Beeson
K, Benos P, Berman B, Bhandari D, Bolshakov S, Borkova D, Botchan M, Bouck J, Brokstein P,
Brottier P, Burtis K, Busam D, Butler H, Cadieu E, Center A, Chandra I, Cherry J, Cawley S,
Dahlke C, Davenport L, Davies A, de Pablos B, Delcher A, Deng Z, Mays A, Dew I, Dietz S,
Dodson K, Doup L, Downes M, Dugan-Rocha S, Dunkov B, Dunn P, Durbin K, Evangelista C,
Ferraz C, Ferriera S, Fleischmann W, Fosler C, Gabrielian A, Garg N, Gelbart W, Glasser K,
Glodek A, Gong F, Gorrell J, Gu Z, Guan P, Harris M, Harris N, Harvey D, Heiman T,
Hernandez J, Houck J, Hostin D, Houston D, Howland T, Wei M, Ibegwam C, Jalali M, Kalush
F, Karpen G, Ke Z, Kennison J, Ketchum K, Kimmel B, Kodira C, Kraft C, Kravitz S, Kulp D,
Lai Z, Lasko P, Le1 Y, Levitsky A, LiJ, L1 Z, Liang Y, Lin X, Liu X, Mattei B, McIntosh T,
McLeod M, McPherson D, Merkulov G, Milshina N, Mobarry C, Morris J, Moshrefi A, Mount
S, Moy M, Murphy B, Murphy L, Muzny D, Nelson D, Nelson D, Nelson K, Nixon K, Nusskern
D, Pacleb J, Palazzolo M, Pittman G, Pan S, Pollard J, Puri V, Reese M, Reinert K, Remington
K, Saunders R, Scheeler F, Shen H, Shue B, Siden-Kiamos I, Simpson M, Skupski M, Smith T,
Spier E, Spradling A, Stapleton M, Strong R, Sun E, Svirskas R, Tector C, Turner R, Venter E,
Wang A, Wang X, Wang Z, Wassarman D, Weinstock G, Weissenbach J, Williams S, Woodage
T, Worley K, Wu D, Yang S, Yao Q, Ye J, Yeh R, Zaveri J, Zhan M, Zhang G, Zhao Q, Zheng
L, Zheng X, Zhong F, Zhong W, Zhou X, Zhu S, Zhu X, Smith H, Gibbs R, Myers E, Rubin G,
Venter J. 2000. The genome sequence of Drosophila melanogaster. Science 287(5461): 2185-
2195.

Aigaki T, Seong KH, Matsuo T. 2002. Longevity determination genes in Drosophila
melanogaster. Mech Ageing Dev. 123(12): 1531-1541.

Aksu U, Yanar K, Terzioglu D, Erkol T, Ece T, Aydin S, Uslu E, Cakatay U. 2014. Effect of
tempol on redox homeostasis and stress tolerance in mimetically aged Drosophila. Arch Insect
Biochem Physiol. 87: 13-25.

Ambros V. 2004. The functions of animal microRNAs. Nature. 431(7006): 350-355.
Ambros V. 2011. MicroRNAs and developmental timing. Current opinion in genetics &
development. 21(4): 511-517.

Arking R. 1987. Successful selection for increased longevity in Drosophila: analysis of the
survival data and presentation of a hypothesis on the genetic regulation of longevity. Exp
Gerontol. 22: 199-220.

Arking R, Burde V, Graves K, Hari R, Feldman E, Zeevi A, Soliman S, Saraiya A, Buck S,

Vettraino J, Sathrasala K. 2000a. Identical longevity phenotypes are characterized by different
patterns of gene expression and oxidative damage. Exp Gerontol. 35: 353-373.

75



Arking R, Burde V, Graves K, Hari R, Feldman E, Zeevi A. Soliman S, Saraiya A, Buck S,
Vettraino J, Sathrasala K, Wehr N, Levine RL. 2000b. Forward and reverse selection for
longevity in Drosophila is characterized by alteration of antioxidant gene expression and
oxidative damage patterns. Exp Gerontol. 35: 167-185.

Ayala A, Muiioz MF, Argiielles S. 2014. Lipid Peroxidation: Production, Metabolism, and

Signaling Mechanisms of Malondialdehyde and 4-Hydroxy-2-Nonenal. Oxidative Med and
Cellular Longevity. 2014(Article ID 360438): 31 pages.

Bai XY, Ma Y, Ding R, Fu B, Shi S, Chen XM. 2011. miR-335 and miR-34a promote renal
senescence by suppressing mitochondrial antioxidative enzymes. J of the American Soc of
Nephrology. 22(7): 1252—-1261.

Baret P, Fouarge A, Bullens P, Lints FA. 1994. Life-span of Drosophila melanogaster in highly
oxygenated atmospheres. Mech Ageing Dev. 76: 25-31.

Barja G, Herrero A. 2000. Oxidative damage to mitochondrial DNA is inversely related to
maximum life span in the heart and brain of mammals. FASEB J. 14: 312-318.

A) Barja G. 2002. Endogenous oxidative stress: relationship to aging, longevity and caloric
restriction Ageing Res Rev. 1: 397-411.

B) Barja, G. (2002). Rate of generation of oxidative stress-related damage and animal
longevity. Free Radic Biol Med. 33: 1167-1172.

Barja G. 2004. Aging in vertebrates, and the effect of caloric restriction: a mitochondrial free
radical production-DNA damage mechanism?. Biol Rev Camb Philos Soc. 79: 235-251.

Bartel D. 2004. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 116(2): 281-
297.

Bauer H, Kanzok SM, Schirmer RH. 2002. Thioredoxin-2 but not thioredoxin-1 is a substrate of
thioredoxin peroxidase-1 from Drosophila melanogaster. Isolation and characterization of a

second thioredoxin in D. melanogaster and evidence for distinct biological functions of Trx-1
and Trx-2. J Biol Chem. 277(20): 17457-17463.

Beal MF. 1995. Aging, energy, and oxidative stress in neurodegenerative diseases. Ann
Neurol. 38(3): 357-366.

Beckman KB, Ames BN. 1998. The free radical theory of aging matures. Physiol Rev. 78: 547-
581.

Begel O, Boulay J, Albert B, Dufour E, Sainsard-Chanet A. 1999. Mitochondrial group 11

introns, cytochrome c oxidase, and senescence in Podospora anserina. Mol Cell Biol. 19: 4093-
4100.

76



Bianchi VE & Falcioni G. 2016. Reactive oxygen species, health and longevity. AIMS Mol
Science. 3(4): 479-504.

Bilen J & Bonini NM. 2005. Drosophila as a model for human neurodegenerative disease. Annu
Rev Gen. 39:153-171.

Bokov A, Chaudhuri A, Richardson A. 2004. The role of oxidative damage and stress in aging.
Mech Ageing Dev. 125: 811-826.

Bosco G, Clamer M, Messulam E, Dare C, Yang Z, Zordan M, Reggiani C, Hu Q, Megighian A.
2015. Effects of oxygen concentration and pressure on Drosophila melanogaster: oxidative
stress, mitochondrial activity, and survivorship. Arch Insect Biochem Physiol. 88: 222-234.

Botella JA, Ulschmid JK, Gruenewald C, Moehle C, Kretzschmar D, Becker K, Schneuwly S.
2004. The Drosophila carbonyl reductase sniffer prevents oxidative stress-induced
neurodegeneration. Curr Biol. 14(9): 782-786.

Boutla A, Delidakis C, Tabler M. 2003. Developmental defects by antisense-mediated
inactivation of micro-RNAs 2 and 13 in Drosophila and the identification of putative target
genes. Nucleic Acids Research. 31(17): 4973-4980.

Boveris A & Chance B. 1973. The mitochondrial generation of hydrogen peroxide. General
properties and effect of hyperbaric oxygen. Biochem J. 134: 707-716.

Brennecke J, Hipfner DR, Stark A, Russell RB, Cohen SM. 2003. Bantam encodes a
developmentally regulated microRNA that controls cell proliferation and regulates the
proapoptotic gene hid in Drosophila Cell. 113(1): 25-36.

Bu H, Wedel S, Cavinato M, Jansen-Diirr P. 2017. MicroRNA Regulation of Oxidative Stress-
Induced Cellular Senescence. Oxidative Medicine and Cellular Longevity. 2017: Article ID
2398696, 12 pages.

Bushati N & Cohen SM. 2007. microRNA Functions. The Ann Rev of Cell and Dev. 23: 175-
205.

Cai X, Hagedorn CH, Cullen BR. 2004. Human microRNAs are processed from capped,
polyadenylated transcripts that can also function as mRNAs. RNA. 10(12): 1957-1966.

Callahan CA, Muralidhar MG, Lundgren SE, Scully AL, Thomas JB. 1995. Control of neuronal
pathway selection by a Drosophila receptor protein-tyrosine kinase family member. Nature.
376(6536): 171-174.

Candas M, Sohal RS, Radyuk SN, Klichko VI, Orr WC. 1997. Molecular organization of the

glutathione reducatse gene in Drosophila melanogaster. Arch Biochem Biophys. 339(2): 323-
334.

77



Chang HC, Newmyer SL, Hull MJ, Ebersold M, Schmid SL, Mellman I. 2002. Hsc70 is required
for endocytosis and clathrin function in Drosophila. J Cell Biol. 159(3): 477-487.

Chang-Zheng C, Li L, Lodish HF, Bartel DP. 2004. MicroRNAs Modulate Hematopoietic
Lineage Differentiation. Science. 303(5654): 83-86.

Chawla G & Sokol NS. 2011. MicroRNAs in Drosophila development. Int Rev of Cell and Mol
Bio. 286: 1-65.

Cheng L, Quek CYJ, Sun X, Bellingham SA, Hill AF. 2013. The detection of microRNA
associated with alzheimer’s disease in biological fluids using next-generation sequencing
technologies. Front Genet. 4.

Cheng X, Ku CH, Siow RC. 2013. Regulation of the Nrf2 antioxidant pathway by microRNAs:
new players in micromanaging redox homeostasis. Free Rad Biol and Med. 64: 4-11.

Chinnery PF, Samuels DC, Elson J, Turnbull DM. 2002. Accumulation of mitochondrial DNA
mutations in ageing, cancer, and mitochondrial disease: is there a common mechanism?. Lancet.
360: 1323-1325.

Cowan CM, Sealey MA, Quraishe S, Targett MT, Marcellus K, Allan D, Mudher A. 2011.
Modelling tauopathies in Drosophila: insights from the fruit fly. Int J Alzheimers Dis. 2011:
598157.

Csiszar A, Gautam T, Sosnowska D, Tarantini S, Banki E, Tucsek Z, Toth P, Losonczy G, Koller
A, Reglodi D, Giles CB, Wren JD, Sonntag WE, Ungvari Z. 2014. Caloric restriction confers
persistent anti-oxidative, pro-angiogenic, and anti-inflammatory effects and promotes anti-aging
miRNA expression profile in cerebromicrovascular endothelial cells of aged rats. American J of
Physio: Heart and Circulatory Physiology. 307(3): H292—-H306.

D’ Autréaux B & Toledano MB. 2007. ROS as signalling molecules: mechanisms that generate
specificity in ROS homeostasis. Nat Rev Mol Cell Biol. 8:813-824.

Dias-Santagata D, Fulga TA, Duttaroy A, Feany MB. 2007. Oxidative stress mediates tau-
induced neurodegeneration in Drosophila. J Clin Invest. 117(1): 236-245.

Dorner S, Lum L, Kim M, Paro R, Beachy PA, Green R. 2006. A genome wide screen for
components of the RN A1 pathway in Drosophila cultured cells. Proc Natl Acad Sci
USA. 103(32): 11880-11885.

Droge W. 2002. Free radicals in the physiological control of cell function. Physiol Rev. 82: 47-
95.

Duttaroy A, Paul M, Kundu A, Belton A. 2003. Sod2 null mutation confers severely reduced
adult life span in Drosophila. Genetics. 165: 2295-2299.

78



Ebert MS & Sharp PA. 2010. MicroRNA sponges: progress and possibilities. RNA. 16: 2043-
2050.

Esslinger SM, Schwalb B, Helfer S, Michalik KM, Witte H, Maier KC, Férstemann K.
2013. Drosophila miR-277 controls branched-chain amino acid catabolism and affects
lifespan. RNA Biology, 10(6): 1042-1056.

Esteves TC, & Brand MD. 2005. The reactions catalyzed by the mitochondrial uncoupling
proteins UCP2 and UCP3. Biochem Biophys Acta 1709: 35-44.

Faller M, Guo F. 2008. MicroRNA biogenesis: there's more than one way to skin a cat. Biochem
Biophys Acta (BBA) - Gene Regulatory Mechanisms. 1779(11): 663-667.

Fang FC. 2004. Antimicrobial reactive oxygen and nitrogen species: concepts and
controversies. Nat Rev Microbiol. 2(10): 820-832.

Finkel T & Holbrook NJ. 2000. Oxidants, oxidative stress and the biology of ageing. Nature.
239-247.

FlyBase. 2017. A Database for Drosophila Genes and Genomes [online]. Available from
beta.flybase.org [version update 21 June 2017].

Frazier MR, Woods HA, Harrison J.F. 2001. Interactive effects of rearing temperature and
oxygen on the development of Drosophila melanogaster. Physiol Biochem Zool. 74:641-650.

Frederickson CJ, Koh JY, Bush Al. 2005.The neurobiology of zinc in health and disease. Nat
Rev Neurosci. 6: 449-462.

Fridell YW, Sanchez-Blanco A, Silvia BA, Helfand SL. 2005. Targeted expression of the human
uncoupling protein 2 (hUCP2) to adult neurons extends life span in the fly. Cell Metab. 1:145-
152.

Friedman Y, Naamati G, Linial M. 2010. MiRror: A combinatorial analysis web tool for
ensembles of microRNAs and their targets. Bioinformatics. 26: 1920-1921.

FuY, Cheng WH, Porres JM, Ross DA, Lei XG. 1999. Knockout of cellular glutathione
peroxidase gene renders mice susceptible to diquat-induced oxidative stress. Free Radic Biol
Med. 27:605-611.

Gan, J,QuY, & LiJ, Zhao F, MuD. 2015. An evaluation of the links between microRNA,
autophagy, and epilepsy. Reviews in the Neurosciences. 26(2): 225-237.

Geisbrecht ER & Montell DJ. 2002. Myosin VI is required for E-cadherin-mediated border cell
migration. Nat Cell Biol. 4(8): 616-620.

79



Gerschman R, Gilbert DL, Nye SW, Dwyer P, Fenn WO. 1954. Oxygen poisoning and x-
irradiation: a mechanism in common. Science 119:623-626.

Gerschman R, Gilbert DL, Nye SW, Fenn WO. 1954. Influence of x-irradiation on oxygen
poisoning in mice. Proc Soc Exp Biol Med. 86:27-29.

Greaves LC, Taylor RW. 2006. Mitochondrial DNA mutations in human disease. [UBMB Life.
58: 143-151.

Greenspan RJ & Van Swinderen B. 2004. Cognitive consonance: complex brain functions in the
fruit fly and its relatives. Trends in Neurosciences. 27(12): 707-711.

Griffiths-Jones S. 2007. Annotating noncoding RNA genes. Ann Rev of Genomics and Human
Gen. 8:279-98.

Grimberg KB, Beskow A, Lundin D, Davis MM, Young P. 2011. Basic leucine zipper protein
Cnc-C is a substrate and transcriptional regulator of the Drosophila 26S proteasome. Mol Cell
Biol. 31:897-909

Grimson A, Kai-How Farh KK, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. 2007.
MicroRNA Targeting Specificity in Mammals: Determinants beyond Seed Pairing. Molecular
Cell. 27(1): 91-105.

Gruenewald C, Botella JA, Bayersdorfer F, Navarro JA, Schneuwly S. 2009. Hyperoxia-induced
neurodegeneration as a tool to identify neuroprotective genes in Drosophila melanogaster. Free
Radic Biol Med. 46: 1668-1676.

Grun D, Wang Y, Langenberger D, Gunsalus K, Rajewsky N. 2005. MicroRNA target
predictions across seven Drosophila species and comparison to mammalian targets. PLoS
Comput Biol. 1(1): 51-66.

Handschin C, Spiegelman BM. 2006. Peroxisome proliferator-activated receptor gamma
coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr Rev. 27: 728-735.

Harrison JF & Haddad GG. 2011. Effects of oxygen on growth and size: synthesis of molecular,
organismal, and evolutionary studies with Drosophila melanogaster. Ann Rev Physiol. 73: 95-
113.

Hayflick L. 2007. Biological aging is no longer an unsolved problem. Ann N'Y Acad Sci. 1100:
1-13.

Heise K, Puntarulo S, Portner HO, Abele D. 2003. Production of reactive oxygen species by

isolated mitochondria of the Antarctic bivalve Laternulaelliptica (King and Broderip) under heat
stress. Comp Biochem Phys. 134(1): 79-90.

80



Helfand SL & Rogina B. 2003. Molecular genetics of aging in the fly: is this the end of the
beginning?. BioEssays. 25(2): 134-141

Hermeking H. 2010. The miR-34 family in cancer and apoptosis. Cell Death Differ. 17: 193-199.

Hitier R, Chaminade M, Preat T. 2001. The Drosophila castor gene is involved in postembryonic
brain development. Mech Dev. 103(1-2): 3-11.

Hofer E, Laschober GT, Hacki M, Thallinger GG, Lepperdinger G, Grillari J, Jansen-Durr P,
Trajanoski Z. 2011. GiSAO.db: a database for ageing research. BMC Genomics. 12: 262.

Hulbert AJ, Pamplona R, Buffenstein R, Buttemer WA. 2007. Life and death: metabolic rate,
membrane composition, and life span of animals. Physiol Rev. 87: 1175-1213.

Hutter E, Skovbro M, Lener B, Prats C, Rabol R, Jansen-Durr P. 2007. Oxidative stress and
mitochondrial impairment can be separated from lipofuscin accumulation in aged human skeletal
muscle. Aging Cell. 6: 245-256.

Hutvagner G, Simard MJ, Mello CC, Zamore PD. 2004. Sequence-specific inhibition of small
RNA function. PLoS Biol. 2: E98.

Inukai S & Slack F. 2013. MicroRNAs and the genetic network in aging. J of Mol Bio. 425(19):
3601-3608.

Ishii N, Goto S, Hartman PS. 2002. Protein oxidation during aging of the nematode
Caenorhabditis elegans, Free Radic Biol Med. 33: 1021-1025.

Ito T, Yagi S, Yamakuchi M. 2010. MicroRNA-34a regulation of endothelial senescence.
Biochem and Biophys Research Comm. 398(4): 735-740.

Janero DR & Burghardt B. 1988. Analysis of cardiac membrane phospholipid peroxidation
kinetics as malondialdehyde: nonspecificity of thiobarbituric acid-reactivity. Lipids. 23: 452-458.

Jeibmann A & Paulus W. 2009. Drosophila melanogaster as a Model Organism of Brain
Diseases. Int J Mol Sci. 10(2): 407-440.

JiLL, Kang C, Zhang Y. 2016. Exercise-induced hormesis and skeletal muscle health. Free
Radic Biol Med. 98: 113-122.

John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. 2004. Human MicroRNA targets.
PLoS biology. 2(11): e363.

Jomova K & Valko M. 2011. Importance of iron chelation in free radical-induced oxidative
stress and human disease. Curr Pharm Des. 17(31): 3460-3473.

81



Jones-Rhoades MW, Bartel DP, Bartel B. 2006. MicroRNAS and their regulatory roles in plants.
Annu Rev Plant Biol. 57: 19-53.

Kambadur R, Koizumi K, Stivers C, Nagle J, Poole SJ, Odenwald WF. 1998. Regulation of POU
genes by castor and hunchback establishes layered compartments in the Drosophila CNS. Genes
Dev. 12(2): 246-260.

Karres JS, Hilgers V, Carrera I, Treisman J, Cohen SM. 2007. The conserved microRNA miR-8
tunes atrophin levels to prevent neurodegeneration in Drosophila. Cell 131: 136-145.

Kaur A, Gupta OP, Meena NL, Grewal A, Sharma P. 2016. Comparative Temporal Expression
Analyis of MicroRNAs anf Their Target Genes in Contrasting Wheat Genotypes During Osmotic
Stress. Applied Biochem and Biotech. 181(2): 613-626.

Kellerman KA & Miller KG. 1992. An unconventional myosin heavy chain gene from
Drosophila melanogaster. J Cell Biol. 119(4): 823-834.

Kertesz M, Iovino N, Unnerstall U, Gaul U, Segal E. 2007. The role of site accessibility in
microRNA target recognition. Nature genetics. 39(10): 1278-1284.

Kheradpour P, Stark A, Roy S, Kellis M. 2007. Reliable prediction of regulator targets using 12
Drosophila genomes. Genome Res. 17: 1919-1931.

Khvorova A, Reynolds A, Jayasena SD. 2003. Functional siRNAs and miRNAs exhibit strand
bias. Cell. 115(2): 209-216.

Kim VN, Han J, Siomi MC. 2009. Biogenesis of small RNAs in animals. Nature Reviews
Molecular Cell Biology. 10(2): 126-39.

Kim SJ, Cheresh P, Jablonski RP, Williams DB, Kamp DW. 2015. The Role of Mitochondrial
DNA in Mediating Alveolar Epithelial Cell Apoptosis and Pulmonary Fibrosis. Int J Mol Sci. 16:
21486-21519.

Kirkwood TB. 2005. Understanding the odd science of aging. Cell. 120: 437-447.

Kong Y, Wu J, Yuan L. 2014. MicroRNA Expression Analysis of Adult-Onset Drosophila
Alzheimer’s Disease Model. Curr Alzheimer Res. 11: 882-891.

Ku HH, Brunk UT, Sohal RS. 1993. Relationship between mitochondrial superoxide and
hydrogen peroxide production and longevity of mammalian species. Free Radic Biol Med. 15:

621-627.

Kuhn DE, Martin MM, Feldman DS, Terry AV Jr, Nuovo GJ, Elton TS. 2008. Experimental
validation of miRNA targets. Methods. 44(1): 47-54.

82



Khurana V. 2008. Modeling Tauopathy in the Fruit Fly Drosophila melanogaster. J. Alzheimers
Dis. 15(4): 541-553.

Lambert AJ, Boysen HM, Buckingham JA, Yang T, Podlutsky A, Austad SN, Kunz TH,
Buffenstein R, Brand MD. 2007. Low rates of hydrogen peroxide production by isolated heart
mitochondria associate with long maximum lifespan in vertebrate homeotherms. Aging Cell. 6:
607-618.

Landis GN, Abdueva D, Skvortsov D, Yang J, Rabin BE, Carrick J, Tavare S, Tower J. 2004.
Similar gene expression patterns characterize aging and oxidative stress in Drosophila
melanogaster. Proc Natl Acad Sci USA. 101:7663-7668.

Le Bourg, E. 2001. Oxidative stress, aging and longevity in Drosophila melanogaster. FEBS
Lett. 498:183-186.

Lee RC, Feinbaum RL, Ambros V. 1993. The C. elegans heterochronic gene lin-4 encodes small
RNAs with antisense complementarity to lin-14. Cell. 75: 843-854.

Lee RC, Ambros V. 2001. An extensive class of small RNAs in Caenorhabditis elegans.
Science. 294(5543):862-864.

Lee PJ & Choi AM. 2003. Pathways of cell signaling in hyperoxia. Free Radic Biol Med. 35:
341-350.

Lee CT, Risom T, Strauss WM. 2007. Evolutionary conservation of microRNA regulatory
circuits: an examination of microRNA gene complexity and conserved microRNA-target
interactions through metazoan phylogeny. DNA and Cell Bio. 26(4):209-218.

Lehrbach NJ, Castro C, Murfitt KJ,Abreu-Goodger C, Griffin JL, Miska EA. 2012. Post-
developmental microRNA expression is required for normal physiology, and regulates aging in
parallel to insulin/IGF-1 signaling in C. elegans. RNA.18(12): 2220-2235.

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets. Cell 120: 15-20.

LiJ, Gao X, Qian M, Eaton JW. 2004. Mitochondrial metabolism underlies hyperoxic cell
damage. Free Radic Biol Med. 36:1460-1470.

Li N, Muthusamy S, Liang R, Sarojini H, Wang E. 2011. Increased expression of miR-34a and
miR-93 in rat liver during aging, and their impact on the expression of Mgst1 and Sirt1.

Mechanisms of Ageing and Development. 132(3): 75-85.

Lightowlers RN, Taylor RW, Turnbull DM. 2015. Mutations causing mitochondrial disease:
What is new and what challenges remain?. Science 349: 1494-1499.

83



Liu N, Landreh M, Cao K, Abe M, Hendriks G, Kennerdell JR, Zhu Y, Wang L, Bonini NM.
2012. The microRNA miR-34 modulates ageing and neurodegeneration in Drosophila. Nature
482(7386): 519-523.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data using real-time
quantitative PCR and the 2= method. Methods. 25: 402-408.

Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. 2016. Role of Nrf2/HO-1 system
development, oxidative stress response and diseases: an evolutionarily conserved mechanism.
Cell and Mol Life Sciences. 73(17): 3221-3247.

Lu B & Vogel H. 2009. Drosophila Models of Neurodegenerative Diseases. Annu Rev Pathol
Mech Dis. 4: 315-342.

Lytle JR, Yario TA, Steitz JA. 2007. Target mRNAs are repressed as efficiently by microRNA-
binding sites in the 5' UTR as in the 3' UTR. Proc Natl Acad Sci USA. 104(23): 9667-9672.

Mackay WJ & Bewley GC. 1989. The genetics of catalase in Drosophila melanogaster: isolation
and characterization of acatalasemic mutants. Genetics 122: 643-652.

Maes OC, An J, Sarojini H, Wang E. 2008. Murine microRNAs implicated in liver functions and
aging process. Mechanisms of Ageing and Development. 129(9): 534-541.

Maes OC, Chertkow HM, Wang E, Schipper HM. 2009. MicroRNA: Implications for Alzheimer
Disease and other Human CNS Disorders. Curr. Genomics. 10: 154-168.

Magwere T, Pamplona R, Miwa S, Martinez-Diaz P, Portero-Otin M, Brand MD, Partridge L.

2006. Flight activity, mortality rates, and lipoxidative damage in Drosophila. J Gerontol A Biol
Sci Med Sci. 61: 136-145.

Mansfield KD, Simon MC, Keith B. 2004. Hypoxic reduction in cellular glutathione levels
requires mitochondrial reactive oxygen species. J Appl Physiol. 97: 1358-1366.

Marnett LJ. 1999. Lipid peroxidation-DNA damage by malondialdehyde. Mutation research.
424(1-2):83-95.

Martin HJ, Ziemba M, Kisiela M, Botella JA, Schneuwly S, Maser E. 2011. The Drosophila
carbonyl reductase sniffer is an efficient 4-oxonon-2-enal (4ONE) reductase. Chem Biol
Interact. 191(1-3): 48-54

Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, Scheibye-Knudsen M,
Gomes AP, Ward TM, Minor RK, Blouin MJ, Schwab M, Pollak M, Zhang Y, Yu Y, Becker
KG, Bohr VA, Ingram DK, Sinclair DA, Wolf NS, Spindler SR, Bernier M, Cabo R. 2013,
Metformin improves healthspan and lifespan in mice. Nature Communications. 4: 2192.

Mecocci P, MacGarvey U, Beal MF. 2004. Oxidative damage to mitochondrial DNA is
increased in Alzheimer's disease. Ann Neurol. 36(5): 747-751.

84



Mellerick DM, Kassis JA, Zhang SD, Odenwald WF. 1992. Castor encodes a novel zinc finger
protein required for the development of a subset of CNS neurons in drosophila. Neuron. 9(5):
789-803.

Mendell JT & Olson EN. 2012. MicroRNAs in stress signaling and human disease. Cell. 148(6):
1172-1187.

Ménétrey J, Llinas P, Mukherjea M, Sweeney HL, Houdusse A. 2007. The structural basis for
the large powerstroke of myosin VI. Cell. 131(2): 300-308.

Miquel J, Lundgren PR, Bensch KG. 1975. Effects of oxygen-nitrogen (1:1) at 760 Torr on the
life span and fine structure of Drosophila melanogaster. Mech Ageing Dev. 4:41-57.

Mockett RJ, Sohal RS, Orr WC. 1999. Overexpression of glutathione reductase extends survival
in transgenic Drosophila melanogaster under hyperoxia but not normoxia. FASEB J. 13:1733-
1742.

Mockett RJ, Orr WC, Rahmandar JJ, Benes JJ, Radyuk SN, Klichko VI, Sohal RS. 1999.
Overexpression of Mn-containing superoxide dismutase in transgenic Drosophila melanogaster.
Arch Biochem Biophys 371:260-269.

Mockett RJ, Bayne AC, Kwong LK, Orr WC. 2003. Sohal Ectopic expression of catalase in
Drosophila mitochondria increases stress resistance but not longevity. Free Radic Biol Med. 34:
207-217.

Mockett RJ, Radyuk SN, Benes JJ, Orr WC, Sohal RS. 2003. Phenotypic effects of familial
amyotrophic lateral sclerosis mutant Sod alleles in transgenic Drosophila. Proc Natl Acad Sci
USA. 100: 301-306.

Mohammed J, Bortolamiol-Becet D, Flynt AS, Gronau I, Siepel A, Lai EC. 2014. Adaptive
evolution of testis-specific, recently evolved, clustered miRNAs in Drosophila. RNA. 20(8):
1195-1209.

Mori MA, Raghavan P, Thomas T, Boucher J, Robida-Stubbs S, MacOtela Y, Russel SJ,
Kirkland JL, Blackwell TK, Kahn CR. 2012. Role of microRNA processing in adipose tissue in
stress defense and longevity. Cell Metabolism. 16(3): 336-347.

Morrow G & Tanguay RM. 2008. Mitochondria and ageing in Drosophila. Biotech J. 3(6): 728-
739.

Muller F. 2000. The nature and mechanism of superoxide production by the electron transport
chain: its relevance to aging. J] Am Aging Assoc. 23:227-253.

Nathan C & Cunningham-Bussel A. 2013. Beyond oxidative stress: an immunologist's guide to
reactive oxygen species. Nat Rev Immunol, 13: 349-361.

85



Nichols CD. 2006. Drosophila melanogaster neurobiology, neuropharmacology, and how the fly
can inform central nervous system drug discovery. Pharm Therap. 112(3): 677-700.

Noren-Hooten N, Martin-Montalvo A, Dluzen DF, Zhang Y, Bernier M, Zonderman AB, Becker
KG, Gorospe M, Cabo R, Evans MK. 2016. Metformin-mediated increase in DICER1 regulates
microRNA expression and cellular senescence. Aging Cell. 15(3): 572-581.

Oakes KD & Van Der Kraak GJ. 2003. Utility of the TBARS assay in detecting oxidative stress
in white sucker (Catostomus commersoni) populations exposed to pulp mill effluent. Aquat
Toxicol. 63: 447-463.

Okada C, Yamashita E, Lee SJ, Shibata S, Katahira J, Nakagawa A, Yoneda Y, Tsukihara T.
2009. A high-resolution structure of the pre-microRNA nuclear export machinery. Science.
326(5957): 1275-1279.

Okamura K, Liu N, Lai EC. 2009. Distinct mechanisms for microRNA strand selection by
Drosophila Argonautes. Molecular Cell. 36(3): 431-44.

Orr WC, Radyuk SN, Prabhudesai L, Toroser D, Benes JJ, Luchak JM, Mockett RJ, Rebrin I,
Hubbard JG, Sohal RS. 2005. Overexpression of glutamate-cysteine ligase extends life span in
Drosophila melanogaster. J Biol Chem. 280: 37331-37338.

Owusu-Ansah E, Yavari A, Banerjee U. 2008. A protocol for in vivo detection of Reactive
Oxygen Species. Protocol Exchange.10: 23.

Pamplona R, Portero-Otin M, Requena JR, Thorpe SR, Herrero A, Barja G. 1999. A low degree
of fatty acid unsaturation leads to lower lipid peroxidation and lipoxidation-derived protein
modification in heart mitochondria of the longevous pigeon than in the short-lived rat. Mech
Ageing Dev. 106: 283-296.

Pamplona R, Portero-Otin M, Riba D, Ruiz C, Prat J, Belmunt MJ, Barja G. 1998. Mitochondrial
membrane peroxidizability index is inversely related to maximum life span in mammals. J Lipid
Res. 39: 1989-1994.

Pamplona R, Barja G, Portero-Otin M. 2002. Membrane fatty acid unsaturation, protection
against oxidative stress, and maximum life span: a homeoviscous-longevity adaptation? Ann N
Y Acad Sci. 959: 475-490.

Papaioannou MD, Nef S. 2010. microRNAs in the testis: building up male fertility. Journal of
Andrology 31(1): 26-33.

Parkes, TL, Elia AJ, Dickinson D, Hilliker AJ, Phillips JP, Boulianne GL. 1998. Extension of

Drosophila lifespan by overexpression of human SOD1 in motorneurons. Nat Genet. 19: 171-
174.

86



Pathak D, Sepp KJ, Hollenbeck PJ. 2010. Evidence that myosin activity opposes microtubule-
based axonal transport of mitochondria. J Neurosci. 30(26): 8984-8992.

Pei H, Yang Y, Zhao H, Li X, Yang D, Li D, Yang Y. 2016. The Role of Mitochondrial
Functional Proteins in ROS Production in Ischemic Heart Diseases. Oxid Med Cell Longev
2016: 5470457.

Phillips JP, Parkes TL, Hilliker AJ. 2000. Targeted neuronal gene expression and longevity in
Drosophila. Exp Gerontol. 35: 1157-1164.

Powers SK, Jackson MJ. 2008. Exercise-induced oxidative stress: cellular mechanisms and
impact on muscle force production. Physiol Rev. 88: 1243-1276.

Pratico D. 2008. Oxidative stress hypothesis in Alzheimer's disease: a reappraisal. Trends
Pharmacol Sci. 29(12): 609-615.

Powers SK & Jackson MJ. 2008. Exercise-induced oxidative stress: cellular mechanisms and
impact on muscle force production. Physiol Rev. 88: 1243-1276.

Rani N, Nowakowski TJ, Zhou H, Godshalk SE, Lisi V, Kriegstein AR, Kosik KS. 2016. A
Primate IncRNA Mediates Notch Signaling During Neuronal Development by Sequestering
miRNA. Neuron. 90(6): 1174-1188.

Ravi D, Wiles AM, Bhavani S, Ruan J, Leder P, Bishop AJ. 2009. A network of conserved
damage survival pathways revealed by a genomic RNA1i screen. PLoS Gen, 5(6): €¢1000527.

Reczko M, Maragkakis M, Alexiou P, Grosse I, Hatzigeorgiou AG. 2012. Functional microRNA

targets in protein coding sequences. Bioinformatics. 28(6): 771-776.

Reddy PH & Beal MF. 2008. Amyloid beta, mitochondrial dysfunction and synaptic damage:
implications for cognitive decline in aging and Alzheimer’s disease. Trends Mol. Med. 14: 45-
53.

Reinsbach S, Nazarov PV, Philippidou D, Schmitt M, Wienecke-Baldacchino A, Muller A,
Vallar L, Behrmann I, Kreis S. 2012. Dynamic regulation of microRNA expression following
Interferon-y-induced gene transcription. RNA Bio. 9(7): 978-989.

Reveillaud I, Niedzwiecki A, Bensch KG, Fleming JE. 1991. Expression of bovine superoxide
dismutase in Drosophila melanogaster augments resistance of oxidative stress. Mol Cell
Biol. 11: 632-640.

Reveillaud I, Phillips J, Duyf B, Hilliker A, Kongpachith A, Fleming JE. 1994. Phenotypic
rescue by a bovine transgene in a Cu/Zn superoxide dismutase-null mutant of Drosophila
melanogaster. Mol Cell Biol. 14: 1302-1307.

87



Ritchie W, Rasko JE, Flamant S. 2013. MicroRNA target prediction and validation. Adv in Exp
Med and Bio. 774: 39-53.

Rivera-Mancia S, Pérez-Neri I, Rios C, Tristan-Lopez L, Rivera-Espinosa L, Montes S. 2010.
The transition metals copper and iron in neurodegenerative diseases. Chem-Biol Interact. 186(2):
184.

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. 2004. Identification of mammalian
microRNA host genes and transcription units. Genome research. 14(10A): 1902-1910.

Rogat AD & Miller KG. 2002. A role for myosin VI in actin dynamics at sites of membrane
remodeling during Drosophila spermatogenesis. J Cell Sci. 115(24): 4855-4865.

Rogina B & Helfand SL. 2000. Cu, Zn superoxide dismutase deficiency accelerates the time
course of an age-related marker in Drosophila melanogaster. Biogerontology 1: 163-169.

Ruan H, Tang XD, Chen ML, Joiner ML, Sun G, Brot N, Weissbach H, Heinemann SH, Iverson
L, Wu CF, Hoshi T, Joiner MA. 2002. High-quality life extension by the enzyme peptide
methionine sulfoxide reductase. Proc Natl Acad Sci USA. 99: 2748-2753.

Ruby JG, Stark A, Johnston WK, Kellis M, Bartel DP, Lai EC. 2007. Evolution, biogenesis,
expression, and target predictions of a substantially expanded set
of Drosophila microRNAs. Genome Research. 17(12): 1850-1864.

Rusinov V, Baev V, Minkov IN, Tabler M. 2005. Microlnspector: a web tool for detection of
miRNA binding sites in an RNA sequence. Nucleic acids research 33: W696-700.

Sart S, Song L, Li Y. 2015. Controlling Redox Status for Stem Cell Survival, Expansion, and
Differentiation. Oxid Med Cell Longev. 2015: 105135.

Satoh J. 2010. MicroRNAs and their therapeutic potential for human diseases: aberrant
microRNA expression in Alzheimer’s disease brains. J. Pharmacol. Sci. 114: 269-275.

Schmittgen TD, Lee EJ, Jiang J, Sarkar A, Yang L, Elton TS, Chen C. 2008. Real-time PCR
quantification of precursor and mature microRNA. Methods. 44(1): 31-38.

Schnall-Levin M, Zhao Y, Perrimon N, Berger B. 2010. Conserved microRNA targeting in
Drosophila is as widespread in coding regions as in 3'UTRs Proc Natl Acad Sci USA.
107(36):15751-15756.

Selbach M, Schwanhéusser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N. 2008. Widespread
changes in protein synthesis induced by microRNAs. Nature. 455(7209): 58-63.

Seto NO, Hayashi S, Tener GM. 1990. Overexpression of Cu-Zn superoxide dismutase in
Drosophila does not affect life-span. Proc Natl Acad Sci. 87: 4270-4274.

88



Shaner L, Morano KA. 2007. All in the family: atypical Hsp70 chaperones are conserved
modulators of Hsp70 activity. Cell Stress Chaperones 12(1): 1-8.

Siomi H, Siomi MC. 2010. Posttranscriptional regulation of microRNA biogenesis in animals.
Molecular Cell. 38(3): 323-32.

Skulachev VP. 1996. Role of uncoupled and non-coupled oxidations in maintenance of safely
low levels of oxygen and its one-electron reductants. Q Rev Biophys. 29:169-202.

Sohal RS, Agarwal A, Agarwal S, Orr WC. 1995. Simultaneous overexpression of copper- and
zinc-containing superoxide dismutase and catalase retards age-related oxidative damage and
increases metabolic potential in Drosophila melanogaster. J Biol Chem. 270: 15671-15674.

Sohal RS, Weindruch R. 1996. Oxidative stress, caloric restriction, and aging. Science. 273: 59-
63.

Song H, Goetze S, Bischof J, Spichiger-Haeusermann C, Kuster M, Brunner E, Basler K. 2010.
Coop functions as a corepressor of Pangolin and antagonizes Wingless signaling. Genes Dev.
24(9): 881-886.

Song R, Ro S, Yan W. 2010. In situ hybridization detection of microRNAs. Methods in
Molecular Biology 629: 287-294.

Squadrito GL, & Pryor WA. 1998. Oxidative chemistry of nitric oxide: the roles of superoxide,
peroxynitrite, and carbon dioxide. Free Rad Biol Med. 25(4): 392-403.

Stadtman ER. 1992. Protein oxidation and aging. Science. 257: 1220-1224.

Staveley BE, Phillips JP, Hilliker AJ. 1990. Phenotypic consequences of copper-zinc superoxide
dismutase overexpression in Drosophila melanogaster. Genome. 33: 867-872.

Stenvang J, Petri A, Lindow M, Obad S, Kauppinen S. 2012. Inhibition of microRNA function
by antimiR oligonucleotides. Silence. 3(1):1.

Stowers RS, Megeath LJ, Gorska-Andrzejak J, Meinertzhagen 1A, Schwarz TL. 2002. Axonal
Transport of Mitochondria to Synapses Depends on Milton, a Novel Drosophila

Protein. Neuron. 36(6): 1063-1077.

Strehler, BL. 1997. Time, cells, and aging. New York: Academic Press.

Suliman HB, Piantadosi CA. 2014. Mitochondrial biogenesis: regulation by endogenous gases
during inflammation and organ stress. Curr Pharm Des. 20: 5653-5662.

Sun J & Tower J. 1999. FLP recombinase-mediated induction of Cu/Zn-superoxide dismutase
transgene expression can extend the life span of adult Drosophila melanogaster flies. Mol Cell
Biol. 19: 216-228.

89



Sun J, Folk D, Bradley TJ, Tower J. 2002. Induced overexpression of mitochondrial Mn-
superoxide dismutase extends the life span of adult Drosophila melanogaster. Genetics.
161:661-672.

Sun J, Molitor J, Tower J. 2004. Effects of simultaneous over-expression of Cu/ZnSOD and
MnSOD on Drosophila melanogaster life span. Mech Ageing Dev. 125: 341-349.
Svensson M J & Larsson J. 2007. Thioredoxin-2 affects lifespan and oxidative stress in
Drosophila. Hereditas. 144: 25-32.

Tabuchi T, Satoh M, Itoh T, Nakamura M. 2012. MicroRNA-34a regulates the longevity-
associated protein SIRT1 in coronary artery disease: effect of statins on SIRT1 and microRNA-
34a expression. Clinical Sci. 123(3): 161-171.

Thomson DW, Bracken CP, Goodall GJ. 2011. Experimental strategies for microRNA target
identification. Nucleic acids research. 39(16): 6845-6853.

Torres AG, Fabani MM, Vigorito E, Williams D, Al-Obaidi N, Wojciechowski F, Hudson RH,
Seitz O, Gait MJ. 2012. Chemical structure requirements and cellular targeting of microRNA-
122 by peptide nucleic acids anti-miRs. Nucleic acids research. 40(5): 2152-2167.

Truscott M, Islam ABMMK, Lopez-Bigas N, Frolov MV. 2011. miR-11 limits the proapoptotic
function of its host gene, dE2F1. Genes and Dev. 25(17): 1820-1834.

Tsakiri EN, Sykiotis GP, Papassideri IS, Gorgoulis VG, Bohmann D, Trougakos IP. 2013.
Differential regulation of proteasome functionality in reproductive vs. somatic tissues
of Drosophila during aging or oxidative stress. FASEB J. 27: 2407-2420

Tsakiri EN, Sykiotis GP, Papassideri IS, Terpos E, Dimopoulos MA, Gorgoulis VG, Bohmann
D, Trougakos IP. 2013. Proteasome dysfunction in Drosophila signals to an Nrf2-dependent
regulatory circuit aiming to restore proteostasis and prevent premature aging. Aging Cell. 12:
802-813

Tsutsui H, Kinugawa S, Matsushima S. 2011. Oxidative stress and heart failure. Am J Physiol
Heart Circ Physiol. 301: H2181-2190.

Uittenbogaard M, Chiaramello A. 2014. Mitochondrial biogenesis: a therapeutic target for
neurodevelopmental disorders and neurodegenerative diseases. Curr Pharm Des. 20: 5574-5593.

Uytterhoeven V, Lauwers E, Maes I, Miskiewicz K, Melo MN, Swerts J, Kuenen S, Wittocx R,
Corthout N, Marrink SJ, Munck S, Verstreken P. 2015. Hsc70-4 Deforms Membranes to
Promote Synaptic Protein Turnover by Endosomal Microautophagy. Neuron. 88(4): 735-748.

Villena JA. 2015. New insights into PGC-1 coactivators: redefining their role in the regulation of
mitochondrial function and beyond. FEBS J. 282: 647-672.

90



Vlachos IS, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M, Maragkakis M,
Paraskevopoulou MD, Prionidis K, Dalamagas T, Hatzigeorgiou AG. 2012.DIANA miRPath
v.2.0: investigating the combinatorial effect of microRNAs in pathways. Nucleic Acids Res. 40:
W498-504.

Walker DW, Benzer S. 2004. Mitochondrial "swirls" induced by oxygen stress and in the
Drosophila mutant hyperswirl. Proc. Natl. Acad. Sci. USA 101:10290-10295.

Walker DW, Muffat J, Rundel C, Benzer S. 2006. Overexpression of a Drosophila homolog of
apolipoprotein D leads to increased stress resistance and extended lifespan. Curr. Biol. 16: 674-
679.

Wallace DC. 2005. A mitochondrial paradigm of metabolic and degenerative diseases, aging,
and cancer: a dawn for evolutionary medicine. Ann. Rev. Gen. 39: 359.

Wang YJ & Brock HW. 2003. Polyhomeotic stably associates with molecular chaperones Hsc4
and Droj2 in Drosophila Kcl cells. Dev Biol. 262(2): 350-360.

Wang Y, Oxer D, Hekimi S. 2015. Mitochondrial function and lifespan of mice with controlled
ubiquinone biosynthesis. Nat Commun. 6: 6393.

Watanabe Y, Tomita M, Kanai A. 2007. Computational Methods for Microrna Target Prediction.
Methods Enzymol. 427: 65-86.

Wareski P, Vaarmann A, Choubey V, Salfiulina D, Liiv J, Kuum M, Kaasik A. 2009. PGC-
1 {alpha} and PGC-1{beta} regulate mitochondrial density in neurons. J Biol Chem. 284: 21379-
21385.

Weber AL, Khan GF, Magwire MM, Tabour CL, Mackay TF, Anholt RR. 2012. Genome-wide
association analysis of oxidative stress resistance in Drosophila melanogaster. PLoS One 7:
e34745.

Webster N, Toothill C, Cowen P. 1987. Tissue Responses to Hyperoxia - Biochemistry and
Pathology. Br. J. Anaesth. 59(6): 760-771.

Wu SB, Ma YS, Wu YT, Chen YC, Wei YH. 2010 Mitochondrial DNA mutation-elicited
oxidative stress, oxidative damage, and altered gene expression in cultured cells of patients with
MERRF syndrome. Mol Neurobiol. 41: 256-266.

Wu D, Raafat A, Pak E, Clemens S, Murashov AK. 2012. Dicer-microRNA pathway is critical
for peripheral nerve regeneration and functional recovery in vivo and regenerative axonogenesis
in vitro. Exp. Neurol. 233(1): 555-565.

Wu Y, Helt JC, Wexler E, Petrova IM, Noordermeer JN, Fradkin LG, Hing H. 2014. Wnt5 and

Drl/Ryk gradients pattern the Drosophila olfactory dendritic map. J. Neurosci. 34(45):14961-
14972.

91



Wu YT, Wu SB, Wei YH. 2014. Metabolic reprogramming of human cells in response to
oxidative stress: implications in the pathophysiology and therapy of mitochondrial diseases. Curr
Pharm Des. 20: 5510-5526.

Xu P, Vernooy SY, Guo M, Hay BA. 2003. The Drosophila microRNA Mir-14 suppresses cell
death and is required for normal fat metabolism. Current Biology. 13(9): 790-795.

Yang CH, Yue J, Fan M, Pfeffer LM. 2010. IFN induces miR- 21 through a signal transducer
and activator of transcription 3-dependent pathway as a suppressive negative feedback on IFN-
induced apoptosis. Cancer Res. 70: 8108-8116

Yano H, Ninan I, Zhang H, Milner TA, Arancio O, Chao MV. 2006. BDNF-mediated
neurotransmission relies upon a myosin VI motor complex. Nat Neurosci. 9(8): 1009-1018.

Yao Y, WuY, Yin C, Ozawa R, Aigaki T, Wouda RR, Noordermeer JN, Fradkin LG, Hing H.
2007. Antagonistic roles of Wnt5 and the Drl receptor in patterning the Drosophila antennal lobe.
Nat. Neurosci. 10(11): 1423-1432.

YiR, Doehle BP, Qin Y, Macara IG, Cullen BR. 2005. Overexpression of exportin 5 enhances
RNA interference mediated by short hairpin RNAs and microRNAs. RNA. 11(2): 220-226.

Shao-Yao Y, Chang DC, Lin SL. 2013. The MicroRNA: Methods in molecular biology.
MicroRNA Protocols. 936: 1-19.

Yu BP. 1996. Aging and oxidative stress: modulation by dietary restriction. Free Radic. Biol.
Med. 21: 651-668

Yue D, Liu H, Huang Y. 2009. Survey of Computational Algorithms for MicroRNA Target
Prediction. Current genomics. 10(7): 478-492.

Zhang R & Su B. 2009. Small but influential: the role of microRNAs on gene regulatory network
and 3'UTR evolution. J of Genetics and Genomics. 36(1): 1-6.

Zhao HW, Zhou D, Nizet V, Haddad GG. 2010. Experimental Selection for Drosophila Survival
in Extremely High O2 Environments. PLoS One. 5(7): e11701.

Zhao HW & Haddad GG. 2011. Review: Hyperoxic and oxidative stress resistance in Drosophila
melanogaster. Placenta. 32(2): S104-S108.

Zhou X, Ruan J, Wang G, Zhang W. 2007. Characterization and identification of microRNA
core promoters in four model species. PLoS Comput. Biol. 3(3): 412-423.

Zhou D, Udpa N, Gersten M, Visk SW, Bashir A, Xue J, Frazer KA, Posakony JW,

Subramaniam S, Bafna V, Haddad GG. 2011. Experimental selection of hypoxia-tolerant
Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 108: 2349-2354.

92



Zovoilis A, Agbemenyah HY, Agis-Balboa RC, Stilling RM, Edbauer D, Rao P, Farinelli L,

Delalle I, Schmitt A, Falkai P, Bahari-Javan S, Burkhardt S, Sananbenesi F,Fischer A. 2011.

microRNA-34c is a novel target to treat dementias. EMBO J. 30(20): 4299-4308.

Zuo L, He F, Sergakis GG, Koozehchian MS, Stimpfl JN, Rong Y, Diaz PT, Best TM. 2014.

Interrelated role of cigarette smoking, oxidative stress, and immune response in COPD and
corresponding treatments. Am J Physiol Lung Cell Mol Physiol 307: L205-L.218.

93



