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ABSTRACT

MIR-137 REGULATES PTP61F, AFFECTING INSULIN SIGNALING, METABOLIC
HOMEOSTASIS, AND STARVATION RESISTANCE IN DROSOPHILA

MELANOGASTER

miR-137 is a highly conserved brain-enriched microRNA (miRNA) that has been
associated with neuronal function and proliferation. Here, we show that Drosophila miR-
137 null mutants display increased body weight with enhanced triglyceride and glucose
levels and decreased locomotor activity. When challenged by nutrient deprivation, miR-
137 mutants exhibit reduced motivation to feed and significantly prolonged survival.
Together, these phenotypes suggest a new role for miR-137 in energy homeostasis.
Genetic epistasis experiments show that the starvation resistance of miR-137 mutants
involves the insulin signaling pathway, and that loss of miR-137 results in drastically
reduced phosphorylation/activation of the single insulin receptor, InR, in Drosophila. We
explore the possibility that the protein tyrosine phosphatase61F (PTP61F), ortholog of
TC-PTP/PTP1B, known to dephosphorylate InR across species, is a potential in vivo
target of miR-137. We show that loss of miR-137 results in upregulation of an
endogenously tagged PTP61F protein, and that genetically increasing levels of PTP61F
mimics the loss of phosphorylated InR and increased starvation resistance seen in miR-
137 mutants. Finally, we show that the enhanced starvation resistance of miR-137
mutants is normalized by activation of the insulin signaling pathway in the nervous
system. Our study introduces miR-137 as a new player in the regulation of central insulin

signaling and metabolic homeostasis.
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CHAPTER 1: INTRODUCTION

1. Non-Coding RNA.

In molecular biology, the fundamental concept of the central dogma is based on
transcribing genetic information from DNA sequence (coding DNA) to mRNA, and
translating the mRNA to functional proteins. This part of the transcriptome is called
protein-coding RNA, and includes about 1% of the genome and encodes more than
20,000 genes in humans (Dunham et al., 2012). However, many transcripts do not follow
this protein-coding role and produce non-coding RNA. Researchers in the last decade
have made great efforts to separate the non-coding RNA from the junk RNA concept and
provide evidence to prove the importance of non-coding RNA for the organism's biology
and survival (Fu, 2014; J. Li & Liu, 2019; Statello et al., 2021). Non-coding RNAs come
in several different types, including microRNA (miRNA), small nucleolar RNA (snoRNA),
short interfering RNA (siRNA), piwi-interacting RNA (piRNA), small nuclear RNA
(snRNA), and long non-coding RNA (long ncRNA), all of which have very critical functions

in cellular biology (Fu, 2014).

1.1 MicroRNAs (miRNAs).

The most abundant kind of non-coding RNAs are miRNAs. miRNAs are
evolutionarily conserved in their sequence in the eukaryotes (Hammond, 2015a; Schanen
& Li, 2011). miRNAs were first discovered 30 years ago, in 1993, during the study of the
lin-4 gene in Caenorhabditis elegans (C. elegans) (Ambros, 1989; Chalfie et al., 1981; R.
C. Lee et al., 1993). Lin-4 RNA was found not to encode a protein, but to translationally

repress the expression of another gene, lin-14, when it complementarily bound to the 3’
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untranslated region (3’ UTR) sequence of /lin-14 mRNA (R. C. Lee et al., 1993; Mondol &
Pasquinelli, 2012). After another decade in 2000, the functional significance of the miRNA
become more evident in studies of the developmental timing in C. elegans. A miRNA
called lethal-7 (let-7) was found to be a key developmental regulator that highly conserved
between C. elegans, fruit flies, zebrafish, and humans (Reinhart et al., 2000; Slack et al.,
2000). Let-7was identified as the first known human miRNA, and the discovery of the let-
7 gene was the revolution that revealed miRNA biogenesis, and their many functions.

Between 1993 and now, more than 2000 miBNAs have been discovered in humans.

miRNAs are short, endogenous, single-stranded, non-coding RNA sequences with
a length of 19-24 nucleotides (nt). MiRNAs mediate gene expression at the post-
transcriptional level and are critical for cell development, proliferation, differentiation,
metabolism, in various signaling pathways, and cell death processes (apoptosis)
(Hammond, 2015b; O’Brien et al., 2018). miRNAs can directly or indirectly modify
translated genes after they leave the nucleus. The canonical action of the miRNA is to
silence gene expression. miRNAs partially complement and bind to a target messenger
RNA (mRNA) at its 3’ UTR region, causing the decay of the mRNA target or interference
its translation into protein, thereby inhibiting or modifying protein expression levels
(O’Brien et al., 2018). However, miRNAs can also cause gene up-regulation under certain

circumstances (Vasudevan, 2012).

1.2 miRNA Biogenesis.

miRNA biogenesis starts inside the nucleus. Genes that code for miRNAs are

transcribed by RNA polymerase Il (Poll), generating a stem-loop hairpin structure single-



stranded RNA called primary-miRNA (pri-miRNA). The pri-miRNA is then processed into
a smaller (~70 nt) precursor miRNA (pre-miRNA) by an RNase Il endonuclease called
Drosha and RNA binding proteins called DiGeorge Syndrome Critical Region 8 protein
(DGCR8) (Pasha in Drosophila) (Kuehbacher et al., 2007; Y. Lee et al., 2003). The
Drosha and DGCRS cleavage results in a 2 nt overhang on the 3’ end of the pre-miRNA.
This overhang region at the pre-miRNAs will be recognized and help the transfer of the
pre-miRNA to the cytoplasm through nuclear pores with the help of a transporter protein
called exportin-5 (EXP-5) (Yi et al., 2003). After translocating to the cytoplasm, a large
RNase protein called Dicer associates with its co-factor TRBP (transactivation response
element RNA-binding protein) and cleaves the pre-miRNA stem-loop of the hairpin to form
a short double-stranded RNA molecule (Kuehbacher et al., 2007). Next, the argonaut
protein (Ago2) interacts with Dicer and binds to the miRNA, unwinding the RNA duplex to
release one strand that is then degraded. The strand selection is determined by the
asymmetric thermodynamic stability of the RNA double strands. The strand with the lower
stability at the 5’ region interacts and loads on Ago2 and other proteins, to produce a
miRNA-induced silencing complex (miRISC). This strand length is ~19-24 nt and
functions as the mature RNA (Ghildiyal & Zamore, 2009; Hammond, 2015b; Wahid et al.,

2010).
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Figure 1. miRNA biogenesis pathway and canonical function. miRNA is transcribed
inside the nucleus by RNA pol Il transcription factor to pri-miRNA, a hairpin loop structure.
Then Drosha and DGCR8 (Pasha in Drosophila) micro-process the pri-miRNA to a
smaller ~ 70 nt pre-miRNA. Exp-5 transfers the pre-miRNA double-stranded RNA out
from the nucleus. In the cytoplasm, the pre-miRNA stem-loop is cleaved by RNase lll,
known as Dicer, and TRBP unwinds the double-stranded RNA and releases the mature
miRNA (19-24 nt). The mature single-stranded miRNA product has a 3’ arm and 5’ arm
that will incorporate with the argonaute protein (Ago2), included in an RNA-induced
silencing complex (miRISC) that mediates gene regulation by targeting the 3° UTR region
of target mMRNAs. Complementary miRNA base pairing of the 6 nt sequence from 2 to 8
(seed sequence) to the 3’ UTR sequence results in degradation of the mRNA or inhibition
of protein translation, through deadenylating or decapping, respectively.

1.3 miRNA-Mediated Gene Regulation.

Bioinformatics studies estimate that miRNAs regulate the expression of up to 80%
of human genes (Lu & Clark, 2012; Mahmoudi & Cairns, 2017). Dysregulation of miRNAs

can lead to severe consequences and diseases such as neural disorders and cancers. A



miRNA interacts with the effector complex (microribonucleoprotein miRNP) and the
sequence-specific recognition of the target site (called cognate mRNA) to produce its
effect on a target gene (Orang et al., 2014; Siomi & Siomi, 2009). miRNAs can rapidly
cause gene silencing or transiently fine-tune gene expression depending on cellular and
extracellular conditions (Peng & Croce, 2016; Wright et al., 2016). miRISC binds to a 6
nucleotide sequence from nucleotide 2 to nucleotide 8 called the “seed sequences” in the
3’ UTR of a target mRNA. miRISC mediates gene expression at the post-transcriptional
level by inhibiting the translation of the mRNA into protein. miRISC interaction with
deadenylase or decapping complexes causes mRNA poly-A tail removal (deadenylation)
or decapping (Fabian & Sonenberg, 2012). At the translational level, gene silencing may
occur directly or indirectly by different mechanisms. For example, gene silencing may
occur at the early translation inhibition before elongation, premature termination, or post-
initiation inhibition of MRNA translation. In addition, the miRNP could interfere with the
ribosome subunit by preventing its joining or promoting its dissociation. The miRNP could
also recruit different enzymes, such as deadenylase, exonuclease, and endonucleases
resulting in the degradation of the mRNA. As a post-initiation mechanism, miRNP can
also obstruct the translation elongation and termination of translation by antagonizing the
elongation factors causing protein decay (Fabian & Sonenberg, 2012; Gu & Kay, 2010;
Orang et al., 2014; Ruby et al., 2007). However, the exact mechanism of how miRISC

regulates its targets remains debatable.

Until recently, gene repression has been the exclusive mechanism studied for
miRNAs. However, miRNAs have now been found to post-transcriptionally up-regulate

gene expression in response to specific stress conditions, in specific cell types, during



different developmental periods, or with particular co-factors (Vasudevan, 2012). How
exactly miRNAs up-regulate gene expression is more complicated. A miRNA can up-
regulate gene expression directly by associating with miRNP factors, or indirectly by
abolishing the inhibitory action of the miRISC (Orang et al., 2014). Some miRNAs can
mediate both up-regulation and down-regulation in a context-dependent manner. For
example, miR-206 can regulate the Krippel-like factor4 (KLF4) transcription factor in a
regulatory feedback loop that is the opposite during normal versus cancer conditions. In
normal conditions, miR-206 promotes the expression of transcription factor KLF4 and
promotes proliferation of non-cancerous cells. (Lin et al.,, 2011) have reported that in
breast and gastric cancer cells, miR-206, however, represses the expression of KLF4 and
miR344-1. Furthermore, at the oocyte stage, miR-206 and miR-16 activate the two key
factors responsible for stimulating translation, KLF4 and Myelin transcription factor 1
(Myt1), by Ago2 and fragile-X-metal retardation-related protein 1 (FXR1). KLF4 and Myt1
can regulate mRNA translation by associating with a factor needed for mRNA
translational activation (TNFa-AU-rich 3'UTR) (Orang et al., 2014). In a similar manner,
miR-369-3 is associated with TNFa and causes translational activation, but only under
conditions of serum starvation (Rusk, N. 2008). Another example, miR-346 can up-
regulate a transcription coregulator called receptor-interacting protein 140 (RIP140),
required for metabolic processes via binding to the 5° UTR of its mMRNA and facilitating
mRNA-polysomes interaction (Tsai et al., 2009). Interestingly, the up-regulation of
RIP140 protein expression occurs without affecting RIP140 mRNA levels (Tsai et al.,
2009). Another miRNA mechanism of increasing translation involves its pairing to the 5’

UTR. For example, miR-10 can bind to the 5° UTR of the ribosomal protein (RP) mRNA



increasing global ribosomal biogenesis, thereby enhancing global protein synthesis and

controlling the cell's transformation capacity (Jdrom et al., 2008).

Increasing evidence shows that gene expression can be either up-regulated or
down-regulated post-transcriptionally depending on the cell type and cell condition. In
addition, hundreds of genes can be regulated by a single miRNA, and multiple miRNAs
can regulate a single gene. This complexity has made the identification of the exact

mechanisms by which miRNAs regulate gene expression to be very challenging.

1.4 miRNA Recognition and Seed Sequence.

At the present time, the mechanism of miRNA recognition and targeting mRNA
has been well characterized. As a result, a number of computational prediction algorithms
capable of predicting miRNA-mRNA interactions have been developed, such as miRbase,
DIANA-microT-CDS, cmiR, a-mir-SVR and TargetScan (Peterson et al., 2014). However,
the most commonly used target prediction  tool is  TargetScan

(https://www.targetscan.org/). The standard features of target prediction methods are

based on several main factors, including the matching between the seed sequence of the
miRNA and mRNA sequence, the conservation of the sequences across species, the
predicted stability of the mRNA-miRNA structure, the binding site accessibility, and the
energy required (Peterson et al., 2014). The seed sequence is the first 2-8 nucleotides
from the miRNA 5’ end (Lewis et al., 2005). The miRNA seed sequence can bind to the
3’ UTR of a mRNA with precise base pairing or with partial complementary base pairing.
The precise base pairing is where adenosine A is bound to uracil U and guanine is bound

to cytosine C, while partial complementary binding occurs when at least 6 nucleotides are
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complementary. Databases generated to predict targets are mainly based on seed
sequence identification. Computational prediction algorithms list putative targets based
on organism type, miRNA name, gene name, seed match, and conservation probability.
Overall, miRNA-mRNA target prediction tools have advanced gene expression regulation

research.

1.5 miR-137.

miR-137 is one of many miRNAs that have a critical role in mammalian cellular
biology. miR-137 was first discovered by Lagos-Quintana and his colleagues in 2002.
miR-137 is expressed in various human and animal tissues, but mainly in the nervous
system, where it is highly expressed in the brain with a high concentration at synapses
(Guella et al., 2013; Landgraf et al., 2007). The gene coding for miR-137 is 61 kilobase
(Kb) long and located on chromosome 1p22 within a long non-coding host gene called
MIR137HG in the human genome (Lagos-Quintana et al., 2002; Mahmoudi & Cairns,
2017). Like all the other miRNAs, the miR-137 gene is transcribed in the nucleus and
processed into a smaller hairpin precursor-miR-137 (pre-miR-137). The pre-miR-137,
which is 102 base pair long, then leaves the nucleus through nuclear pores, and is then
cleaved into the smaller mature miR-137. The mature miR-137 form is 23 nt long,

UAUUGCUUAAGAAUACGCGUAG (5' to 3') (Mahmoudi & Cairns, 2017).

As miRNAs can regulate multiple mRNAs, a problem with a single miRNA can
have deleterious effects from mis-regulation of multiple downstream targets resulting in
phenotypical effects. miR-137 is a miRNA that is associated with adult neurogenesis,

dendritic development, neural maturation, and cognitive function (Olde Loohuis et al.,



2015a; Strazisar et al., 2015; Thomas et al., 2018). miR-137regulates
neurodevelopmental processes during development by modulating target genes
associated with neural stem cell proliferation, differentiation, and apoptosis. The
overexpression of miR-137 is able to shift cells from proliferation to differentiation of
neurons in stem cells (Meza-Sosa et al., 2014). The overexpression of miR-
137 decreases dendritic density and spine growth in newborn neurons, and its inhibition
has the opposite effect on dendritic complexity (Smrt et al., 2010a). In addition, miR-137
levels change during development with levels increasing with age, highest around the
age of 25, then continuing to increase as age increases (Pacheco et al., 2019). miR-
137 is required for healthy dendritic development of hippocampal neurons in vivo and in
vitro studies (E. He et al., 2018; Sakamoto & Crowley, 2018). miR-137 also functions in
many signaling pathways, including MAPK/ERK, Nrg/ErbB, and PISK-AKT-mTOR (Jiang

et al., 2019a; Thomas et al., 2017, 2018).

Mis-regulation of miR-137 is associated with neurological conditions, such as
Schizophrenia, Autism, and Bipolar Disease in humans (discussed further in section 1.7).
miR-137 dysregulation also contributes to several cancers like neuroblastoma and
glioblastoma multiforme, and it is used as a blood biomarker for cancer in humans (Bier
et al., 2013; Silber et al., 2008). Epigenetic hypermethylation causes loss of miR-137 in
primary endometrial tumors (Kashani et al., 2019). The down-regulation of miR-137 has
been proven to increase cancer progression as it is a stimulant of cell differentiation (Bier
et al., 2013; Mahmoudi & Cairns, 2017). Overall, genetic overexpression of miR-137
suppresses the growth and proliferation of tumors and reduced tumor size (J. Wang et

al., 2021; Y. Wang et al., 2020).



1.6 Putative and Validated Targets of miR-137.

By using bioinformatic analysis approaches, over 1300 potential target genes are
predicted to be regulated by miR-137, including ion channels and many signaling proteins
(Agarwal et al., 2018; Yin et al., 2014). TargetScan identifies 1314 putative targets in
humans, 1274 in mice, and 532 in the fly. More than fifty genes have been experimentally
confirmed to be direct targets for miR-137, either by western blot, RT-gPCR, or luciferase
assay in various cell lines (Mahmoudi & Cairns, 2017). For example, miR-137 directly
influences the protein kinase B, AKT1, AKT2, AKT3, and DRD2, essential components of
the mTOR pathway (Howell & Law, 2020; L. Li et al., 2020). Interestingly, substantial
genes that have roles in the etiology of schizophrenia and brain function such as, CSMD1,
C100orf26, CACNA1C, TCF4, ZNF804A, ERBB4, GABRA1, GRIN2A, GRM5, GSK3B,
NRG2, and HTR2C, have also been validated as targets of miR-137 (Wright et al., 2013).
More validated targets of miR-137, include RORa, D2R, TCF4, NRXN1, SHANK2,
SCN2A, genes that associated with autism spectrum disorder, neurological disorders,
and cancer (Jiang et al., 2019b; Mahmoudi & Cairns, 2017; Pacheco et al., 2019; Yin et

al., 2014a).

1.7 miR-137 Roles in Neurodevelopment, Mental, and Behavioral Disorders.

Validated targets suggest a potential association of miR-137 with the etiology of
psychiatric disorders. A genome-wide association study (GWAS) has linked single
nucleotide polymorphisms (SNPs) in miR-137to cognitive disorders such as
schizophrenia (SZ) and autism spectrum disorder (ASD) in humans (Sakamoto &

Crowley, 2018). Many genetic polymorphisms have been associated with the adult onset
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of schizophrenia (AOS), and the miR-137HG gene is the top associated gene with SZ
SNP (rs1625579, rs1198588, rs2660304, rs1702294) (Pacheco et al., 2019). SZ is a
chronic mental illness that causes a person to disconnect from reality, affecting feelings,
thinking, and behavior. Patients with SZ suffer from cognitive and memory difficulties
(Manoach & Stickgold, 2015). SZ is a highly hereditable disorder that runs through the
family (He et al., 2018; Siegert et al., 2015; Strazisar et al., 2015). The SNP Rs1625579
was identified within an intron of a putative primary transcript of miR-137 (Arakawa et al.,
2019; Ripke et al., 2011). Rs1625579 is located 8 kb downstream of the miR-137 gene
and was found to be associated with many SZ phenotypes, including memory deficit and
cognitive dysfunction (Yin et al., 2014b). miR-137 likely contributes to the etiology of
neurodevelopmental deficits as it regulates adult neurogenesis, glutamate receptor
signaling, and synaptic plasticity (Olde Loohuis et al., 2015b; Siegert et al., 2015b; Smrt
et al., 2010b). miR-137 expression is decreased in the prefrontal cortex by about 30% in
patients with SZ and Bipolar disorder (Guella et al., 2013), and increased at hippocampal
synapses (Arakawa et al., 2019). These studies hypothesize that miR-137 gain of function
is associated with the risk of SZ.

ASD is a group of neurodevelopmental disabilities characterized by abnormal
social communication, limited interest, and stereotypical repetitive behavior. ASD
susceptibility is linked to genetic components. Multiple reports suggest that microdeletion
of miR-137is a potential contributor to ASD (Cheng et al.,, 2018; Siegert et al.,
2015). Retinoic acid-related orphan receptor alpha gene (RORa) has been implicated as
one of the candidate genes linked to ASD. Even though several other brain regions are

affected, the cerebellum, where RORa is most highly expressed, is the area of the brain
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most affected by the neuropathology of ASD. miR-137 was found to be targeting the 3’
UTR of RORa and directly regulates its expression (Devanna & Vernes, 2014). Taken
together, these data suggest there is a possibility that miR-137 and autism candidate
gene RORa are related to ASD.

The primary diagnosis for neuropsychiatric disorders is impaired social behaviors
and memory deficit, and evidence shows that miR-137 dysregulation is associated with
phenotypes showing deficits in cognitive functions. Patients with the miR-137 Rs1625579
allele showed an alteration in front-amygdala activity (Yin et al., 2014b). In memory tests
and fear behavioral tasks that measure memory recall of a stimulus (tone) followed by
foot shock, mice with miR-137 overexpression showed a reduced freezing response
compared to control mice (Siegert et al.,, 2015). Further data showed that miR-
137 overexpression impaired hippocampal learning and memory in the Morris water maze
tests, where mice with miR-137 overexpression were significantly delayed finding the
escape platform compared to the control mice (Siegert et al.,, 2015). These results
indicate that miR-137 overexpression, which is associated with SZ, impaired
hippocampus-dependent memory.

On the other hand, mice with loss of miR-137 also reveal impaired learning and
memory. miR-137 partial knockdown mice showed a significant delay in finding the
escape platform compared to the wild type In Morris water maze tests (Cheng et al.,
2018). In the Barnes maze, where mice were trained to find a hidden box to escape the
maze, miR-137 partial knockdown mice revealed a significantly longer time to find fewer
boxes than the wild type (Cheng et al., 2018). Together, these data indicate that the loss

of miR-137 results in learning and memory deficits.
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The loss of miR-137 mice resulted in repetitive behaviors, such as burying extra
marbles and extended self-grooming, especially when in contact with new mice (Cheng
et al., 2018). In addition, miR-137 partial knockdown mice showed increased anxiety-like
behavior and less interest in exploring new mice (Sakamoto & Crowley, 2018). In
conclusion, the loss of miR-137 significantly affects memory, cognitive, and social

behavior.

miR-137 expression appears early in life, and studies have provided strong
evidence that miR-137 is essential for development. Cheng et al., 2018, showed that miR-
137 knockout mice exhibit complete embryonic lethality, as none of the homozygote miR-
137 knockout mice survived. Mice needed at least one copy of miR-137to live. He et al.,
2018, showed that miR-137 homozygous knockout mice exhibit postnatal lethality, where
mice only survived until 21 days and suffered from significant brain and body weight loss.
The partial loss of miR-137 in the CNS causes issues in synaptic plasticity, repetitive
behavior, and impaired learning and memory (Cheng et al., 2018). Together, these
studies show that miR-137 plays a vital role in neurodevelopment, and its function is

critical for survival.

1.8 The Implication of miRNAs and miR-137 in Response to Different Kinds of

Stress.

Under stress, cells deviate from the normal state to a new state that threatens
cellular homeostasis. Stress results in neurological, physiological, and behavioral
modifications that help the cell tolerate change to a new cellular condition and/or restore

itself to the previous homeostasis (Clark & Fucito, 1998). Depending on the severity and
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the duration of the stressor, cells attempt to survive by repairing damaged
macromolecules, changing gene expression, arresting growth, or triggering cell death
(apoptosis). miRNAs are important candidates involved in the stress response as they
can modulate gene expression in multiple signaling pathways by targeting mRNAs or
regulating protein translation (Olejniczak et al., 2018). miRNA biogenesis is also altered
under conditions of stress. For example, Ago2 complexes associate with miRNAs and
localize stress granules to different subcellular compartments upon stress (Leung &
Sharp, 2007). Deletion of specific miRNAs does not always produce a significant
phenotype under normal conditions, however, the same miRNA mutants sometimes

exhibit deleterious phenotypes under stress conditions (van Rooij et al., 2007).

miR-137 is essential for significant aspects of cellular and physiological processes,
such as neural cell proliferation and differentiation. For example, miR-137 attenuated
oxidative stress, apoptosis, and inflammatory responses through the MAPK signaling
pathway. miR-137 knockout increases the oxidative stress response, indicated by the
level of reactive oxygen species (ROS) and inflammatory factors in the brain tissues of
miR-137 knockout mice (Tian et al., 2019). miR-137 inhibits the MAPK signaling pathway
in ischemic stroke by complementary binding to the 3’ UTR of gene products, including
Src, a proto-oncogene non-receptor tyrosine kinase. Src induces the activation of ERK1/2
as well as p38-MAPK/JNK signaling pathways, which are responsible for the regulation
of cell apoptosis (Tian et al., 2019). Therefore, it is possible that miR-137 may also be
involved in regulating the stress response by regulating the synthesis of proteins or

targeting the transcripts involved in stress responses.
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On the other hand, miR-137 knockdown alleviates oxidative stress injury of
neurons in a mouse model of Parkinson's disease by up-regulating oxidation resistance
protein 1 (OXR1) (Jiang et al., 2019). OXR1 is a vital protein that acts protectively by
regulating the sensitivity of neuronal cells to oxidative stress. Mice lacking OXR1 display
increased neurodegeneration (Oliver et al., 2011). Our understanding of the underlying
mechanisms through which miR-137 participates in these responses is still under intense

investigation.

1.9 Molecular Mechanisms Underlying Metabolic Stress in Drosophila

melanogaster.

The metabolic energy of insects is regulated by three main signaling pathways,
similar to mammals: the Glucagon/Adipokinetic signaling pathway, the Insulin/IGF
signaling pathway, and the TOR signaling pathway. The functions of these pathways
facilitate cell development, proliferation, production of proteins, mobilization and storage
of nutrients, and survival. These pathways are conserved from flies to humans and

coordinate tissue growth and metabolism depending on nutrient availability.

1.9.1 Glucagon/Adipokinetic Signaling Pathway (AKH).

The major hormonal pathways that control metabolism, growth, and survival are
conserved throughout the animal kingdom. In mammals, the nutrient-sensing glucagon
and insulin hormones are controlled by blood glucose level and regulate fat and glucose
metabolism. When blood glucose levels are low (starvation), the level of insulin hormone

decreases while the level of glucagon hormone increases. The increase in glucagon
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hormone level promotes the breakdown of glycogen and lipids to maintain survival.
In Drosophila, the functional analog of the glucagon hormone is the Adipokinetic hormone
(AKH). AKH is a metabolic neuropeptide hormone released from the neuroendocrine ring
gland called corpus cardiaca in the brain of Drosophila. AKH is involved in metabolic
regulation during metabolic stress (G. Lee & Park, 2004; Schooneveld et al., 1983). AKH
binds with high affinity to the Adipokinetic hormone receptor (AKHR), located on the
plasma membrane of fat body cells. The fat body in insects is the main site of energy
storage and serves a similar purpose as the liver and adipose tissue in mammals (Aguila
et al., 2007). The AKHR is a G-protein-coupled receptor, and AKH binding to AKHR in
the fat body stimulates glycogen phosphorylase, which activates the breakdown of
glycogen and increase the release of the primary circulating sugar in the hemolymph of
the flies (trehalose) (Graham & Pick, 2017; G. Lee & Park, 2004). AKH activity in the fat
body leads to the phosphorylation of lipid storage droplet protein-2 (LSD2), a protein
primarily associated with lipid droplets in the fat body (Toprak, 2020). Moreover, AKHR
activation increases the transcription of the Drosophila homolog of triglyceride lipase,
called bummer (bmm). The phosphorylation of LSD2 and bmm lead to a breakdown of
triglycerides into diacylglycerides and transport to the hemolymph (Gré Nke et al.,2007).
The lipid movement from the stores during starvation stress is analogous to the
mammalian regulation of lipolysis. Overall, AKH signaling in the fat body elevates lipid

and trehalose levels in the hemolymph and boosts survival during metabolic stress.

AKH signaling regulates the starvation phenotype of flies. For example, AKH is
involved in increasing locomotor activity during starvation. Flies normally exhibit

hyperactivity during starvation, a behavioral sign for searching for food. The disadvantage
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of starvation-induced hyperactivity is the fast depletion of energy stores, decreasing
survival longevity. The AKH mutant flies exhibit a decrease in starvation-induced
hyperactivity (Q. He et al., 2020; R. Huang et al., 2020). The genetic mutation in AKH
(Akh'), is aloss-of function mutation at the second amino acid (Leu) of the N-terminus of
AKH gene. Akh' or AKHR mutant flies exhibit phenotypes of hyperlipidemia,
hypertrehalosemia (Mochanové et al., 2018). These AKH-deficient flies are starvation
resistant due to increased levels of energy stores, and the increased body mass (G. Lee

& Park, n.d.; Mochanova et al., 2018).

Crosstalk between the AKH and insulin signaling pathways depends on nutritional
state. Drosophila insulin-like peptides (Dilps) are released under normal feeding
conditions to promote energy storage, while AKH is released in starved conditions to
promote energy release (Q. He et al., 2020). An evolutionarily conserved a-glucosidase,
a target of brain insulin (Tobi), showed a link between the insulin and AKH signaling
pathways with both AKH and Dilps regulate it. Tobilevels are elevated by dietary protein
intake and decreased by dietary glucose intake. Tobi regulates the conversion of
glycogen to glucose, thereby regulating glycogen content (Ahmad et al., 2020; Buch et
al., 2008; Strilbytska et al., 2020). The interaction between AKH and insulin signaling

pathways mediates a regulatory role in insect metabolism.
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Figure 2. Simplified representation of the AKH signaling pathway. AKH hormone is
released from the corpus cardiaca cells in response to low circulating trehalose. In the fat
body, AKH will bind to G-protein-coupled receptors (AKHR) and activate glycogen
phosphorylase, LSD2, and Bummer lipases, allowing the mobilization of stored energy.
As a result of the released energy, feedback inhibition of AKH release will occur.

1.9.2 Insulin/IGF Signaling Pathway (lIS).

In addition to AKH, the other two major players that sense, control, store, and
metabolize nutrients in animals are the insulin/IGF (IIS) and TOR pathways. Among all
animal species, the insulin/PIBK/AKT pathway is highly conserved and implicated in
regulating cellular growth, proliferation, fat storage, and survival (Liu & Lehmann, 2006;
Scanga et al., 2000). After a meal, food is digested into sugar, amino acids, and fatty
acids. The pancreas releases the hormone insulin to regulate blood glucose levels after
digestion. In mammals, the insulin receptor (InR) can be activated by insulin hormone,

insulin-like growth factor | (IGF-1), and insulin-like growth factor Il (IGF- Il) (Boucher et
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al., 2010). Insulin interacts with the insulin receptor located on the surface of target cells

like liver cells, skeletal muscle cells, and adipose cells to promote glucose uptake.

The InR/IGF is composed of a proprioceptor polypeptide that undergoes proteolytic
modification to generate a dimer of two extracellular alpha subunits and two
transmembrane beta subunits that are joined by disulfide bonds (Baserga, 1999;
Fernandez et al., 1995). Insulin binding to the InR extracellular alpha subunits triggers the
activation of the cytoplasmic C-terminal tyrosine kinase domain contained in the beta
subunits and causes InR autophosphorylation. InR B-subunit is phosphorylated at 3 major
tyrosine residues (Tyr1131, Tyr1135, and Tyr1136) and two kinases domains
Y1162/1163, all of which are essential for InR activation (Baserga, 1999; Hernandez-
Sanchez et al., 1995; Lopaczynski et al., 2000; C. L. Wu et al., 2011a). The
phosphorylated InR generates a docking site for adaptor molecules and can
phosphorylate a number of downstream targets, including the Insulin receptor
substrate (IRS). IRS has 4 isoforms in mammals (IRS1-4), with only one isoform
in Drosophila called chico. IRS/chico proteins contain different binding domains, such as
a phosphotyrosine binding domain (PTB) and an N-terminal pleckstrin homology (PH)
domain. The PTB domain site is associated with the phosphorylated InR, resulting in
IRS/chico phosphorylation. A PH domain in IRS/chico can also act as a docking site for
SH2-containing proteins. Phosphorylation of IRS/chico initiates a phosphorylation
cascade. The IRS/chico phosphorylation recruits a p85 adaptor unit for
phosphatidylinositol 3 kinase (PI3K) phosphorylation. After PI3K is phosphorylated, it will
phosphorylate a membrane phospholipid, PIP2, and convert it into PIP3. The

phosphorylated site on PIP3 subsequently be recognized by a 3-phosphoinositide-
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dependent kinase (PDK) and activate protein kinase B, called AKT. Full activation of
AKT depends on Thr308 phosphorylation by PDK1 (Thr342 in Drosophila) and Ser473
phosphorylation (Thr505 in Drosophila) within the carboxy terminus of PDK2 (Alessi et
al., 1996). AKT also promotes glycogen synthesis by repressing glycogen synthesis
kinase 3B (GSK-3 B) (Shaggy in Drosophila) (Hietakangas & Cohen, 2009; Jacinto et al.,
2006; S. Lee & Dong, 2017). Upon AKT activation, Forkhead Box O (FOXO) will be
repressed. FOXO is a transcription factor that plays a critical role in response to several
physiological stresses (Ni et al., 2007). Drosophilahas a single FOXO gene
called dFOXO, representing the FOXO family in mammals (Puig et al.,, 2003).
Phosphorylated AKT can  phosphorylate FOXO at  three  sites: Thr44, Ser190,
and Ser259 (Regazzetti et al., 2009). Phosphorylated FOXO is bound by 14-3-3 proteins
in the cytoplasm that will mask the DNA binding interface in FOXO and prevent it from
translocating into the nucleus (Nielsen et al., 2008). The phosphorylation of FOXO
decreases the expression of the translation repressor protein initiation factor 4E binding
protein (4E-BP), increasing protein translation (Y. Liu & Lehmann, 2006). Eventually, AKT
promotes the translocation of the glucose transporter (GLUT) to the cell membrane in
liver, adipose tissue, and muscles, allowing glucose to enter the cell and reducing blood

glucose levels.

Drosophila has a single InR/IGF gene that shares 32.5% and 33.3% amino acids
identity with the mammalian InR and IGF proteins, respectively, and the level of amino
acids identity is even higher (up 50%) when beta subunits are compared (Ruan et al.,
1995). Despite the homology, the Drosophila InR/IGF can only be activated by the insulin-

like peptide (Dilps) but not mammalian IGF (Fernandez-Almonacid & Rosen, 1987). There
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are eight insulin-like-peptide genes (Dilps 1-8) that have been identified (Semaniuk,
Piskovatska, et al., 2021). Dilps are released into the fly hemolymph and interact with the
single Drosophila InR/IGF. In response to circulating nutrients, Dilps 2,3 and 5 are
produced from two symmetric clusters of seven neurosecretory cells in the brain called
insulin-producing cells (IPCs), while Dilp6 is released from the fat body (Semaniuk et al.,
2021; lkeyaet al. 2002). AKH and Dilp6 work together to increase lipolysis, while Dilp 2,
3, and 5 activate lipogenesis (Toprak, 2020). During starvation, Dilp3 and Dilp5 are down-
regulated while Dilp2 accumulates in the IPCs (S. Broughton et al., 2008; Kannan &
Fridell, 2013). In addition to nutrients, several other factors regulate the release of Dilps
from the IPCs, like temperature, circadian rhythms, short neuropeptide F (sNPF), and
miRNAs (Luo et al., 2012; Semaniuk, Strilbytska, et al., 2021). For example, miR-14
regulates metabolism and nutrient content (lipid and glycogen) in the fly by controlling the

release of Dilps from IPCs (Varghese et al., 2010).

The insulin signaling pathway supports cellular growth during infection and
starvation (Britton et al., 2002; Kannan & Fridell, 2013; Semaniuk, Piskovatska, et al.,
2021). During nutrient limitation, insulin signaling is suppressed, and AKT activation is
decreased. As a result, the transcription factor FOXO is dephosphorylated, translocating
into the nucleus and promoting its downstream targets' transcription. The increase in
FOXO levels has been associated with increased resistance to stress and extended
lifespan during the decrease in insulin signaling (Barthel et al., 2005; Y. Liu & Lehmann,
2006). In addition, the increase in FOXO level upon starvation can directly feedback and

up-regulate transcription of the INR mRNA, thereby increasing insulin sensitivity (Puig et
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al., 2003). Overall, the insulin signaling pathway is well-conserved and critical for

maintaining homeostasis against environmental stress.
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Figure 3. Simplified representation of the highly conserved Insulin/PI3K/AKT
signaling pathway. A. During nutrient availability (fed state), activation of InR/IGF
initiates a phosphorylation cascade that ends by repressing FOXO transcription factors
by nuclear exclusion. B. Under nutrient limitation (starved state), FOXO repression is
relieved, and FOXO can translocate into the nucleus and start transcription of multiple
target genes.
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1.9.3 TOR Signaling Pathway.

Target of the Rapamycin (TOR) pathway is a nutrient-sensitive pathway that is
activated by PI3K/AKT signaling. The TOR pathway is a conserved signaling pathway
from yeast to humans and regulates growth and metabolism at the cellular level
(Gonzalez & Hall, 2017). TOR detects information about nutrients directly from the level
of amino acids, and then regulates two direct downstream targets: 4E-BP and S6 kinase.
Accumulation of amino acids activates TOR signaling and increases the uptake of amino
acids through an amino acid transporter called Slimfast. TOR is composed of two
proteins, TOR complex 1 (TORC1) and TOR complex 2 (TORC1) (Loewith et al., 2002).
Increase in intracellular amino acids activates TORC1 proteins. TORC1 stimulation
controls protein synthesis by phosphorylating 4E-BP and serine kinase 6 (S6K), two
critical translation mediators that regulate cellular metabolism and growth (Kapahi & Zid,
2004). The phosphorylation of 4E-BP causes its release from elF4E and allows cap-
dependent mMRNA translation to proceed (Gonzalez & Hall, 2017; Oldham, 2011). On the
other hand, S6K phosphorylation promotes the interaction of the small ribosomal subunit
with the start codon and initiates translation. Furthermore, activated S6K phosphorylates
several proteins, including elF4B, elF4A, and 40S ribosomal protein S6 (rpS6), causing
an increase in ribosomal synthesis, thereby increasing global protein synthesis (Pallares-

Cartes et al., 2012).

[IS and TOR signaling directly or indirectly interfere with global protein translation
by modulating ribosome biogenesis. For instance, insulin induces activation of the TOR

pathway through phosphorylation of AKT at Ser473, a site that has been identified as a
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target of the mammalian target of rapamycin (mTOR) (Jacinto et al., 2006; Malsam et al.,
2005). AKT activation relieves the inhibition of tuberous sclerosis complex 1/2 (TSC1/2)
and activates a small GTPase Rheb, a positive regulator of rapamycin (TOR) (J. Huang
& Manning, 2009; Jacinto et al., 2006). 1IS and TOR pathways have been shown to
undergo crosstalk dependent on nutrient status in a mechanism that leads to the
conservation of cellular energy when nutrient levels are low. TOR and IIS have opposite
effects on 4E-BP. In the case of insulin and nutrient availability (fed state), TOR activation
inhibits the translation inhibitor 4E-BP and mediates cellular and organism growth and
size phenotypes (Hietakangas & Cohen, 2009; Kapahi & Zid, 2004; Tsokanos et al.,
2016). In contrast, during nutrient limitation, FOXO positively regulates 4E-BP, inhibiting
translation and promoting survival (Puig et al., 2003; Teleman et al., 2005a; Tettweiler et
al., 2005a). In addition, insulin levels stimulate a decrease in Proline-rich AKT substrate
40 (PRAS40), a binding partner for TORC1. Decreasing PRAS40 inhibits TORC1 kinase
activity, thereby enhancing 4E-BP levels (L. Wang et al., 2007). Lastly, dFOXO, a
downstream target of IIS, has been identified to regulate the expression of the
transcription factor Myc, a downstream target of the TOR pathway. Myc expression

regulates cell division and growth (Teleman et al., 2008).

In summary, the 1IS and TOR pathways play key roles in regulating metabolic
processes and have been strongly linked to the starvation response. Due to complex
interactions between 1IS and TOR, mutations of any component of either pathway can

produce severe phenotypes.
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Figure 4. Simplified representation of the TOR signaling pathway. The availability of
extracellular amino acids activates TOR kinases and leads to the phosphorylation of S6K
and inhibition of 4E-BP, which results in increased protein translation and cellular growth.

1.10 Negative Regulators of the IIS

Although the activity of insulin signaling is somewhat clear, the factors involved in
negative regulation of IIS are less well understood. Mechanisms underlying the regulation

of insulin signaling can happen on the insulin receptor level or at any step in the pathway.

The InR and IRS can be negatively regulated by ligands, protein tyrosine
phosphatase (PTP), serine phosphorylation, and negative feedback loops. For example,
a prolonged increase in insulin levels (hyperinsulinemia) leads to internalization and/or

degradation of the InR and IRS (Watson et al., 2022). A decrease in the number of InR in
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the cell membrane, a mutation in the /InR gene, or a decrease in IRS leads to a severe
condition of insulin resistance in animals, where failure to maintain blood glucose levels
results in diabetes, kidney and heart failure and a shortened lifespan (Graham & Pick,
2017b; Lizcano & Alessi, n.d.; Um et al., 2006). On the other hand, growth factor receptor-
bound proteins (Grb10) and (Grb14) are also known to bind to the auto-phosphorylated
InR and inhibit its tyrosine kinase activity towards IRS (Depetris et al., 2005; Ding et al.,
2020; Gual et al., 2005; Holt & Siddle, 2005). IRS can be negatively regulated by serine
phosphorylation which causes IRS degradation. For example, phosphorylation of a serine
residue of the IRS by S6K, a serine kinase downstream of AKT, causes IRS inhibition
and degradation (Manning, 2004; Um et al., 2006). Another example of the negative
regulation of IRS by serine phosphorylation is by c-Jun-N-terminal kinases (JNK).
Increasing IIS activity stimulates JNK activity that leads to phosphorylation of IRS at
Ser307, which mediates feedback inhibition of IIS activity (Y. H. Lee et al., 2003). In
addition, Protein Phosphatase 2A (PP2A), and Phosphatase 2B (PP2B), also known as
calcineurin, are involved in the dephosphorylation of some downstream IS components
like AKT (Hatzihristidis et al., 2015; Padmanabhan et al., 2009). Phosphatase tension
homolog (PTEN) inhibits IIS by negatively regulating PI3K activity. PIP3 acts as a docking
site for the pleckstrin homology domain (PH domain) of PI3K, which recruits protein
phosphatase PTEN (Georgescu, 2010a; Y. Z. Li et al.,, 2020). SHIP2 is another
phosphatase that can negatively regulate 1IS by catalyzing the de-phosphorylation of
PIP3 to regulate phospho-Thr308-AKT activity (Soeda et al., 2010). /InR mRNA
transcription can also be regulated by a feedback loop mediated by the FOXO1

transcription factor (Durmaz et al., 2019; Puig et al., 2003). Other modulators of the 1IS
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are Suppressors of Cytokine Signaling (SOCS) proteins. There are seven SOCS, and
SOCS1, SOCSS, SOCS6, and SOCS?7 function by binding to the InR and preventing its
signaling, or targeting IRS for degradation (Cao et al., 2018; Krebs et al., 2002; Ueki et

al., 2004).

The main regulator of IIS activity involves protein tyrosine phosphatases (PTPs)
that dephosphorylate the InR and IRS (Band et al., 1997). The first type of PTPs are
receptor-type protein tyrosine phosphatases (RPTPs). There are 21 RPTPs, including
Leukocyte Antigen Related (LAR), and CD45 (Galic et al., 2003; Hatzihristidis et al., 2015;
Jacob et al., 2010; Xu & Fisher, 2012), both capable of negatively regulating 11S. The
other type of PTP is the non-receptor protein tyrosine phosphatase. There are 17 protein
tyrosine phosphatases, including PTEN, Protein Tyrosine Phosphatase 1B (PTP1B), and
T Cell Protein Tyrosine Phosphatase (TCPTP). PTP1B (encoded by PTPN1) and TCPTP
(encoded by PTPNZ2) are the major protein tyrosine phosphatases that recognize and
dephosphorylate the InR (Hatzihristidis et al., 2015; Xu & Fisher, 2012). In Drosophila,
protein tyrosine phosphatase dPTP61F is homologous to PTP1B and TCPTP. dPTP61F
negatively regulates insulin signaling activity by dephosphorylating the activated site of
InR/IGF (Willoughby et al., 2017; Wu et al., 2011). dPTP61F has also been identified as
a negative regulator of the TOR pathway and involved in the organism's size (P. Liu et
al., 2022). Drosophila PTP61F null mutants showed multiple phenotypes in flies, including
developmental delay, an increase in body and wing size, a decrease in locomotor activity,
a shortened lifespan, and an increase in resistance to paraquat and hypoxia conditions

compared with wild type (Buszard et al., 2013; P. Liu et al., 2022). Overall, mechanisms
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by which the IIS is negatively regulated are likely to contribute to physiological and

pathological conditions in the organism, and much remains to be understood.

1.11 Implications of Insulin Signaling in Diseases.

Because of its pivotal role in glucose homeostasis, insulin is linked with several
metabolic disorders, such as diabetes and hyperglycemia. Diabetes type 2 is a significant
disease associated with the insulin signaling pathway and affects multiple body organs.
Besides lifestyle and environmental factors, the two main reasons for diabetes are insulin
resistance, which is attributed to dysfunction of the InR, and dysregulation of insulin
release/production in response to glucose (Baenas & Wagner, 2022; Graham & Pick,
2017). 1IS dysfunction in the brains of diabetic patients increase the risk of developing
neurodegenerative disorders like Alzheimer's disease (Akomolafe et al., n.d.; Y. Huang
et al., 2019). Additionally, a rare recessive genetic disorder called Rabson-Mendenhall
can result from InR gene mutations and is characterized by severe insulin resistance
(Semple et al., 2011). Similar to diabetes and insulin resistance in mammals, ablation of
IPCs, down-regulation of InR, or mutation of chico in flies results in an increase in
circulating glucose, glycogen, and lipid levels (S. Broughton et al., 2008; S. J. Broughton
et al., 2005; Hall et al., 2020; S. Lee & Dong, 2017; Semple et al., 2011; Toprak, 2020).
In summary, mutations in the InR gene affect a proper insulin response, causing insulin
resistance, and impairment in muscle and adipose tissue development (Arcidiacono et

al., 2012; Semple et al., 2011).

A great number of studies have confirmed that the insulin pathway plays a

significant role in metabolic phenotypes. For example, defects in the production of Dilps
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in miR-278 mutant flies result in several phenotypes, including lean body size, insulin
resistance, and elevated circulating glucose that is mobilized from energy stores
(Teleman & Cohen, 2006). Furthermore, mutation of the insulin receptor substrate IRS1
in mice or chico in flies results in a decrease in body size, decrease in cell size and
number, an extension of lifespan, and delayed aging (Béhni et al., 1999). Conditional
knockdown of the InR in the adipose tissue in mice extends their life (Bluher et al., 1977).
In C. elegans, reduced IIS caused by loss of daf-2, the homolog of the InR/IGF receptor,
causes increased lifespan (Kimura et al., 1997). Mutations in the InR gene in Drosophila
prolongs lifespan (Tatar et al., 2001). Increasing the expression of dFOXO in the fat body
positively regulates Dilp6 mRNA in the adult fat body. The increase in Dilp6 represses
Dilp5 and Dilp2 mRNA expression in the brain and reduces the release of Dilp2 in the
hemolymph. Consequently, the decrease in Dilp2 and the increase in the expression of

dFOXO causes an increase longevity (Bai et al., 2012).

The insulin/TOR signaling pathway affects both metabolic function and growth-
promoting function. IIS protein activity promotes cell proliferation and stops apoptosis
(Chen et al., 2018; Georgescu, 2010). Multiple reports have also shown that abnormal IS
leads to cancer development and progression (Baserga, 1999; Georgescu, 2010a; Peng
& Croce, 2016). In Drosophila, loss of PTEN, which also functions as a tumor suppressor,
results in an increase in the activity of PI3K and causes an increase in organ size, and an
increase tumor growth (C. Y. Chen et al., 2018; Nowak et al., 2013). Phosphorylation of
TOR has two downstream targets: S6K and 4E-BP. The phosphorylation of S6K and 4E-

BP increases mRNAs' global translation, activating growth and development. Overall, a
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mutation in various IIS components in Drosophilaand mammals generates similar

consequences demonstrating these pathways' importance in organisms' normal biology.

1.12 Physiological Mechanisms of Starvation Resistance.

Food deficiency is a common challenge in the natural environment. Species that
adapt to this environmental challenge will have a higher probability of survival and will
likely develop evolutionary traits that will be passed on to the following generations as a
result of that experience. Starvation resistance is examined by placing groups of flies in
a vial where they have access to a source of hydration, but no nutritional source, then
recording times until death (Harshman et al., 1999). During times of nutrient deprivation,
the flies that are able to survive longer are considered starvation resistant (Chippindale

et al., 1996; Kawecki et al., 2021).

Potential mechanisms by which an organism can increase starvation resistance
are increased energy resources and minimized energy expenditure. Increase in energy
resources results in a larger size with starvation endurance (Chauhan et al., 2021).
Animals can store energy in the form of lipids, carbohydrates, and proteins. Starvation
resistance positively correlates with lipid content (Brown et al., 2019; Chauhan et al.,
2021; Harshman et al., 1999). Starved animals utilize their glycogen stores initially, then
switch to lipid metabolism, and only after lipid stores are depleted, protein breakdown
starts to promote survival (K. P. Lee & Jang, 2014). Humidity affect energy stores and
starvation resistance in the organism. Flies that are reared under high humidity (85%RH)
have higher lipid levels that contribute to longer survival during starvation (Parkash et al.,

2014). On the other hand, lipid content is greatly affected by temperature. Flies that were
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starved at 33 °C (high temperature) had a significant decrease in energy stores (glycogen
and lipids) compared to flies that were starved at 13 °C (Klepsatel et al., 2019). In
summary, an increase in energy resources, specifically lipid content, has been a

consistent marker that is correlated with starvation resistance.

Starvation affects adult flies' movement. Food deprivation induces an increase in
locomotor activity as a sign of food-seeking behavior. Consequently, the increase in
locomotor activity disadvantages survival by depleting energy resources faster. The food-
seeking behavior is mediated by IIS through S6K or AKH to enhance locomotor activity
(Q. He et al., 2020; R. Huang et al., 2020). Flies that showed starvation resistance are
less active, have lower fecundity, and exhibit developmental delay compared with control
flies (E. B. Brown et al., 2019; Yang et al., 2015). Overall, there is a strong relationship

between metabolic rate, available energy resources, and starvation resistance.

Feeding behavior varies during the different development stages. In Drosophila,
the life cycle starts with eggs that will hatch into larvae. The larval stage is characterized
by extensive feeding that supports fast growth and leads to the accumulation of energy
stores in the larval fat body (Aguila et al., 2007; Rehman & Varghese, 2021a). Then the
larvae enter into the non-feeding pupal stage, where the larvae go through
metamorphosis for approximately 4-5 days. During pupation, about 50% of the energy
stored in the larval fat body during the feeding and growth stage is consumed (Aguila et
al., 2007). The larval fat body cells continue to be present in the flies during early
adulthood for up to 3 days after eclosion. Due to that, the ability of newly eclosed flies to

resist starvation is nearly three times higher compared to older flies (Aguila et al., 2007;
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Rehman & Varghese, 2021a). Genetic blocking of cell death of larval fat cells increases
starvation resistance in older flies (Aguila et al., 2007). This evidence supports the idea
that fat body cells have a fundamental role in post-metaphoric energy metabolism and
provide an effective energy source that contributes to increased resistance to starvation
(Aguila et al., 2007; Chippindale et al., 1996; Rehman & Varghese, 2021). After that, adult
flies that emerge from the pupae enter a feeding but non-growing stage. Adult feeding
supports organism reproduction and survival (Park et al., 2018). Upon conditions of
starvation stress, flies normally tend to increase their feeding rate when they return to
food. One odd feeding behavior that can occur during starvation stress is that flies that
are the last to die cannibalize on the carcasses of the flies that have died earlier during

starvation (E. B. Brown et al., 2019; Huey et al., 2004).

To sum up, these findings suggest that the increase in lipid content, food intake,

food storage, and reduced physical activity contribute to increased starvation resistance.

1.13 Drosophila melanogaster as a Model Organism

The fruit fly, Drosophila melanogaster, is an excellent model organism for studying
systemic changes in miRNAs, gene expression, and behavior in response to
environmental challenges (Agarwal et al., 2018; Epiney et al., 2021). Drosophila
melanogaster has many advantages as a model organism starting with its small size,
relatively fast life cycle, fast reproduction time, low cost, and advanced genetic
accessibility. Drosophila is a simple organism with only four pairs of chromosomes, which
facilitates genetic manipulation. The first chromosome is the sex chromosome, while the

other three chromosomes are autosomes (Leister et al., n.d.). The ability to design
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mutations in flies is well established and has helped study the influence of genetics on
behavior. The Drosophila melanogaster genome exhibits 60% DNA sequence homology
with the human genome. Approximately 75% of genes responsible for various kinds of
disorders in humans are found in Drosophila with at least 50% protein sequence
homology (Chien et al., 2002; Reiter et al., 2001), including metabolic disease (Mirzoyan

et al., 2019).

miRNAs are ideal for studying stress response factors as they mediate gene
expression and fine-tune the proteins that help the cell restore homeostasis. Drosophila
has proved to be one of the most amenable animal models to understand miRNA
biogenesis, expression pattern, and function in vivo and in vitro. Drosophila has a wide
range of genetic and molecular tools for manipulating miRNA levels in vivo, which helps
to analyze miRNA function. Some miRNA knockouts do not always exhibit physiological
or developmental phenotypes. However, the same miRNA mutant sometimes exhibits a
phenotype under stress conditions (Leung & Sharp, 2010a). miR-137 is highly conserved
in its seed sequence, as well as its mature miRNA sequence across different animal
species (Ez-Ventoso et al., 2008). Therefore, Drosophila is an ideal organism to survey

mutations and screen for interesting phenotypes of miR-137.

In the last decade, Drosophila has emerged as a powerful tool for studying several
aspects of biology, such as metabolism, stress responses, and cancer (Chien et al., 2002;
Hardy et al., 2018; Nichols et al., 2012; Rudrapatna et al., 2012). Drosophila is widely
used to experiment with stress resistance. Drosophila is an excellent model to study the

insulin signaling pathway due to the high conservation of genes and biological function of
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the insulin signaling molecules between Drosophila and mammals. Insulin-like peptides
are similar to mammalian insulin (Brogiolo et al., 2001; Garofalo, 2002). The biological
function of insulin signaling in Drosophila is also similar to mammals, and includes the
regulation of protein synthesis, fat storage, cell growth, nutrition sense, aging,
proliferation, stress, and apoptosis (Nijhout & McKenna, 2018; Teleman et al., 2008). To
sum up, mammalian organism models are greatly useful, yet using Drosophila as a model

to study miRNAs and metabolic signaling in vivo has proven advantageous in many ways.
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1.14 PROJECT, AIM, and OBJECTIVES.

Despite studies demonstrating that miR-137is associated with numerous
functions such as cancer repression, development, learning and memory, and neural
proliferation, nothing is known about miR-137 as a regulator of energy homeostasis.
Starvation resistance can be due to a variety of complex traits that allow the organism to
survive. Investigating the molecular mechanism by which miR-137 regulates metabolic
pathways and contributes to their ability to adapt to starvation is likely to give valuable
understanding into energy homeostasis. Furthermore, this thesis gives insight into
novel miR-137 regulation for the insulin signaling pathway through its role of Drosophila-
only PTPP61F gene, the ortholog of TCPTP/PTP1B known to dephosphorylate the InR,
as a conical target for miR-137 in vivo. To sum up, this project is expected to broaden our
knowledge of the genetic and physiological mechanism/s underlying starvation resistance
in miR-137 mutants.

Aims.

This thesis aims to examine the role of miR-137 in regulating central insulin
signaling, metabolic homeostasis, and lifespan under nutrient stress in Drosophila
melanogaster.

Objectives.

The primary objectives we addressed in this thesis are summarized as follows.
1. Characterization of miR-137 expression in Drosophila melanogaster.
2. Analysis of the role of miR-137 under nutritional and oxidative stress.

3. Analysis of the effect of the loss of miR-137 on energy storage.
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. Genetic epistasis analysis to identify in which pathway miR-137-mediated
starvation phenotype.

. Analysis of PTP61F as a target for miR-137, affecting the activation of the insulin
receptor and starvation resistance.

. Normalization of starvation sensitivity to miR-137 mutants by activating the insulin

signaling pathway in the nervous system.
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CHAPTER 2: MATERIAL AND METHODS

2.1 Fly Work.
2.1.1 Fly Rearing and Stocks.

Drosophila melanogaster flies were reared on standard Drosophila food made of
cornmeal, yeast, and agar. Fly stocks were maintained in a controlled environment with

a 12/12 hrs light/dark cycle, and experiments were conducted at 25 °C and 65% humidity.

Drosophila melanogaster strains were obtained from the Bloomington Drosophila
Stock Center (BDSC), Vienna Drosophila Resource Center (VDRC), and individual

laboratories, as indicated in (Table 1):

Table 1. Fly Stocks.

Genotype Obtained from
w118 BDSC # 5905
Elav-Gal4 BDSC # 458
Elav-Gal4;;Gal80' BDSC # 7017
miR-137K0 BDSC # 58893
miR-137¢F Tsunoda’s lab
UAS-miR-137 Second # 59881
UAS-miR-137 BDSC # 59882
Akh’ A kind gift from Dr. Michal Zurovec and Dr.
Dalibor Kodrik
UAS-InR Dominant-negative BDSC # 8253
UAS-InR-RNAi VDRC # 991
chico’ BDSC # 10738
UAS-AKT-RNAI VDRC # 2902
UAS-PI3K Dominant-negative BDSC # 8288
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FOX0OA4% BDSC # 42220
Thor? (4E-BP mutant) BDSC # 9559
UAS-PTP61F BDSC # 22229
UAS-PTP61F BDSC # 56194
UAS-PTP61F-RNAi BDSC # 56036
UAS-PTP61F-RNAi BDSC # 32426
UAS-PTP61F-RNAi BDSC # 56510
dAdipoR-RNAi VDRC # 40936
dAdipoR-RNAi VDRC # 40935
UAS-Dilp2 BDSC # 280936
UAS-Dilp5 BDSC # 66008
UAS-InR constitutively active BDSC # 8440
UAS-PI3K BDSC # 8287
UAS-AKT FLYORF # 001315
UAS-FOXO BDSC # 80946
UAS-4E-BP BDSC # 78108
UAS-4E-BP BDSC# 77999
PTP61FA Kind gift from Dr. Coral Warr
GFDTF-PTP61F BDSC # 61756
GFSTF-PTP61F BDSC # 61767
Chats? (Salvaterra2 & Mccaman, 1985)
UAS-TipA? BDSC # 26263
AB# (lijima et al., 2008)




2.2 Stress Assays.

2.2.1. Temperature Stress.

For temperature stress experiments, 3-day old, mated male wild-type flies were
grouped 10 flies per vial that contained standard fly food. Flies were subjected to a high
temperature of 33 °C for 3 days, a low temperature of 6 °C for 3 days, or 25 °C for 3 days
(the control). Fly heads were collected for RNA extraction from each condition to
compare miR-137 levels by RT-gPCR.

2.2.2 Nutritional Stress.

For nutritional stress assays evaluating miR-137 levels by RT-qgPCR: 7-day old,
wild-type flies from a mixed population of males and females were separated by sex and
then subjected to 5 days of continuous sugar/ protein starvation or 3 days of total
starvation at 25 °C. Controls were aged-matched wild-type flies fed on standard fly food.
Fly heads were collected for RNA extraction from each condition to compare miR-

137 levels by RT-gPCR.

2.2.3 Media for Nutritional Stress.

Starvation media were prepared as follows: Total starvation media was prepared
by heating dH20 to a boil, then adding 1% agar. Sugar starvation media was prepared by
heating dH20 to a boil, adding 1% agar, and once the media cooled down, a fresh yeast
paste prepared from dry yeast and dH20 was added to the side of the vial. Protein
starvation media was prepared by heating dH20 to a boil, then adding 1% agar and 5%
sucrose. To inhibit mold growth, 0.3% tegosept and 0.03% propionic acid were added to

all starvation media after cooling to 60 °C. Fresh vials were prepared for each experiment.
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2.2.4 Starvation Stress Survival.

Newly-eclosed, less than 24 hrs old flies, were raised on standard fly food for 6-7
days in a mixed population of males and females. Flies were transferred to fresh food
every 3-4 days before being sorted for starvation. 6-7day old male and female flies from
a given genotype were separated into groups of 10 per vial that contained starvation
media, as described above. Flies were raised at 25 °C and 65% humidity. For each
experiment, we ran two trials, n=100 per genotype per gender. Under conditions of total
starvation, survival was scored every 12 hrs until all flies were dead. In the case of protein
and sugar starvation, flies were scored every 1-2 days, and the starvation media was
replaced every 5 days. The percentage of flies that died at each time point was calculated,
and survival curves were generated using GraphPad Prism 6 (Fig 5). Survival curves
were pairwise compared by Log-rank Mantel-Cox 18 test, Chi-square, and Gehan-
Breslow -Wilcoxon test using GraphPad Prism 6, and a P<0.05 was considered

statistically significant.

2.2.5 Oxidative Stress Media and Survival.

Paraquat (PQ) is a highly toxic chemical agent commonly used to induce oxidative
stress in flies (Rzezniczak et al., 2011). Adult males 3-5 days old were fed 20 % paraquat
(cat. no. 856177, Sigma—Aldrich, St. Louis, MO, USA). 20 g of PQ was dissolved in 100
ml ofdH20, that used to prepare ready-used standard cornmeal, yeast, and agar diet. To
avoid unnecessary stress, flies were not starved prior to paraquat feeding in this test.
Flies were transferred to freshly prepared paraquat food every 6-7 days. Survival was
scored every 12 hrs until all flies were dead. Data were analyzed using GraphPad Prism
6. For each genotype, we tested two independent populations of 100 flies. Survival curves
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were pairwise compared by Log-rank Mantel-Cox test, Chi-square, and Gehan-Breslow -
Wilcoxon test using GraphPad Prism 6, and a P-value of < 0.05 was considered

significant.

10flies/
~7 days vial

10 replicate vials/two trials

Every 12hr 1001

AN
»() =

504

Percent survival

o

Hours

Figure 5. Starvation stress survival. After hatching, the mixed fly populations were
raised on standard fly food. After ~7 days, adult males and females from a given genotype
were sorted by sex on the experimental media and separated into groups of 10 per vial.
Two replicates of population of at least 100 flies per genotype per gender were assayed.
Survival was scored every 12 hrs until all flies were dead. The percentage of flies that
died at each time point was calculated, and survival curves were generated.

2.3 Gene Expression.

2.3.1 miRNA Expression Analysis by Quantitative Polymerase-Chain-Reaction (RT-

qPCR).

Total RNA was extracted from five heads or five bodies per sample using the
miRNeasy Mini Kit (Qiagen). The procedure was followed as recommended by the
manufacturer's protocol. The total RNA concentrations and the RNA purity were

determined by NanoDrop (Fisher Scientific Thermo Scientific Nanodrop Lite
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Spectrophotometer). The reverse transcription step used only RNA with acceptable purity
(more than 1.90 absorbance A260/280 ratio). 10 ng of total RNA was used in a 15 pl
reverse transcription (RT) reaction to generate complementary DNA (cDNA). To assess
the expression level of miR-137, small RNA controls were used as reference genes. The
two reference genes we used were 2S rRNA, 30 nt long, and U174, 51 nt long (Table 2).
We verified that reference genes were stable between the studied conditions. Double-
stranded cDNA was used as a template to amplify mature miR-137 and the reference
genes separately for each sample. Because the miRNAs do not have a poly-A tail, a small
RNA-specific stem-looped RT primer that contains a complementary region to the target
miRNA at the end region was used to extend the double-stranded cDNA product (Fig 6).
Then cDNAs were amplified using the thermocycler (BIO-RAD T100 Thermal Cycler), per
the manufacturer's procedure recommended. TagMan™ microRNA assays obtained from
Applied Biosystems were used to determine the expression of miR-137 and reference
genes. TagMan™ Fast Advanced Master Mix was used for the LightCycler® 480 for
quantification by RT-qPCR. The analysis software determined Ct values, and technical
duplicates were averaged. Data were normalized to the reference gene, and the 2 22Ct
method was used to determine the relative expression of miR-137. Significant differences
were determined by a P-value less than 0.05, calculated by the two-tailed student’s T-

test.
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Figure 6. The mature miRNA is short and lacks a poly-A tail. A stem-loop primer is
used to generate cDNA. Stem-loop primer has a sticky end that will attach to the mature
miRNA, and the reverse transcription enzyme extends and complete the strand, resulting
in a hairpin-loop double-standard miRNA.

Table 2. Primer sequences used for RT-qPCR.

Name Primer Sequence

miR-137-3p UAUUGCUUGAGAAUACACGUAG

miR-137-stem- | CAAUCUCCAAUGGCCACGUGUAUGCUCGUAGCUAUAACCUGA
loop primer AAUCCAAAUGUUAUUGCUUGAGAAUACACGUAGUUCACCGAG

AUUUGUU

2S5 rRNA TGCTTGGACTACATATGGTTGAGGGTTGTA

ui4 GCGGTTTCCACCAGAAAGCTTCGGCTTAATGATGGTCTAAGGC
GTCTGACT
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2.3.2 mRNA Expression Analysis by RT-qPCR.

Total RNA was extracted from ten heads per sample, and QIAzol Lysis Reagent
(Qiagen) was used for homogenization. A clean and sterile pestle was used for
homogenization. The procedure was followed as recommended by the manufacturer's
protocol. The total RNA concentrations and the RNA purity were determined by NanoDrop
(Fisher Scientific Thermo Scientific Nanodrop Lite Spectrophotometer). The reverse
transcription step used only RNA with acceptable purity (more than 1.90 absorbance
A260/280 ratio). 500 ng of total RNA was reversed transcribed (RT) with High-Capacity
Reverse Transcriptase (Applied Biosystems) to generate a 20 ul cDNA reaction. cDNA
was then amplified using the thermocycler (BIO-RAD T100 Thermal Cycler), per the
manufacturer's recommended procedure. Primers were used to amplify cDNA from genes

of interest we obtained from Integrated DNA Technologies (www.idtdna.com), and

ribosomal protein (Rp49) was used as a reference gene (Table 3). We verified that the
reference gene was stable between the studied conditions. The primer's specificity was
verified by running the PCR products on the gel electrophoresis and obtaining a single
band at the expected molecular size. Power Syber Green Master Mix obtained from
Applied Biosystems was used for the LightCycler® 480 for quantification by RT-gPCR to
determine the expression of targets and reference genes. RT-gPCR from serial dilutions
of the cDNA were then used to verify primers efficiency. Only primers with an acceptable
efficiency range of 90-110% were used in this study (Fig 7). The analysis software
determined Ct values, and technical duplicates were averaged. Data were normalized to

the reference gene, and the 2 22Ct method was used to determine the relative expression
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of the genes of interest. Significant differences were determined by a P-value less than

0.05, calculated by the two-tailed student’s T-test.

Table 3. Primer sequences used for RT-qPCR.

Primer | Forward primer Reverse primer

Pre- CAATGGCCACGTGGTATGCTC ACAAATCTCGGTGAACTACGTG

miR-137

elF1A TCGTCTGGAGGCAATGTG GCCCTGGTTAATCCACACC

Dilp2 GGCCAGCTCCACAGTGAAGT TCGCTGTCGGCACCGGGCAT

Dilp5 GAGGCACCTTGGGCCTATTC CATGTGGTGAGATTCGGAGTCA

InR AACAGTGGCGGATTCGGTT TACTCGGAGCATTGGAGGCAT

FOXO | AGGCGCAGCCGATAGACGAATTT | TGCTGTTGACCAGGTTCGTGTT
A GA

4E-BP | CACTCCTGGAGGCACCA GAGTTCCCCTCAGCAAGCAA

Rp49 GCTAAGCTGTCGCACAAA TCCGGTGGGCAGCATGTG

PTP61F | ATCGATCCAATTCCAGGCC CTGTTTGTCCTCGTTCTCCC
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Figure 7: Primers efficiencies. Log of dilution factors plotted against Ct value.
Slopes were used to estimate primer efficiencies.

2.4 Heat-Treatment Assay.

Flies with temperature sensitive (Cha's?, TrpA1) and Gal80' were raised at 18 °C.
For heat treatment, young adult flies were collected and grouped into 10 flies per vial and
exposed to heat treatment at 32 °C. During extended heat treatment, fly food was
replaced periodically to avoid food dehydration. Flies were aged until the desired age then
fly heads were collected for RNA extraction to compare miR-137 levels by RT-qPCR.

2.5 Aging Assay.

Newly-eclosed wild-type males were collected and grouped into 10 flies per vial.
The control was collected at 3 days old, and experimental flies groups were aged until 10,
25, and 40 days. Flies were aged in a controlled environment at 25 °C and 65% humidity
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on standard Drosophila food. Flies were transferred to fresh food every 3-4 days during
the experiments. Fly heads were collected for RNA extraction from each selected age to
compare miR-137 levels by RT-gPCR.

2.6 Time of the Day/ Biological Clock Regulation.

Newly-eclosed male wild-type flies were collected and grouped 10 flies per vial.
Flies were entrained under a 12/12 light/ dark zeitgeber time (ZT) cycle for four days,
where ZT 0 represents when the light is first turned ON, and ZT 12 represents when the
light is turned OFF. After four days of entrainment, fly heads were collected for RNA
extraction at ZT 0, ZT 6, ZT 12, and ZT 18 to compare miR-137 levels by RT-qPCR.

2.7 Body Weight.

Dry body weight was determined by weighing batches of 15 flies from each
genotype of interest. A total of 150 flies per genotype were measured. Flies were
anesthetized and collected in pre-weighed 1.7 ml tubes. Then the tubes containing the
flies were flash frozen immediately in liquid nitrogen and weighed using ultra-sensitive
Mettler Toledo AG285 Analytical balance (Marshall Scientific). The average flyweight
(mg) was determined by subtracting the pre-tube weight from the weight of the flies and
the tube, divided by the number of flies. A P-value less than 0.05 calculated by the two-

tailed student's T-test indicated that the two populations were significant difference.

2.8 Triglyceride Quantification.

Triglyceride concentrations were determined as previously described in (Diop et
al., 2017). Five adult flies per sample were collected and rinsed several times with 1 ml
of cold 1X Phosphate Buffered Saline +0.05 Triton (PBST) to wash away traces of fly food

that may stick to the outer fly body. The flies were weighed using ultra-sensitive Mettler
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Toledo AG285 Analytical balance (Marshall Scientific) before being rapidly homogenized
in 100 ul of cold PBST and centrifuged for 3 min at 4 °C, 15,000 rpm. The supernatant
was transferred into new 1.7 ml tubes. Triglyceride 1 mM standard (cat. MAK266E,
Sigma—Aldrich) was used to create 2 mM/ul, 4 mM/ul, 6 mM/ul, and 8 mM/ul with PBST.
We used a multi-channel pipette to load 200 ul of the Triglyceride reagent (Triglycerides
Reagent Thermo Electron Corp., cat. TR22421) into a clear bottom 96-well
spectrophotometer plate. 20 ul of the PBST (blank), standard dilutions, and fly sample
supernatants were loaded in triplicate and mixed by pipetting up and down with careful
attention not to make bubbles. The plate was then sealed with parafilm and incubated at
37 °C for 10 min. The absorbance of each well was read using a versa max
spectrophotometer microplate reader at 550 nm. The standard curve was generated by
plotting the concentration and absorbance, linear regression was performed to generate
a linear relationship for quantification. To quantify each sample's Triglyceride
concentration (ug/pl), the amount of the Triglyceride in the unknown sample from the
standard curve (nM) was divided by sample volume (20 pl) and multiple by the molecular
weight of Triglyceride (885.4 ng/nM). A P-value less than 0.05 calculated by the two-tailed

student's T-test indicated that the two populations were significantly different.

2.9 Protein Quantification.

Protein concentrations were quantified by using the Pierce™ BCA Protein Assay
Kit cat. 23227. Five adult flies per genotype were collected and rinsed several times with
1 ml of cold PBST to wash away traces of any fly food that may stick to the outer fly body.
Flies were rapidly homogenized in 100 pl of cold PBST and centrifuged for 3 min at 4 °C,

15.000 rpm. BCA Protein standard was used to create 1.5 pg/pl, 1 pg/ul ,0.75 pg/ul, 0.5
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pg/ul, 0.25 pg/ul,0.125 pg/ul, and 0.025 pg/pl dilution with PBST. The BCA working
reagent was prepared as recommended by the manufacturer's protocol. A multi-channel
pipette was used to load 200 pul of the working reagent into a clear bottom 96-well
spectrophotometer plate. Then, 10 pl of the PBST (blank), standard dilutions, and fly
sample supernatants were loaded in triplicate and mixed by pipetting up and down with
careful attention not to make bubbles. The plate was then sealed with parafilm and
incubated at 37 °C for 10 min. The absorbance of each well was read using a versa max
spectrophotometer microplate reader at 562 nm. The standard curve was generated by
plotting the concentration against absorbance fitting point by linear regression. The
standard curve was used to determine the protein concentration in each sample. A P-
value less than 0.05 calculated by the two-tailed student's T-test indicated that the two

populations were significantly different.

2.10 Glucose Quantification.

The Glucose (GO) Assay Kit GAGO20-1KT Sigma was utilized to quantify the
glucose levels in the flies. Five adult flies per sample were collected and rinsed several
times with 1 ml of cold 1X PBS to wash away traces of the fly food that may stick to the
outer fly body. The flies were rapidly homogenized in 100 pl of cold 1X PBS. Samples
were heated for 10 minutes at 70 °C, then centrifuged for 3 minutes at 4 °C, 15,000 rpm.
The supernatant was transferred into new 1.7 ml tubes. Glucose standard was used to
generate dilutions of 0.02 pg/ul, 0.04 pg/ul, 0.06 pg/ul, 0.08 pg/ul, and 0.1 pg/ul standard
with PBS. A multi-channel pipette was used to load 100 pl of the GO reagent into a clear
bottom 96-well spectrophotometer plate. 30 ul of the PBS (blank), standard dilutions, and

fly sample supernatants were loaded in triplicate and mixed by pipetting up and down with
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careful attention not to make bubbles. The plate was then sealed with parafiim and
incubated at 37 °C for 30 min. After that, 100 pl of sulfuric acid was added to each well to
stop the reaction. The absorbance of each well was read using a versa max
spectrophotometer microplate reader at 540 nm. The standard curve was generated by
plotting the concentration against absorbance fitting point by linear regression. The
standard curve was used to determine the glucose concentration in each sample. A P-
value less than 0.05 calculated by the two-tailed student's T-test indicated that the two

populations were significantly different.

2.11 Feeding Quantification.

Fifteen adult flies (7 days old) per vial were collected and kept free from CO2 for
24 hrs to avoid the negative impact of anesthesia exposure on feeding behavior. Flies
were then either kept on standard fly food (fed) or starved for 18 hrs on 1% agar (starved)
before they were transferred to vials containing 1% agar, 5% sucrose, and 2.5% blue food
dye (Erioglaucine Disodium Salt, Sigma, cat. # 861146) and allowed to feed for 15 min at
25 °C. The flies were then collected, flash-frozen immediately in liquid nitrogen, and
rapidly homogenized in 1000 pl of cold PBS. Samples were centrifuged at 4 °C for 25 min
at 13200 rpm. To assess the flies' response to the 15 min acute feeding bout, 1 ml of the
supernatant was transferred to cuvettes, and each sample absorbance was read at 625
nm by a Beckman Coulter DU730 UV-Vis spectrophotometer reader. A P-value less than
0.05 calculated by the two-tailed student's T-test indicated that the two populations were

significantly different.
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2.12 Immunoblot Analysis.

For sample preparation for immunoblot analyses, 5 heads of 7-day old adult flies
were homogenized in 20 yl SDS sample buffer (0.5 M Tris pH 6.8, 10% SDS, 25%
Glycerol, 1 M DDT, and 0.01% Bromophenol blue) and 1% protease/phosphatase
inhibitor cocktail (Cell Signaling Technology # 5872). The samples were then sonicated
for 16 sec using a signifier (Branson Ultrasonics, Danbury, CT) and centrifuged for 2 min
at 4 °C, 13500 rpm. 16 ul of the samples were loaded onto 10% SDS-PAGE and ran for
1-2 hrs at 100 V. Proteins were then transferred to 0.45 um nitrocellulose membrane, and
the membrane was blocked in 5% non-fat dry milk in 1X Tris-Buffered Saline + 0.1 Tween-
20 (1X TBST). The membrane was then incubated with the primary antibody overnight at
4 °C (Table 4). The blots were washed 3 times in 1X TBST for 5 min. Following washes,
blots were treated with HRP-conjugated secondary antibodies. The immunoblots were
visualized by chemiluminescence (Thermo Scientific Super Signal West Pico PLUS).
Bands were visualized using the (Bio-Rad Gel Imager). ImagedJ gel analysis was used to
quantify the densities of western blot bands. The quantification of bands of interest was
normalized to those from Anti-Actin on the same blots. Secondary normalization was

made to a control condition before values were combined and compared across the blots.
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Table 4. List of primary and secondary antibodies used for immunoblot analysis.

Primary | Secondary

Protein antibody | antibody Source Cat. No.
dilution | dilution
Insulin receptor Phospho-| 1:1000 1:2000 Cell 3021
InR-B/IGF-I Goat a- | Signaling
(Tyr1131/Tyr1146) rabbit Technology
AKT 1:1000 1:2000 Cell 9272
Goat a- | Signaling
rabbit Technology
Phospho-AKT (Ser473) 1:1000 1:3000 Cell 9271
Goat a- | Signaling
rabbit Technology
dFOXO 1:1000 1:5000 pAb Abcam | 195977
Goat a-
rabbit
GFP 1:5000 1:5000 Torrey TP401
Goat a- | Pines
rabbit Biolabs
Actin 1:10,000 | 1:5000 «a-| MAB 1501
mouse
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CHAPTER 3: RESULTS

3. Characterize the Expression Pattern of miR-137 in Drosophila melanogaster.

3.1 Overview.

miRNAs can be expressed differently in different tissues depending on their
function. The expression of a miRNA is often under spatial and temporal restriction
depending on its function(s). A miRNA’s expression patterns may also give insight into
related disease diagnosis and treatment. Studies have shown that miRNAs are highly
conserved in their sequence throughout evolution show similar expression patterns and
close functions across species (Ha et al., 2008; N. Liu et al., 2008; Ninova et al., 2014;
Shi et al., 2012; Stark et al., 2005). Previous studies on miR-137 have shown that miR-
137 is highly conserved in sequence, and expressed throughout development with high
expression in the CNS (Ibafez-Ventoso et al., 2008; Mahmoudi & Cairns, 2017; Pacheco
et al., 2019).

miR-137 is one of the most abundant miRNAs in the brain, with an especially high
concentration in the hippocampus (Guella et al., 2013; Pacheco et al., 2019; Thomas et
al., 2017). miR-137 regulates processes associated with SZ, ASD, bipolar disorder, and
other major neurological and psychiatric disorders, as well as cancer (Guella et al., 2013;
L. Li et al., 2020; Mahmoudi & Cairns, 2017; Ripke et al., 2011; Y. Wang et al., 2020).
Studies have shown that in mammals, miR-137is highly localized at the synapse and
regulates the expression of genes that are essential for mechanisms during neuronal
development, differentiation, and apoptosis (Thomas et al., 2017; Yin et al., 2014a). The
expression of miR-137is associated with neurogenesis, learning, and memory. Since

little is known about miR-137 in Drosophila, we chose to characterize the expression
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pattern of miR-137. We made the following comparisons for miR-137 expression in wild-
type flies: heads versus bodies, males versus females, virgin versus non-virgin females,
males at different ages, males at different times of day, males at during changes in neural
activity, and under different environmental stressors (e.g., thermal stress, nutritional
stress).
3.2 miR-137 is Enriched in Drosophila Brains.

Since miR-137is enriched in the mammalian brain, we first examined if miR-
137 was differentially expressed in the head versus the body in Drosophila. We performed
RT-gPCR from equivalent quantities of RNA isolated from heads and bodies of wild-
type Drosophila (w'?78). We found that miR-137is more highly concentrated in heads
than in bodies (9-fold increase) (Fig. 8). Similar to mammals, our result suggests that miR-
137 a brain/CNS enriched in flies. These results indicate that the functions of miR-137
are likely focused on the nervous system. Future studies may look if miR-137 is enriched

in a particular brain region.
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Figure 8. miR-137 is enriched in drosophila brains. Quantification of the relative
expression of the mature miR-137 by RT-gPCR in wild-typed flies (w’’78). Results
normalized to S2 rRNA. The level of miR-137 was analyzed using two-tailed student T-
test between each independent group and the control group as described in the
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experimental procedures. * Indicates significant difference in miR-137 level (P<0.05),
error bars indicate SE. RT-qPCR analysis of the mature miR-137 level in the head vs.
bodies shows that miR-137 was significantly elevated in the heads.

3.3 miR-137 Expression Between Sexes.

The next question we wanted to address is whether miR-137 expression is
different between the sexes. Males and females differ in disease outcomes and
pathogenesis. Sex differences, either hormonal or genetic, can have a significant impact
on gene expression. Studies have found that the expression of some miRNAs are
regulated by sex steroid hormones as well as X-linked genes (Klinge, 2015; Sharma &
Eghbali, 2014). Many miRNA gene promoters contain estrogen-responsive elements
where estrogen can bind and regulate miRNA expression (Klinge, 2009, 2015).
Differential expression of miRNAs between males and females is important for identifying
mechanisms and treating sex-specific diseases (Guo et al., 2017). In cancer, for example,
miR-137 promoter methylation in squamous cell carcinoma is associated with the female
gender (Langevin et al., 2010).

To evaluate if miR-137 expression levels are influenced by gender, sex
chromosome, or sex hormone, we quantified levels of miR-137 from male and female
wild-type (w’778) flies. RNA was isolated from the heads of 3 days old flies and were
normalized to 2S rRNA. The RT-qPCR results showed no significant change in miR-137

levels between males and females (Fig. 9).
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Figure 9. miR-137 expression between sexes. Quantification of the relative expression
of the mature miR-137 by RT-qPCR in wild-typed flies (w’78). Results normalized to S2
rBRNA. The level of miR-137 was analyzed using two-tailed student T-test between each
independent group and the control group as described in the experimental procedures.
Error bars indicate SE. RT-qPCR analysis of the mature miR-137 level in heads between
same-aged males and females shows no significant difference.

3.4 miR-137 Expression Between Virgin and Non-Virgin Females.

The expression of some miRNAs can be robustly altered depending on the mating
status of the adult Drosophila fly (Saul et al., 2016). Upon mating or gestation, Drosophila
female flies undergo transcriptional changes and gene regulation that result in different
physiology and behavior (Fricke et al., 2014; Newell et al., 2020; Zhou et al., 2014). As
such, we wanted to evaluate if miR-137 expression in the female brain is dependent on
mating status. To obtain virgin females, we cleared all adult flies from the flies bottle. In
the next 24 hrs, we collected virgins female flies shortly after eclosion, held them in groups
of 10 per vial, and aged them for 3 days. Non-virgin females (control) were aged for 3

days in a mixed population of males and females to allow mating. RNA was isolated from

the heads and normalized to 2S rRNA. Our RT-gPCR results showed no significant
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change in miR-137 levels between mated females and virgins (Fig. 10). These results

suggest that miR-137 expression was not affected by mating status in adult flies.

Relative miR-137

Non-Virgins Virgins

Figure 10. miR-137 expression between virgin and non-virgin females. Quantification
of the relative expression of the mature miR-137 by RT-qPCR in wild-typed flies (w’78).
Results normalized to S2 rRNA. The level of miR-137 was analyzed using two-tailed
student T-test between each independent group and the control group as described in
the experimental procedures. Error bars indicate SE. RT-qPCR analysis of the
mature miR-137 level in heads between same-aged virgins and non-virgins females
shows no significant difference.

3.5 miR-137 Expression During Lifespan.

The next question we wanted to address is whether miR-137 expression changes
during adult life. Age determines many physiological changes related to significant
diseases. Some age-associated pathologies, such as a defect in the function of vital
organs and inflammatory and cardiovascular diseases, are linked to miRNAs (Dimmeler
& Nicotera, 2013; Kinser & Pincus, 2020). For example, a brain-enriched miRNA, miR-

34, is involved in Drosophila's age-related neurodegenerative disease and long-term
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brain integrity (N. Liu et al., 2012). The loss of miR-34 increases brain aging,
neurodegeneration, increases the accumulation of ubiquitinated proteins in the brain with
age and decreases survival (N. Liu et al., 2012). In contrast, the up-regulation of miR-34
extends lifespan and mitigates neurodegeneration (N. Liu et al., 2012; Newell et al.,
2020). Further evidence of miRNAs such as lin-4, miR-71, miR-238, miR-239, and miR-
246 report a relation between miRNA and age (Thalyana & Slack, 2012).

We wanted to examine if miR-137 is influenced by age in Drosophila. Since the
w'’8 median lifespan is 54 days (Qiu et al., 2017), we chose to compare levels of miR-
137 at young adult age (3 days), middle age (10 and 25 days), and old age (40 days).
miR-137 expression was quantified from RNA extracted from male heads and showed no
difference between the chosen ages (Fig 11), suggesting that miR-137 expression is not
age-dependent and remains stably expressed throughout the adult lifespan of the

Drosophila.
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Figure 11. miR-137 expression during lifespan. Quantification of the relative
expression of the mature miR-137 by RT-gPCR in wild-typed flies (w’’78). Results
normalized to S2 rRNA. The level of miR-137 was analyzed using two-tailed student T-
test between each independent group and the control group as described in the
experimental procedures. Error bars indicate SE. RT-qPCR analysis of the mature miR-
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137in WT flies of age 3,10, 25, and 40 days, RT-qPCR performed using male heads.
Expression level normalized to 3 days old and shows no significant difference between
the groups.

3.6 miR-137 Expression During Different Times of the Day.

Because miRNAs influence multiple biological pathways and have been
increasingly recognized to be involved in circadian rhythm regulation (Kadener et al.,
2009; Xue & Zhang, 2018). We wanted to evaluate if miR-137 expression is under
circadian or biological clock regulation. To do this, 3-day old male flies were collected,
grouped into 10 per vial, and entrained for four consecutive days under a 12/12 light-Dark
cycle. Next, we collected RNA from male heads collected at the indicated times during
the day (ZT= Zeitgeber; ZT 0 represents when the light is first turned ON, and ZT 12
represents when the light is turned OFF, ZT 0= time) to compare miR-137 levels. RNA
was isolated from the heads and were normalized to 2S rRNA. RT-gPCR showed that
levels of miR-137 did not show any significant change between selected times of the day.
Our results suggest that miR-137 is not under circadian regulation (Fig 12). Further

studies, however, could examine miR-137 expression in clock gene(s) mutants.

®
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Figure 12. miR-137 expression during different times of the day. Quantification of
the relative expression of the mature miR-137 by RT-qPCR in wild-typed flies (w’778).
Results normalized to S2 rRNA. The level of miR-137 was analyzed using two-tailed
student T-test between each independent group and the control group as described in
the experimental procedures. Error bars indicate SE. RT-qPCR quantification of the
mature miR-137 level did not change in fly heads collected at the indicated times during
the day (ZT= Zeitgeber; ZT 0 represents when the light is first turned ON, and ZT 12
represents when the light is turned OFF, ZT 0= time).

3.7 Regulation of miR-137 by Neuronal Activity.

Neural activity-dependent regulation of miRNAs may regulate gene expression in
response to synaptic plasticity, learning, and memory function (Hu & Li, 2017;
Kiltschewskij & Cairns, 2019; Sim et al., 2014; I. F. Wang et al., 2022). Studies suggest
that a possible mechanism by which neural activity could induce miRNAs regulation is by
enhancement in Dicer RNase |l cleavage activity, thereby enhancing the processing of
pre-miRNA into mature miRNA (Lugli et al., 2005). A second possible mechanism is that
neural activity regulates transcription factors such as CREB activity (West & Greenberg,
2011). Studies showed that miR-132 and miR-212 are regulated through CREB-
dependent induction (Nudelman et al., 2010; Remenyi et al.,, 2013). These studies
suggest that miRNA expression could be affected by disturbing neuronal activity.

Since little is known about whether changes in neural activity regulate miR-137
expression, we manipulated neuronal activity with various protocols in vivo and tested if
miR-137 expression levels changed.

3.7.1 Genetically Decreasing Neural Activity with Cha's2.

Acetylcholine is the major excitatory neurotransmitter in the Drosophila CNS (W.

W. Liu & Wilson, 2013). We used a temperature-sensitive Choline acetyltransferase

mutant allele (Chas?) as a tool to decrease neural activity (Greenspan et al., 1980). In
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Drosophila, Cha's? mutants produce reduced, but near-normal levels of the
neurotransmitter acetylcholine at 18 °C. However, upon increased temperature to 30 °C,
Cha's? mutants inhibit about 75% cholinergic activity in vivo by losing all Choline
acetyltransferase (Salvaterra2 & Mccaman, 1985; Takagawa & Salvaterra, 1996). We
used homozygous Chas?2 mutants and subjected them to heat treatment at 32 °C for 3
hrs to inhibit neural activity. For controls, we used Cha's? mutants raised at 18 °C, which
exhibited Choline acetyltransferase activity similar to wild type. For this experiment, we
examined the level of the pre-miR-137. RNA was collected from the heads immediately
after the 3 hrs heat treatment. Rt-gPCR Ct values normalized to those of elfA1 reference
gene and results showed that the levels of miR-137 in heads did not significantly change

in response to decreased neural activity in Chats? (Fig 13).
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Figure 13. Quantification of the relative expression of the pre-miR-137 by RT-qPCR
in Cha'*?mutant flies. Results normalized to elfA1. The level of miR-137 was analyzed
using two-tailed student T-test between each independent group and the control group
as described in the experimental procedures. Error bars indicate SE. Rt-qPCR results
showed that the levels of miR-137 in heads did not significantly change in response to
decreased neural activity in Chats2.
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3.7.2 Genetically Increasing Neural Activity with TrpA1.

The Transient Receptor Potential-A1 cation channel (TRPA1) gene encodes a
nonspecific cation channel that is selectively permeable for Ca+ and Na+ ions and
composed of six transmembrane-spanning domains (Kang et al., 2012; Roessingh &
Stanewsky, 2017; Venkatachalam et al.,, 2014). TrpA1 channels are temperature
sensitive channels are best activated by temperatures stimulation between 27 °C and 29
°C (Zhou & Zhang,.1989) or between 30 °C and 36 °C depending on the TRPA1 isoform
(Kang et al., 2012; Zhong et al., 2012).

We used TrpAT as a genetic tool to increase neural activity in vivo (Barbagallo &
Garrity, 2015; Bellemer, 2015), and we used a pan-neuronal elav-Gal4 transgene to drive
the expression of TrpA1 under the control upstream activating sequence (UAS) in all
neurons. The UAS-GAL4 system is a mechanism taken from yeast (Saccharomyces
cerevisiae), and can be used to drive the expression of a particular DNA sequence in vivo
in flies. The UAS-GAL4 components are carried by two flies strains, and crossing these
genotypes results in offspring that carry both parts of the system. Elav-Gal4>>TrpA1
progeny < 24 hrs were collected and entrained for four days at 12/12 Light/Dark cycle at
18 °C. After that, flies were heat treated at 32 °C for different time periods of 1 hr, 3 hrs,
6 hrs, and 24 hrs. The control flies were elav-Gal4>>TrpA1 without heat treatment (18
°C). Heads were collected and total RNA was isolated. The RT-gPCR analyses showed
that miR-137 expression was not affected by an increase in neural activity in TrpA1 (Fig

14).
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Figure 14. Quantification of the relative expression of the mature miR-137 by RT-
qPCRin TrpAT1 flies. Results normalized to S2 rRNA. The level of miR-137was analyzed
using two-tailed student T-test between each independent group and the control group
as described in the experimental procedures. Error bars indicate SE. Rt-qPCR results
showed that the levels of miR-137 in heads did not significantly change in response to
increased neural activity using TrpAT.

3.8 Drosophila Diseased Models in which Activity is Changed.

Drosophila melanogaster disease models have been utilized to model human brain
diseases. These models have been validated to reproduce some aspects of human
neurodegenerative disorder and changes in neural activity. Using Drosophila disease
models may promote an understanding of activity-dependent mediated miRNA
regulation. Here, we investigated the levels of miR-137 in models of Alzheimer's disease
and seizure/epilepsy.

3.8.1 Model of Alzheimer's Disease.
Alzheimer’s disease (AD) is the most common neurodegenerative disease that is

characterized by intracellular accumulation and aggregation of 3-amyloid (AB) oligomers

in the brain (Glenner & Wong, 1984; Hardy & Allsop, 1986). In addition, AD has also been
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associated with toxicity of the Ap fibrils under certain conditions like age (Eckert et al.,
2008). The expression of AB induces neural activity in the cortical and hippocampal
neurons (J. T. Brown et al., 2011). We used a transgenic Drosophila line that pan-
neuronally expresses a secreted form of the human B-amyloidi.42 (AB1-42) peptide
sequence and is used as a model to study Alzheimer’s disease (lijima et al., 2008). This
AB42-modle exhibits phenotypes such as locomotor dysfunction and age-dependent
learning and memory deficit (lijima et al., 2004). Our lab has previously reported that this
model also displays an age-dependent decrease in potassium voltage-gated channels
Kv4 (Ping et al.,, 2015) and early increased hyper-activity (Hahm et al.,, 2018). AB
accumulation in the brain is much higher in older age compared to young flies suggesting
that the overexpression of AB42 in the nervous system results in neurodegeneration in
an age-dependent manner (Finelli et al., 2004; Ping et al., 2015). We used young male
flies from the AB42 model at ages of 3 days (the control) and compared them to 15 days
and 25 days old. Heads were collected, and total RNA was isolated. The results of RT-
gPCR, however, showed no significant change in miR-137 expression in Ap42 flies at 15
and 25 days compared to 3 days old (Fig 15). These results suggest that miR-
137 expression was not affected by increased neural activity in this AB42 Alzheimer’s

disease model.
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Figure 15. Quantification of the relative expression of the mature miR-137 by RT-
gPCR in Alzheimer’s disease model flies (AB42). Results normalized to S2 rRNA. The
level of miR-137 was analyzed using two-tailed student T-test between each independent
group and the control group as described in the experimental procedures. Error bars
indicate SE. The results of RT-gPCR show no significant change in miR-137 expression
in AB42 flies at 15 and 25 days compared to 3 days old.

3.8.2 Models of Seizure and Epilepsy.

Epilepsy is a neurological disease that results from abnormalities and highly
synchronized discharge of brain neurons. More than 45.9 million people around the world
suffer from epilepsy (Beghi et al.,, 2019; Howard & Baraban, 2017). Epilepsy onset
involves gene mutations that encode for ion channels, especially genes affecting voltage-
gated sodium channels, neurotransmitter signaling, solute carrier, synaptic and vesical
structure, and multiple transcription factors that involve metabolic signaling pathways
(Fischer et al., 2023; Parker, Howlett, et al., 2011; Song & Tanouye, 2008). Several
studies demonstrate that miRNAs are involved in the occurrence, development, and
treatment of epilepsy (Henshall et al., 2016; J. Wang & Zhao, 2021).

Drosophila-disease models of epilepsy have been used for many years (Finelli et

al., 2004). We used a transgenic Drosophila model called bang sensitive (bss), which is
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a gain-of-function mutation in the paralytic (para) voltage-gated sodium channel gene
(Parker, Padilla, et al., 2011). bss mutant flies respond with severe seizure-like behavior
and paralysis upon mechanical stimulation (bang), such as brief vortexing or tapping vials
(Parker, Padilla, et al., 2011; Song & Tanouye, 2008). bss is characterized by the most
severe seizure phenotype and lowest seizure threshold compared to any other bang-
sensitive Drosophila epilepsy models.

In this experiment, we used bss mutant flies as a diseased model where the neural
activity is increased and compared them to w’’’8as a control. To induce an increase in
neural activity, we collected young adult male flies, divided them into groups of 10, placed
them in empty vials, and exposed them to mechanical stimulation by vortexing the vial for
10 seconds every 30 minutes for 3 hours. The 30-minute interval between vortexing
allows flies to re-acquire their bang sensitivity and completely recover from the initial
seizure/paralysis and then respond to the next mechanical stimulation (Kuebler &
Tanouye, 2000). w8 controls were given the same stimulation and recovery conditions.
Total RNA was collected from heads, and miR-137 expression was determined by RT-
gPCR. The results of RT-gPCR showed no significant difference in miR-137 levels
between the wild-type and the bss mutants after 3 hrs of induce an increase in neural
activity (Fig 16), suggesting that miR-137 expression was not affected by increased

neural activity in the bss epilepsy disease model.
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Figure 16. Quantification of the relative expression of the mature miR-137 by RT-
gPCR in wild-typed flies and (bss). Results normalized to S2 rRNA. The level of miR-
137 was analyzed using two-tailed student T-test between each independent group and
the control group as described in the experimental procedures. Error bars indicate SE.
RT-gPCR results showed that the levels of miR-137 in heads did not significantly change
in response to increased neural activity in bss epilepsy disease model.

3.9 miR-137 Expression During Temperature and Starvation Stress.

Environmental stress conditions can impact miRNA biogenesis and function
(Leung & Sharp, 2010). Changes in miRNA expression levels may be involved in various
stress responses by regulating transcription factors and signaling pathways (Gosline et
al., 2016; Mazzelli et al., 2020). Here, we explored if miR-137is a stress-responsive
miRNA. We quantified miR-137 levels in wild-type w’’’8flies after subjecting them to
different types of stress, including temperatures and nutrient deprivation.

3.9.1 Temperatures Stress.

Extreme heat or cold temperatures greatly impact animals' physiology,

development, behavior, metabolism, and transcriptional mechanisms in order to avoid

damage or lethality. Drosophilais an exothermal organism that highly depends on the

outside temperature to regulate its endogenous temperature. Drosophila is a tropical
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organism with optimal growth and life span at 25 °C (Dillon et al., 2009). miRNA
expression in Drosophila is highly dependent on the temperature in the environment (Fast
et al., 2017). Some miRNAs expression may be adjusted to ensure homeostasis and
adaptation to outside heat/cold temperature stress. Cold stress causes dehydration and
loss of sodium ions, affecting the flies' development and survival (Hazell & Bale, 2011;
MacMillan & Sinclair, 2011). Adaptation to cold temperature conditions (6 °C) could cause
extensive changes in global transcription (MacMillan et al., 2016). miR-31-5p, for
example, is up-regulated during cold stress and involved in cold adaptation (Fast et al.,
2017). On the other hand, an increase in temperature = 30 °C (heat stress) results in a
substantial decrease in the fat body stores, increase in metabolism, and decrease in
lifespan (Miquel et al., 1976).

We tested the level of miR-137 in response to temperature stress. 7-day old male
flies were collected and divided into groups of 10 per vial. Then we subjected them to a
high temperature of 33°C for 3 days, cold temperature of 6 °C for 3 days, while the control
was kept at 25 °C for 3 days. After temperature stress treatment, heads were collected,
and total RNA was isolated. RT-qPCR results showed that miR-137 was relatively stable

under heat/cold thermal stress in Drosophila (Fig 17).
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Figure 17. Quantification of the relative expression of the mature miR-137 by RT-
gPCR in wild-typed flies during temperatures stress. Results normalized to S2 rRNA.
The level of miR-137 was analyzed using two-tailed student T-test between each
independent group and the control group as described in the experimental procedures.
Error bars indicate SE. RT-qPCR results showed that the levels of miR-137in male heads
did not significantly change in response heat stress 33°C for 3 days, cold stress 6 °C for
3 days, or the control 25 °C for 3 days.

3.9.2 miR-137 Expression During Dietary Restriction of Protein, Sugar, and Total
Starvation.

We next investigated whether miR-137 levels change in response to different
conditions of nutrient restriction (Kalman et al., 2014). The quantity and the quality of the
food consumed by the organism are associated with metabolic stress, reproduction,
development, and lifespan. Adaptation to environmental food shortage may induce
molecular changes underlying animal physiology and behavior.

For nutritional stress, we evaluated levels of miR-137 by RT-gPCR in w’’’8 males
and females. Flies were raised in a mixed population of males and females for 7 days on
standard fly food, then sorted by sex, and divided into groups of 10 per vial. Flies were

then placed on media of protein starvation for 5 days or sugar starvation for 5 days.
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Because w’’’8has limited tolerance to total starvation, we only expose the flies to 3 days
of total starvation. Control flies were freely fed and age-matched wild type. Heads were
collected, and total RNA was isolated. Overall, miR-137 levels in w78 did not change in
response to protein, sugar, or total starvation in males or females (Fig 18). These results

indicate that the expression of miR-137 is relatively stable in response to nutrient stress.
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Figure 18. miR-137 expression during dietary restriction of protein, sugar, and total
starvation. Quantification of the relative expression of the mature miR-137 by RT-qPCR
in wild-typed flies. Results normalized to S2 rRNA and U14. The level of miR-137 was
analyzed using two-tailed student T-test between each independent group and the control
group as described in the experimental procedures. Error bars indicate SE. miR-
137 levels in w8 did not change in response to 5 days protein starvation, 5 days sugar
starvation, or 3 days total starvation in males or females
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3.10 Conclusion

In conclusion, we showed by RT-qgPCR that the expression level of miR-137 was
highly concentrated in Drosophila brains. This result indicates its crucial function in
regulating genes in the nervous system. We also showed that miR-137 has no sex-biased
expression and that it is not affected by mating status. We also investigated the
expression level of miR-137 during different times of day (ZT0, ZT6, ZT12, ZT18), and
the miR-137 levels were unchanged, suggesting that the circadian clock does not regulate
miR-137 expression. We further tested the influence of age different kinds of stress on
miR137 expression, and results showed no significant difference in miR-137.

Despite evidence that reports miRNAs regulation by neural activity (Sim et al.,
2014), our RT-gPCR analysis concluded that miR-137 expression in the brain was
relatively stable and not affected by changes in neural activity. miR-137 levels have been
shown to regulate neuronal development and cognitive function. We showed that
decreasing or increasing the neural activity in the CNS by heat treatment of Chats? and
TrpA1, respectively, showed no effect on miR-137 levels. In addition, some studies
showed that miR-137 was reduced in the serum of patients with AD (Jiang et al., 2018;
Kou et al., 2020), and reduced in brain tissues from both patients and mouse models of
epilepsy (W. Wang et al., 2018). However, our analysis of miR-137 levels showed
relatively stable levels of miR-137 in epileptic and Alzheimer’'s disease Drosophila
models.

To sum up, miR-137 expression appears to be enriched in Drosophila brains and

exhibits relatively stable expression over time and with stress.
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CHAPTER 4: miR-137 MUTANTS EXHIBIT METABOLIC PHENOTYPES

4.1 Overview.

The best method to study the biological function of an individual miRNA in a model
organism is by mutating/deleting the gene and examining its phenotype. In this chapter,
we characterized multiple miR-137 phenotypes related to energy homeostasis in
Drosophila melanogaster. Many miRNA mutants exhibit minor defects under normal
conditions but then significant phenotypes under stress. In this study, we used two
independently made null mutant lines of miR-137. The first null mutant line (miR-137¢F)
was generated in our lab by CRISPR/Cas9 following methodology previously described
(Gratz, Harrison, et al., 2015; Gratz, Rubinstein, et al., 2015). We used two guide RNAs
to direct the endonuclease Cas9 cleavage at two DNA sites, removing sequence including
the entire pre-miR-137 (5-CAATCTCCAATGGCCACGTGTATGCTCGTATAACCTG-

AAATCCAAATGTTATTIGCTTGAGAATACACGTAGTTCACCGAGATTTGTT-3) and

within it, the mature miR-137 sequence (underlined). During homology-directed repair
(HDR), the miR-137 sequence was replaced by sequence encoding DsRed under the
control of a 3xP3 promoter (for selection). Deletion of miR-137 and replacement with
DsRed was confirmed by PCR and DNA sequencing. To confirm that phenotype(s) are
not a consequence of genetic background, we obtained a second null mutant line, miR-
137K0, which was generated by homologous recombination, replacing miR-137 with the
w [+] gene (Y. W. Chen et al., 2014). Both homozygous miR-137 mutants are viable with
no apparent developmental defects, and RT-gPCR was performed to validate that both

lines show virtually undetectable levels of miR-137 expression (Fig.19).
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In this chapter, we tested a range of phenotypes in Drosophila melanogaster,
including the ability of miR-137 mutants to survive under different nutrient restrictions,

oxidative stress tolerance, body weight, energy storage, and food intake.
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Figure 19. Validation of miR-137 expression in WT and miR-137°% and miR-137%°
mutant heads. miR-137 levels are normalized to levels of S2 rRNA from the same
samples, and 222% values are shown as representations of relative fold-changes
compared to control condition which is the group shown on the furthest left of each graph
(see Materials and Methods). Pairwise comparisons were made using the Student t-test.
*P<0.05, error bars indicate SEM.

4.2 Modulating miR-137 Levels Affects Lifespan Under Conditions of Nutrient

Deprivation.

Animals living in the natural environment often face periods of food limitations.
Animals' survival mainly depends on their response to starvation physiologically and
behaviorally. To study whether miR-137 is involved in nutrient sensing regulation, we
tested the ability of miR-137 mutants to survive during different nutrient restrictions. We

used populations of miR-137 mutant flies and compared them to wild-type populations.

74



4.2.1 miR-137 Mutants are Starvation Resistant.

miR-137 has been highly studied with regard to neuronal differentiation,
proliferation, maturation and development, as well as synapse formation, synaptic
transmission, and learning and memory function (Y. W. Chen et al., 2014; Crowley et al.,
2015; Olde Loohuis et al., 2015c; Silber et al., 2008; Smrt et al., 2010c; Sun et al., 2011;
Szulwach et al., 2010). However, little is known about whether its expression in the brain
also contributes to the central regulation of energy homeostasis and survival. We wanted

to test how miR-137 mutant flies react to different nutritional stress compared to wild-type.

To test for survival under protein starvation, populations of newly-eclosed wild-type
and miR-137°F and miR137° mutants were collected, raised in a mixed population of
males and females, and aged to 7 days to avoid any starvation resistance due to the
reported persistence of the larval fat body in the young adult (Aguila et al., 2007; Rehman
& Varghese, 2021a). Then flies were raised on a media containing a sugar source but no
protein source. Ten replicate vials (10 flies per vial) for each sex and two trials of each
population of 100 were used to test starvation resistance. The protein starvation survival
curve of miR-137°F (red line) and miR-137%0 (blue line) exhibited extended survival
compared to control populations (w’??8in black line) (Log-rank test p<0.0001) (Fig. 20A).
Median survival of male miR-137°F and miR-137€C was 10 days and 12 days,
respectively; median survival of wild-type was 5 days. miR-137¢F and miR-137%0females
also exhibited an increase in survival compared to control populations (Fig. 20B). Median
survival of both miR-137¢F and miR-137%0 were 11 days, and median survival of wild-

type 5 days.
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Figure 20. Loss of miR-137 results in increased resistance to protein starvation.
Representative survival curves shown for populations (N=100) of male & (A) and female @
(B) wild-type (WT; black), miR-137%0 (blue), and miR-137¢F (red), as indicated, under
protein starvation conditions (see Materials and Methods). miR-1374C and miR-137¢R

lines displayed significantly extended lifespans compared to WT, as analyzed by Log-
rank test (P<0.0001).

For sugar starvation, flies were raised on a media containing a source of protein
(yeast paste) but no source of sugar. Populations of newly-eclosed wild-type and miR-
137€R and miR137X0 mutants were collected, raised in a mixed population of males and
females, and aged to 7 days. Ten replicate vials (10 flies per vial) for each sex and two
trial of each population of 100 were used to test starvation resistance. Sugar starvation
survival curve of miR-137CF (red line) and miR-137%C (blue line) exhibited extended
survival compared to control populations (w’’8in black line) (Log-rank test p<0.0001).
Median survival of both miR-137¢F and miR-137%C males were 19 days, and median
survival of wild-type was 13 days (Fig. 21A). miR-137¢" and miR-137X0 females also

exhibited an increase in survival compared to control populations (Log-rank test
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p<0.0001) (Fig. 21B). Median survival of miR-137¢F and miR-137X° was 15 and 20 days,

respectively, and median survival of wild-type was 14 days.
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Figure 21. Loss of miR-137 results in increased resistance to sugar starvation.
Representative survival curves are shown for populations (N=100) of male & (A) and
female$ (B) wild-type (WT; black), miR-137%C (blue), and miR-137¢F (red), as indicated,
under sugar starvation conditions (see Materials and Methods). miR-1374° and miR-
137¢F lines displayed significantly extended lifespans compared to WT, as analyzed by
Log-rank test (P<0.0001).

Lastly, we tested the response to total starvation. Populations of newly-eclosed
wild-type and miR-137¢f and miR137X° mutants were collected, raised in a mixed
population of males and females, and aged to 7 days. Then flies were raised on a media
with complete food deprivation. Hydration was provided by water in the 1% agar media.
10 replicate vials (10 flies per vial) for each sex and two trial of each population of 100
were used to test starvation resistance. Total starvation survival curves for miR-

137¢A (red line) and miR-137%C (blue line) exhibited extended survival compared to
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control populations (w’’’8in black line) (Log-rank test p<0.0001) (Fig. 22A). Median
survival of male miR-137¢R and miR-137X0 were 84 hrs and 72 hrs, respectively, and
median survival of wild-type was 36 hrs. miR-137¢7 and miR-137X% females also exhibited
an increase in survival compared to control populations (Log-rank test p<0.0001) (Fig.
22B). Median survival of female miR-137¢F and miR-137X0, were 108 hrs and 84 hrs,

respectively, and median survival of wild-type was 36 hrs.
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Figure 22. Loss of miR-137results in increased resistance to total starvation.
Representative survival curves are shown for populations (N=100) of male & (A) and
female? (B) wild-type (WT; black), miR-137%C (blue), and miR-137¢F (red), as indicated,
under total starvation conditions (see Materials and Methods). miR-1374° and miR-137¢R
lines displayed significantly extended lifespans compared to WT, as analyzed by Log-
rank test (P<0.0001).

To further ensure that the starvation resistance phenotype wasn’t due to genetic
background, we also tested the miR-137°F/KO trans-heterozygotes response to total
starvation. To do that, we crossed miR-137%C to miR-137°F. Progeny were collected,
raised in a mixed population of males and females, and aged to 7 days. Flies were then

raised on media for total starvation. 10 replicate vials (10 flies per vial), and two trial of
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each population of 100 males were used to test starvation resistance. Total starvation
survival curves for miR-137¢7 (red line) and miR-137%C (blue line), and miR-137C¢AKO
(dark red line) exhibited extended survival compared to control populations (w778 in black
line) (Log-rank test p<0.0001) (Fig. 23). Median survival of male miR-137°f and miR-
1370 were 84 hrs and 72 hrs, respectively, miR-137¢f/KOwas 96 hrs, and wild-type was
36 hrs. The comparable phenotype of miR-137¢F/KO trans-heterozygotes and miR-137¢R
and miR-137¢¥®homozygotes, suggests that the starvation resistance phenotype is indeed

due to miR-137in Drosophila melanogaster.
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Figure 23. miR-137°F/KO trans-heterozygotes exhibited increased resistance to
starvation. Representative survival curves are shown for male trans-heterozygote miR-
137CR/KO (dark red), and miR-137¢F (red) and miR-137%% (blue) homozygote lines, and
WT (black) under total starvation conditions. Trans-heterozygote miR-137¢FK0, similar to
miR-137K0 and miR-137°f homozygotes, showed significantly prolonged survival
compared to WT (N=100, Log-rank test; P<0.0001).

In all cases, miR-137€R and miR-137K° males and females exhibited extended
survival compared to control populations. In addition, total starvation resulted in the most
robust phenotype, with miR-137 mutants exhibiting a median survival twice that of wild-
type flies (median survival of miR-137¢% and miR-137%°, 84 hrs and 72 hrs, respectively;
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median survival of wild-type, 36 hrs). As a result, continued studies were performed with
males under conditions of total starvation, using both miR-137¢fF and miR-137X0
homozygotes and/or miR-137¢AK0  trans-heterozygotes, which similarly exhibited

starvation resistance (median survival of 96 hrs).
4.2.2 miR-137 Heterozygote Mutants Exhibit Semi-Dominant Starvation Resistance.

Because miR-137 null mutants had an extreme starvation resistance phenotype,
we wanted to examine if this phenotype is dominant, recessive, or semi-dominant. We
also envisioned that some epistasis experiments (see chapter 5) would require tests with
mutations on the same chromosome as miR-137, and it would be helpful to know if one
copy of miR-137%% or miR-137°Rwould be starvation resistance. To test this, we crossed
miR-137%0 and miR-137°F to wild-type (w’"78). Progeny were collected, raised in a mixed
population of males and females, and aged to 7 days to avoid any starvation resistance
due to the reported persistence of the larval fat body in the young adult (Aguila et al.,
2007; Rehman & Varghese, 2021a). Flies were then raised on a media for total starvation.
10 replicate vials (10 flies per vial) and two trials of each population of 100 males were
used to test starvation resistance. We found that miR-137¢F+ and miR-137K0*
heterozygotes exhibit a semi-dominant phenotype about halfway between wild-type and

miR-137 homozygotes, with median survival times of 48 hrs (Fig. 24).
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Figure 24. miR-137 heterozygote mutants exhibit semi-dominant starvation
resistance. Representative survival curves are shown for male miR-137°Fand miR-
137€0 homozygote lines (red), WT (black), and miR-137¢"+ and miR-137K9+
heterozygotes (blue lines, as indicated) under total starvation conditions. miR-137¢7+ and
miR-137X0+ heterozygotes show significant extension in lifespan under total starvation
conditions, compared to WT (N=100, Log-rank test P<0.0001); survival curves from miR-
13750 and miR-137¢F homozygotes are shown for reference.

4.2.3 miR-137 Overexpression in the Central Nervous System Results in An

Increase in Starvation Sensitivity.

Next, we tested whether the overexpression of miR-137 would have the opposite
effect as the loss of miR-137. Since gain-of-function miR-137 mutants in mammalian
systems have been shown to display developmental defects (Smrt et al., 2010c), we set
out to conditionally over-express miR-137 post-development. We expressed miR-137 in
the CNS using elav-Gal4>>UAS-miR-137, a pan-neuronal elav-Gal4 transgene to drive
the expression of miR-137 under the control of the relevant yeast upstream activating
sequence (UAS), in combination with the ubiquitous expression of the temperature-
sensitive Gal80' protein, which inhibits Gal4 activity at 18 °C, and permits Gal4 activity
at 30 °C. We then raised elav-Gal4, tub-Gal80>>UAS-miR-137 flies at 18 °C to allow for
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normal development, then shifted newly-eclosed flies to 30 °C to over-express miR-137
post-development for 7 days. Over-expression of miR-137 was confirmed by RT-qPCR
and showed significant up-regulation in miR-137 (Fig. 25A). We found that post-
developmental overexpression of miR-137 significantly reduced lifespan under starved
conditions, with a median survival of 24 hrs, compared to genetic background controls

with median survival times of 36 and 48 hrs (Fig. 25B).
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Figure 25. miR-137 overexpression in the central nervous system results in an
increase in starvation sensitivity. Conditional over-expression of miR-137 was
achieved using elav-Gal4 driving UAS-miR-137 in combination with tub-Gal80% (elav-
Gal4-Gal80s>>miR-137); these flies were compared with parental lines, UAS-miR-137
and elav-Gal4; tub-Gal80 (elav-Gal4-Gal80). Flies were raised at 18 °C for normal
development, then shifted to 30 °C for 7 days to over-express miR-137. RT-gPCR
confirming over-expression of miR-137 in the elav-Gal4-Gal80's>>miR-137 line (A), and
survival curves (B) of males under total starvation conditions are shown. The conditional
overexpression of miR-137in the CNS after development significantly increased the
sensitivity to starvation compared to the parental controls (Log-rank test, P<0.0001).
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4.2.4 miR-137 Expression in the Nervous System Rescues Starvation Resistance

of miR-137 Mutants.

Given that miR-137 is enriched in the central nervous system (CNS), we tested
whether the re-introduction of miR-137 expression, specifically in the nervous system,
was sufficient to reverse the starvation resistance of miR-137 mutants. We expressed
miR-137 in the CNS of miR-137 mutant backgrounds using elav-Gal4>>UAS-miR-137.
We found that, indeed, pan-neuronal expression of UAS-miR-137 in miR-137°F or miR-
137X0 backgrounds re-sensitized survival under starvation conditions (Fig. 26). These
results indicate that it is primarily the expression of miR-137in the CNS that underlies the
regulation of starvation resistance. Altogether, our results demonstrate that miR-137

centrally regulates processes affecting organismal fithess under conditions of nutrient

deprivation.
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Figure 26. miR-137 expression in the nervous system rescues starvation resistance
of mir-137 mutants. Male flies in which elav-Gal4 transgene was used to drive UAS-
miR-137 expression in either a miR-137¢F (A) or miR-137%0 (B) mutant background (miR-
137CR+elav>>miR-137 or miR-137X0+elav>>miR-137, respectively) were compared with
elav-Gal4 and miR-137 mutant parental lines, under conditions of total starvation. In both
cases, miR-137CR+elav>>miR-137 and miR-137X%+elav>>miR-137 flies exhibit a
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significant leftward shift in their survival sensitivity compared with miR-137 mutant
background lines (Log-rank test P<0.0001), indicating a rescue of starvation resistance
with the reintroduction of miR-137 expression driven by elav-Gal4.

4.3 miR-137 Mutants Exhibit Increased Tolerance to Oxidative Stress.

In addition to the starvation resistant phenotype, we tested the response of miR-
137€R and miR-137X° males to oxidative stress. Several studies have reported a positive
correlation between starvation and oxidative resistance (Baldal et al., 2006a; Harshman
& Haberer, 2000; Petti et al., 2011a). Physiological changes in gene expression in
response to nutrient starvation strongly correlate with gene expression changes that
occur in the oxidative stress response. For example, an increase in d4E-BP, a translation
regulator, is essential for unfavorable conditions of starvation and oxidative resistance

(Petti et al., 2011; Teleman et al., 2005a; Tettweiler et al., 2005).

In our experiments, we used paraquat to induce oxidative resistance. Paraquat is
a highly toxic substance that has been shown to increase reactive oxygen species (ROS)
and leads to oxidative stress in animals (Rzezniczak et al., 2011). 3-5 day old males were
collected, divided into groups of 10 per vial, and fed 20% paraquat which was added to
their regular diet. Flies were raised on standard fly food and not starved prior to oxidative
exposure to avoid any unnecessary stress. 10 replicate vials (10 flies per vial) and two
trials for each population of 100 males were used to test oxidative resistance, and survival
was scored every 12 hrs. miR-137¢F and miR-137%C showed increased viability on
paraquat than the wild-type (w’778) flies, with median survival twice that of wild-type flies.
Median survival of miR-137¢F and miR-137C were 204 hrs, and 234 hrs, respectively,

and median survival of wild-type was 108 hrs (Fig 27).
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Figure 27. Loss of miR-137 results in increased resistance to oxidative stress.
Representative survival curves shown for populations (N=100) of male wild-type (WT;
black), miR-137X0 (blue), and miR-137°F (red), were exposed to 20% paraquat (see
Materials and Methods). miR-13740 and miR-137°F lines displayed significantly extended
lifespans compared to WT, as analyzed by Log-rank test (P<0.0001).

4.4 miR-137 Mutants Exhibit Metabolic Dysfunction.

Stress triggers hormonal changes that coordinate numerous genetic, behavioral,
physiological, and metabolic reactions that contribute to the ability to tolerate stress. In
flies and fish, starvation resistance generally develops a reduced metabolic rate, greater
energy conservation, and a larger body (Auer et al., 2018; Baldal et al., 2006b; E. B.
Brown et al., 2019; Clark & Fucito, 1998). These results suggest that metabolic function
and behavior contribute to starvation resistance seen in the flies. This led us to investigate

the mechanism underlying the starvation resistance in miR-137 mutants.
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4.4.1 Loss of miR-137 Impacts Body Weight/Size.

Energy homeostasis involves the complexity of balancing energy storage, energy
expenditure, as well as nutrient consumption. Some studies have shown that extended
survival is enabled by increased energy stores (Park et al., 2018). The starvation
resistance of miR-137 null mutants suggests an alteration in energy homeostasis. To test
if the starvation resistance mediated by miR-137 might be supported by enhanced energy
storage, we first compared the size and body weight of miR-137¢R, miR-137%%, and miR-
137CR/KO mutants to wild-type (w’’8). We measured the dry flyweight of batches of 15
male flies of wild-type and miR-137 mutants were flash-frozen in the liquid nitrogen and
weighed on an ultrasensitive balance. A total of 100-150 flies per genotype were
measured. We found that miR-137°R, miR-137X0, and miR-137¢7KO mutant flies exhibit
a 23.8%, 28.1%, and 43% enhancement in body weight, respectively (Fig. 28). Thus, the
lack of miR-137 results in an obese phenotype. Studies showed that increased body
size/weight is a fitness-related feature that promotes stress resistance (E. B. Brown et al.,
2019). Our results suggest that increased body weight may contribute to the starvation

stress resistance seen in miR-137 mutants.
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Figure 28. miR-137 impact body weight/size. Males of wild-type (WT), miR-137¢F, and
miR-137%0 (A). Males wild-type (WT) and miR-137¢F/KO (B). Flies were aged for 7 days
in a mixed population on a standard fly food diet, then tested for average body weight.
miR-137°F, miR-137X%, and miR-137C¢FK0 mutant flies indeed exhibit a 23.8%, 28.1%,
43% enhancement in body weight, respectively, compared to WT. Shown are
representative flies (Left). * Indicates significant differences (P<0.05) between the miR-
37C€RK0and WT, or indicated conditions; data analyzed Student t-test. Error bars indicate
SEM.

4.4.2 miR-137 Mutants Exhibit an Increase in Energy Storage.

Survival during periods of nutrient deprivation is highly dependent on the capacity
to retrieve energy from stored reservoirs to provide energy for cells (Baker & Thummel,

2007). In Drosophila, energy is stored mainly in the form of lipids and glycogen in the fat
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body, which is a tissue functionally analogous to mammalian adipose and hepatic tissues
(Baker & Thummel, 2007; Kihnlein, 2012). It has been reported that the amount of stored
nutrients support survival under nutrient deprivation (Bharucha et al., 2008; Goenaga et
al., 2013). As indicators of energy availability and storage, we examined triglyceride,
glucose, and protein levels in individual samples of 5 whole male flies that were aged for
7 days on standard fly media (fed).

Under standard feeding conditions, triglyceride and cholesterol are broken down
and absorbed by the intestine (Kozan et al., 2023). Cells either utilize these lipids or store
them in fat body tissue. Triglyceride concentration was determined by incubating the
samples with the triglyceride reagent, that will cleave triglyceride with lipoprotein lipase to
release free glycerol and fatty acids. The triglyceride concentration in the samples is
calculated based on the triglyceride standard curve. We found that miR-137¢FKO mutants
displayed a significant elevation of 71.19% in the concentration of triglyceride content
compared to w1118 (Fig 29 A).

We also measured glucose levels as an indicator of readily available energy.
Although trehalose is the major larval hemolymph sugar in adult flies, circulating trehalose
and glucose both provide a source of energy through glycolysis (Tennessen et al., 2014).
Glucose concentration was measured in the whole fly homogenate samples by a
colorimetric-based enzymatic assay that measured the free glucose levels in the flies.
The glucose concentration in the samples was calculated based on the glucose standard
curve. We found that miR-137¢FKO mutants displayed a significant increase of 34.2% in

the concentration of glucose compared to w'??8 (Fig 29 B).
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In addition to lipids and glucose, proteins can also be catabolized to yield energy.
Although protein is not the preferable form of energy storage, under conditions of long
starvation, protein has been shown to serve as a source of energy (Chatterijee &
Perrimon, 2021; Marron et al., 2003a). Protein concentration was determined by
incubating the samples with the BCA protein assay. The protein concentration in the
samples was calculated based on the protein standard curve. Our results showed
that miR-137¢AKOmutants displayed a significant elevation of 21% in the concentration
of protein content compared to w’’?8 (Fig 29 C).

These results suggest that miR-137 plays an important role in metabolic
homeostasis, such that mutant flies store more energy in reserves, consequently

supporting extended survival under nutrient restriction.
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Figure 29. miR-137 mutants exhibit altered energy storage. Wild-type (WT) and miR-
137€FKO male flies were aged for 7 days in a mixed population on a standard fly food diet,
then tested for: A, triglyceride content; B, glucose content; C, protein content. Results
from representative experiments miR-137¢FK0 mutants displayed a significant elevation
of 71.19%, 34.2%, 21% in the concentration of triglyceride, glucose, and protein contents,
respectively, compared to w’’’8. * Indicates significant differences (P<0.05) between
the miR-137¢#K0Oand WT or indicated conditions; data analyzed Student t-test. Error
bars indicate SEM.
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4.4.3 miR-137 Mutants Exhibit a Decrease in Food Intake.

Feeding behavior in Drosophila is a process that depends on motivation and
sensory detection (Pool & Scott, 2014). The physiological drop in the fly's energy stores
releases hunger signals that drive feeding motivation (Pool & Scott, 2014). After satiation,
negative feedback in the CNS occurs to terminate the feeding and decrease the response
to the food stimulation (Edgecomb et al., 1994). Studies have shown that animals respond
to starvation by reducing their feeding and increasing their sleep to survive prolonged
starvation (Masek et al., 2014). We examined whether miR-137 mutants exhibit any
difference in food consumption or motivated feeding behavior. We tested miR-137°F,
miR-137K0, and wild-type flies. We aged flies for 7 days on standard fly food, then either
kept them fed on standard food or starved them for 18 hrs before transferring them to 1%
agar media containing 5% sucrose and 2.5% erioglaucine, an acid
aminotriphenylmethane dye with a blue color that has been used to track the feeding of
flies (Park et al., 2018). After 15 minutes, flies were homogenized and tested for the
intensity of blue dye content as a measure of food consumption. We found that wild-type
flies exhibited a dramatic increase in feeding following starvation (Fig. 30A), as expected
from previous reports (Park et al., 2018), while miR-137¢F and miR-137%0 mutants
displayed significantly less feeding than wild-type. To minimize the genetic background
variation between miR-137¢R and miR-137X0, we also tested miR-137¢A/KO mutants.
These miR-137CA/K0 flies also exhibited a near-complete lack of starvation-induced
feeding (Fig. 30B). Together, our results suggest that the loss of miR-137 results in

reduced motivation to feed even after starvation.
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Figure 30. miR-137 mutants exhibit altered energy homeostasis. 7-day old WT miR-
137CR, miR-137XC(A), and miR-137¢F/KO (B) flies were Fed or Starved for 18 hrs prior to
exposure to food containing a blue-dye (see Materials and Methods) for 15 minutes.
Shown are representative flies with blue coloring seen in their abdomens (Left) and
quantification (Absorbance read at 625 nm) of fly homogenates. * Indicates significant
differences (P<0.05) between the miR-137¢R  miR-137%0, miR-137¢F/KCand WT
indicated conditions; data analyzed Student t-test. Error bars indicate SEM.
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4.5 Conclusion.

In conclusion, male and female miR-137 mutants showed increased resistance to
starvation and oxidative stress. Mutant survival was almost double that of control flies
under starvation and oxidative stress. miR-137 mutants consumed less food than the
controls after prolonged starvation, suggesting that these animals are less motivated to
feed. In addition, miR-137 mutants exhibit increased energy storage in the form of lipids,
glucose, and protein, consistent with the increase in body weight. All of these phenotypes
correlate with the extended survival of miR-137 mutants under conditions of nutrient
deprivation. According to these findings, miR-137 plays a role in regulating metabolic

adaptation during nutrient deprivation.
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CHAPTER 5: STARVATION RESISTANCE OF miR-137 MUTANTS REQUIRES THE
INSULIN SIGNALING PATHWAY.

5.1 Overview.

Genetic epistasis is a technique to characterize the relationship of two mutants that
have a single phenotype, and specifically, to determine if they affect the same signaling
pathway (Huang., 2006). The viability of loss-of-function mutants, like miR-137, make
them amenable for genetic epistasis analysis. We hypothesized that the role of miR-137
in energy homeostasis is likely to involve either the glucagon-like Adipokinetic hormone
(Akh) and/or insulin signaling pathway, since both play critical roles in coordinating
nutrient availability with metabolism across species. To explore if there is a pattern of
epistatic interaction between miR-137 and genes associated with the insulin or AKH
signaling pathways, we constructed double mutant lines with genes associated with either
of the pathways. These mutants have previously been reported to exhibit a similar
phenotype to miR-137. If double-mutants exhibit an “additive” phenotype with starvation
resistance increased beyond either single mutant, this would suggest that miR-7137 and
a given component act in different pathways. However, if double-mutants exhibit
starvation resistance similar to the single miR-137 mutants, this would suggest that miR-
137 and a given component act in the same pathway. Here, we describe genetic epistasis
experiments to determine in which metabolic pathways miR-137 is required for starvation

resistance.
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5.2 Epistasis Analysis of miR-137 And the Glucagon-Like Adipokinetic Hormone

(AKH).

A polypeptide with a glucagon-like function (AKH) and its receptor AKHR are
essential for normal behavioral and physiological responses to starvation. AKH is
released during starvation conditions to signal the breakdown of glycogen stores and
promote survival. Akh’is a null mutant that carries a deletion in the AKH gene. The
disruption in AKH signaling in Akh? produces a slightly heavy fly with a lower metabolic
rate and extended survival under starvation conditions (Lee & Park., 2004). The increased
resistance to starvation in Akh' is also accompanied by the absence of starvation-induced
hyperactivity and increased energy reserves (Lee & Park., 2004). Since our results
suggest that miR-137 mutants also exhibit increase in energy reserves, and a lack of
starvation-induced hyperactivity (data not shown; courtesy of Lea Giacchetta) we wanted

to identify if AKH and miR-137 act in the same pathways.

We tested the involvement of the AKH pathway in the starvation resistance
response by generating Akh? and miR-137 double-mutant flies and comparing the
starvation-resistant phenotype to that of each single mutant. We first tested single null
mutants for miR-137 and Akh’ for survival under starvation conditions. We found that
each exhibited prolonged survival under starvation conditions with a median survival of
72 hrs for miR-137¢R, 84 hrs for miR-137%0 and Akh’ (Fig 31). We then generated double-
mutants in which miR-137¢f or miR-137X° mutations were combined with Akh'. If double-
mutants exhibit an “additive” phenotype with starvation resistance increased beyond
either single mutant, this would suggest that miR-137 and AKH act in different pathways,

however, if double-mutants exhibit starvation resistance similar to the single miR-137
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mutants, this would suggest that miR-137 and AKH act in the same pathway. We found
that the lifespan of either miR-137¢F and miR-137X0 mutations combined with the Akh’
mutation exhibited starvation resistance that was significantly enhanced beyond that of
either single mutant (miR-137%0+ Akh'’ was 96 hrs, and miR-137¢ + Akh’ was 96 hrs)
(Fig. 31). These results suggest that the function of miR-137 in energy homeostasis is

independent of the AKH pathway.
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Figure 31. Genetic epistasis analyses of miR-137 and the glucagon-like
Adipokinetic hormone (AKH). Survival curves of single mutations of the AKH pathway
under conditions of total starvation (see Materials and Methods). Survival curves of
Akh’combined with either the miR-137¢F (Left) or miR-137%C (Right) mutations are
shown to evaluate genetic epistasis; miR-137¢F and miR-137%C backgrounds are also
shown for comparison in each graph. Akh’ mutants (green) exhibit a significantly
extended lifespan, similar to miR-137¢" and miR-137%° (blue), when compared to wild-
type (WT). miR-137¢F; Akh' (miR-137°R+Akh’) and miR-137%0; Akh' (miR-137K0+Akh’)
double mutants (red lines) show a lifespan extended significantly beyond the single miR-
137€R, miR-137%%, and Akh' mutants. Representative survival curves are shown from a
population of 100 males. Significance between survival curves, evaluated by the Log-rank
test (P<0.05), as noted in the legend.

5.3 Epistasis Analysis of miR-137 in the Insulin Signaling Pathway.

We next wanted to test for a requirement of the insulin signaling pathway in the
miR-137-mediated starvation resistance phenotype by genetic epistasis. Insulin plays a
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major role in energy homeostasis. Defects in insulin signaling cause diabetes, obesity,
accumulation of fat, and many metabolic disorders (Rehman & Varghese, 2021a).
Manipulation of IIS/TOR signaling has been reported to dramatically influence the
metabolic processes in an organism and affecting lipid and glucose homeostasis (Kannan

& Fridell, 2013; Semaniuk et al., 2021; Tatar et al., 2003).

We tested a null mutant for the single insulin receptor substrate protein (IRS),
chico, for survival under starvation conditions. We found that chico’ mutants, which have
been shown to disrupt insulin signaling (Clancy et al., 2001), exhibited prolonged survival
under starvation conditions (Fig. 32). Since chico’ is on the second chromosome as is
miR-137, we examined chico’/CyO heterozygotes which exhibit a significant, albeit less
extreme, starvation resistance (Fig. 32). We then generated trans-heterozygous double-
mutants in which miR-137¢F or miR-137XC mutations were carried over the chico’
mutation. |f double-mutants exhibit an “additive” phenotype with starvation resistance
increased beyond either single mutant, this would suggest that miR-137 and chico act in
different pathways, however, if double-mutants exhibit starvation resistance similar to the
single miR-137 mutants, this would suggest that miR-137 and chico act in the same
pathway. We found that the lifespan of chico’/miR-137¢R and chico’/miR-137K°
transheterozygote double-mutants exhibited no enhancement in starvation resistance
beyond that of chico’/CyO, miR-137¢F/+, or miR-1379/+ heterozygote backgrounds (Fig.
32). Our results suggest a genetic interaction between miR-137 and the insulin signaling

pathway.
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Figure 32. Genetic epistasis analyses indicate that starvation resistance of miR-
137 involves the insulin signaling pathway. Survival curves of single gene mutations
are shown under conditions of total starvation (see Materials and Methods). Survival
curves of mutations combined with either the miR-137¢F (Left) or miR-137XC (Right)
mutations are shown to evaluate genetic epistasis; chico’/CyQO heterozygotes (green),
miR-137°F/+ and miR-137X0/+ heterozygotes (blue), and miR-137F/chico’ and
miR137K%/chico’ (red) all show similar (not significantly different) lifespans, but all
significantly extended compared to WT. Representative survival curves are shown from
a population of 100 males. Significance between survival curves, evaluated by the Log-
rank test (P<0.05), as noted in the legend.

5.4 Epistasis analysis of miR-137 and insulin signaling in the CNS.

We further tested if the miR-137-mediated starvation resistance phenotype is due
to its interaction with insulin signaling specifically in the nervous system. We employed
the UAS-GAL4 system to attain tissue-specific gene expression. We pan-neuronally
expressed dominant-negative (DN) and/or RNAi transgenes that target the insulin
receptor InR, the downstream effector phosphoinositide-3-kinase PI3K, or the
downstream protein kinase B, AKT. To do this, we used elav-Gal4 to drive UAS-InRPN,
UAS-InR-RNAi, UAS-PI3KPN, or UAS-AKT-RNAI. Each of these lines exhibited starvation
resistance compared to genetic background control lines (Fig. 33), demonstrating that
disruption of insulin signaling in the CNS alone is sufficient to mimic the starvation
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resistance phenotype of miR-137 mutants. We then performed genetic epistasis
experiments by combining each of these DN/RNAI lines with the miR-137¢R or miR-137KC
mutations and testing for starvation resistance. The rationale of these epistasis
experiments was to investigate if the knockdown of InR, PI3K, or AKT in the CNS is
relevant to starvation resistance of miR-137 mutants. We found that the starvation
resistance of each of these combined lines was not significantly enhanced compared with
parental lines with disrupted insulin signaling alone (Fig. 33). These results suggest that

the starvation resistance of miR-137 involves the insulin signaling pathway in the CNS.
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Figure 33. Genetic epistasis analyses indicate that starvation resistance of miR-
137 involves the insulin signaling pathway in the CNS. Survival curves of single
mutations, or specific gene knockdowns, are shown for components of the insulin
pathway (A-D) under conditions of total starvation (see Materials and Methods). Survival
curves of these mutations/RNAI lines combined with either the miR-137¢F (Left column)
or miR-137X% (Right column) mutations are shown to evaluate genetic epistasis; miR-
137€R and miR-137XC backgrounds are also shown for comparison in each graph. The
parental elav-Gal4 line is used as a control, and lines in which elav-Gal4 is used to drive
expression of an UAS- dominant-negative /nRPN subunit (A), an UAS-InR-RNAi (InR-
RNA)) transgene (B), an UAS- dominant-negative PI3KPN (PI3KPN) transgene (C), an
UAS-AKT-RNAI (AKT-RNAI) transgene (D) are shown for survival under total starvation
conditions; miR-137°R and miR-137%C lines are shown again for reference. In all cases
(A-D), the lines containing miR-137¢F (Left) or miR-137XC (Right) combined with
knockdown of components of the insulin signaling pathway in the nervous system all
showed significant extension of lifespan (starvation resistance) compared to the elav-
Gal4 parental line, but no difference with miR-137 mutations or knockdowns alone.
Representative survival curves are shown from a population of 100 males. Significance
between survival curves, evaluated by the Log-rank test (P<0.05), as noted in the legend.

5.5 Starvation Resistance of miR-137 Mutants is Normalized by the Activation of

the Insulin Signaling Pathway in the Nervous System.

We next tested if the miR-137 starvation resistance phenotype could be reversed
by activation of insulin signaling pathway. To do this, we used genetic tools to increase
the activation of the insulin signaling pathway specifically in the nervous systems of miR-
137°F and miR-137X0 null mutants. We used elav-Gal4 to induce expression of UAS-
driven transgenes that would likely increase the insulin signaling. These transgenes
encoded ligands of Drosophila insulin-like peptide, dilp2 and dilp5, a constitutively active
form of InR (InR%4), PI3K, and AKT. Analysis of the survival curves showed that
expression of any one of these was sufficient to restore normal starvation sensitivity to
each of the miR-137 null mutant lines (Fig. 34). Interestingly, expression of wild-type InR
was not so clearly able to restore starvation sensitivity to miR-137 mutants (Fig. 35),
supporting the idea that it is increased activation of InR that is critical for this rescue.
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These results indicate that activation of the insulin signaling pathway in the brains of miR-

137 mutants was sufficient to restore starvation sensitivity to these mutants.
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Figure 34. Starvation resistance of miR-137 is reversed by activation of the insulin
signaling pathway in CNS. Representative survival curves for genotypes over-
expressing components of the insulin signaling pathway in the miR-137¢7 (Left column)
or miR-137X0 (Right column) backgrounds, under conditions of total starvation; survival
curves for the parental elav-Gal4 (black), miR-137°% or miR-137%0 (red) lines are shown
on each graph for comparison. elav-Gal4 was used to drive pan-neuronal expression of
insulin signaling components (blue), including A, UAS-Dilp2; B, UAS-Dilp5; C, a
constitutively active INRC” subunit expressed from transgene, UAS-InRCA; D, UAS-PI3K;
E, UAS-AKT. In all cases, the survival curves of lines over-expressing insulin signaling
components were shifted significantly to the left from those of miR-137°% or miR-137X0
backgrounds, indicating the restoration of starvation sensitivity. Pairwise comparisons
were evaluated by Log-rank tests, P<0.05.
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Figure 35. Expression of wild-type /InR was not so clearly able to restore starvation
sensitivity to miR-137 mutants. Survival curves shown for lines pan-neuronally over-
expressing of UAS-InR with one copy of UAS-InR in heterozygous miR-137%%/+ (Left) or
miR-137¢F/+ (Right) backgrounds (blue); parental elav-Gal4 (black), miR-137X%/+ or
miR-137CF/+ (red) backgrounds shown for comparison. In the miR-137°R/+ background,
elav>>InR significantly shifted the survival curve to the left, restoring starvation sensitivity;
in contrast, miR-137¢C/elav>>InR was not significantly different from miR-137X%/+.
Survival curves (N=100) from 7-day old males were evaluated by pairwise Log-rank tests;
significance is as noted in legend.
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5.6 Conclusion.

Genetic epistasis techniques are used to identify a functional interaction between
genes within the same genetic pathway that results in a phenotype. In this study, single
and double mutant lines were produced to characterize starvation resistance in miR-
137 mutants. Our comprehensive genetic epistasis analyses showed that the double
mutants of miR-137and a mutation in the AKH pathway enhanced the starvation
resistance beyond either single mutation, while the double mutants of miR-137 and
mutants affecting the insulin signaling pathway resulted in starvation resistance
phenotypes similar to either single mutation. Moreover, we showed that the starvation
resistance of miR-137was rescued by activation of the insulin signaling pathway,
specifically in the CNS. These results provide strong evidence that a decrease in the
insulin signaling pathway is responsible for the starvation resistance phenotype of the

miR-137 mutant.
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CHAPTER 6: INSULIN SIGNALING IN THE BRAIN IS DOWN-REGULATED IN miR-
137 NULL MUTANTS.

6.1 Overview.

Insulin signaling regulates cellular growth, reproduction, lifespan, metabolic
homeostasis, and stress resistance (Clark & Fucito, 1998; Enell et al., 2010; Loewith et
al., 2002; Teleman et al, 2005a). In the fed state, like mammalian
systems, Drosophila insulin-like peptides (Dilps) are secreted in response to nutrients
and accumulate in the insulin-producing cells (IPCs) during nutrient deprivation
(Géminard et al., 2009). Dilps bind the single insulin receptor (InR), resulting in receptor
subunit trans-autophosphorylation. The activation of InR leads to the activation of the
tyrosine kinase activity of InR and promotes additional phosphorylation of InR and the
insulin receptor substrate (chico). Phosphorylation and binding of chico to InR provides
a scaffold for subsequent signaling molecules that lead to the activation of PI3K and AKT.
AKT phosphorylates the transcriptional activator, FOXO, inhibiting its import into the
nucleus; conversely, under nutrient scarcity, insulin signaling is reduced, and FOXO is
able to activate downstream target genes, including 4E-BP (Barthel et al., 2005; Teleman
et al., 2005). Our results from the epistasis analysis (Chapter 5) suggest that the
starvation resistance of miR-137 mutants is due to insulin signaling dysfunction. In this
chapter, we addressed whether miR-137 mutants exhibit changes in insulin signaling

components and signaling in the Drosophila brain.
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6.2 The Effect of the Loss of miR-137 on mRNA Levels of Insulin Signaling

Components.

We showed that miR-137 mutants exhibit altered metabolic homeostasis and
starvation phenotypes related to dysfunction of insulin signaling. The next question we
wanted to address is whether the expression of any insulin signaling components are
altered in the heads of miR-137 mutants. We decided to analyze the mRNA levels of two
of the three Dilps that are expressed in the brain, Dilp-2 and Dilp-5, InR, FOXO, and 4E-
BP by RT-gPCR. Wild-type and miR-137¢FKO mutant flies were aged to 7 days old on
normal food before heads were collected, and total RNA was isolated. We found that
MRNA levels of InR, and 4E-BP mRNAs, two known targets of the FOXO transcription
factor (Puig et al., 2003; Teleman et al., 2005a), Dilp-5, and FOXO, were all down-
regulated in the miR-137¢7KO mutant heads compared to wild-type controls (Fig. 36B-D).
In contrast, Dilp-2 was found to be up-regulated in miR-137¢7K0 mutants (Fig. 36A). We
also found that levels of InR and 4E-BP were also down-regulated in the whole fly (Fig 36
F-G). These results suggested that insulin signaling was somehow altered in the absence

of miR-137.
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Figure 36. Insulin signaling is disrupted in miR-137 mutants. A-E, Quantification of
the relative expression of Dilp2, Dilp5, InR, FOXO and 4E-BP by RT-gPCR from heads
of 7-day old miR137¢FK0O and wild-type (WT) males reared on standard food. F-G
Quantification of the relative expression of InR, and 4E-BP by RT-gPCR from whole fly of
7-day old miR137%C and wild-type (WT) males reared on standard food. Data are
represented as mean fold change +/- SEM (means are from N=7-8 independent RNA
extractions and RT-gPCR); note that fold-changes are calculated in comparison to WT.
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6.3 The Effect of the Loss of miR-137 on Protein Levels of Insulin Signaling

Components.

To gain further insight into how insulin signaling is changed in miR-137 mutants,
we set out to examine the activation of the insulin pathway more directly. To do this, we
began by testing for levels of the activated/phosphorylated form of InR (in Drosophila
Tyr1485; analogous to human Tyr1146 within the kinase activation loop), referred to as
InR-P (Fernandez et al., 1995). Immunoblot analyses of protein extracts from heads and
bodies of 7 days old flies that were raised on standard fly food showed that levels of InR-
P were virtually abolished in miR-137¢F and miR-137X° homozygotes and miR-137C¢FKO
trans-heterozygotes (Fig. 37A), indicating that insulin signaling is severely impaired in
these mutant lines. Consistent with the semi-dominant starvation resistance phenotype
we observed for miR-137¢F+ and miR-137X9+ heterozygotes (Fig. 24), we observed a
semi-dominant reduction in InR-P levels in miR-137¢F+ and miR-137X9+ heterozygotes
that was about halfway between levels observed in wild-type and miR-137 null mutants
(Fig. 37B). Additionally, we tested InR-P levels as result of miR-137 overexpression. We
used elav-Gal4, tub-Gal80'to drive the expression of UAS-miR-137 post-development.
Newly-eclosed flies were collected, divided into groups of 10 per vial, exposed to heat
treatment at 30 °C for 7 days. Results showed that the overexpression of miR-137 in the
CNS showed normal levels of InR-P (Fig. 37C). Finally, we pan-neuronally expressed
UAS-miR-137in the miR-137¢A background and tested whether we could rescue, or even
partially rescue, levels of InR-P. We found that InR-P levels were elevated significantly,
albeit to a small degree (Fig. 37D), suggesting that sub-wild-type levels of InR-P are

responsive to miR-137 expression.
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Figure 37. Sub-wild-type levels of InR-P are responsive to miR-137 expression. A-
D, Quantification and representative immunoblots of relative levels of InR-P from heads
of 7-day old WT, miR-137¢f/KO trans-heterozygotes, miR-137¢A (CR) and miR-137%° (KO)
homozygotes, as indicated. C, Conditional over-expression of miR-137 was achieved
using elav-Gal4 to drive UAS-miR-137 in combination with tub-Gal80 (elav-Gal4-
Gal80's>>miR-137); these flies were compared WT. Flies were raised at 18 °C for normal
development, then shifted to 30 °C for 7 days to over-express miR-137. D, Relative levels
of InR-P also examined in a miR-137¢" background containing UAS-miR-137 driven by
elav-Gal4 (miR-137°F + elav>>miR-137). Anti-InR-P levels are normalized to anti-actin,
which was used as a loading control (N= 6-30 samples per genotype; 5 heads/sample);

relative normalized levels are shown. *Significance indicated by P<0.05, Students t-test.
Error bars indicate SEM.
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To further investigate if insulin signaling was impaired in miR-137 mutants, we
tested total and activated/phosphorylated AKT levels. Immunoblot analyses of protein
extracts from heads of 7 days old flies that were raised on standard fly food showed that
levels of total AKT are not difference between miR-137¢7/K0 trans-heterozygotes and wild-
type (Fig. 38A). Subsequently, we tested for levels of the phosphorylated form of AKT (in
Drosophila, Ser505; analogous to human Ser473), referred to as AKT-P. We observed a
significant reduction in activated AKT-P in miR-137¢7K0 mutants (Fig. 38B). Since AKT
can be activated by multiple signaling pathways, it is not surprising that the reduction in

AKT-P is not as severe as we observed for InR-P.

Finally, we tested for levels of dFOXO, a down-stream target of the insulin
signaling pathway that is involved in stress regulation. Immunoblot analyses of protein
extracts from heads of 7 days old flies that were raised on standard fly food showed that
despite the down-regulation of the AKT-P, the level of dFOXO also was down-regulated
in miR-137¢RKO mutants (Fig. 38C). to sum up, these results suggest a general decrease

in the activity of the insulin signaling pathway in the miR-137 mutant.
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Figure 38. Insulin signaling is disrupted in miR-137 mutants. Quantification and
representative immunoblot of relative levels of AKT (A), AKT-P (B), and dFOXO (C) from
heads of 7-day old WT and miR-137¢F/KO trans-heterozygotes. Anti-AKT, Anti-AKT-P, and
Anti-dFOXO levels are normalized to anti-actin, which was used as a loading control (N=
6-30 samples per genotype; 5 heads/sample); relative normalized levels are shown.
*Significance indicated by P<0.05, Students t-test. Error bars indicate SEM.

6.4 PTP61F is a target miR-137.

The phenotype of miRNA mutants generally results from the up-regulation of one

or multiple target genes. To search for predicted targets of miR-137, we used TargetScan

(https://www.targetscan.org/), a well-established prediction algorithm that uses stringent
seed pairing as a criteria across multiple genomes (Peterson et al., 2014; Ruby et al.,
2006, 2007). We hypothesized that there must be a target(s) of miR-137 that affects the
activation/phosphorylation of the insulin receptor. Interestingly, predicted targets of miR-
137 by TargetScan, we found that one of the predicted targets of miR-137 is the non-
receptor protein tyrosine phosphatase PTP61F, the Drosophila homolog of mammalian
TC-PTP and PTP-1B, which are known across species to negatively regulate insulin

signaling by dephosphorylating InR (Tchankouo-Nguetcheu et al., 2014; Tiganis, 2013;
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Willoughby et al., 2017b; C. L. Wu et al., 2011a). We further explored the possibility that

PTP61F is a target of miR-137 in vivo.

6.4.1 PTP61F Overexpression Mimics miR-137 Mutant Phenotypes

Since most miRNAs serve to dampen the expression of target mRNAs, we expect
that if a particular miRNA is un-expressed, the protein that is normally regulated by that
miRNA is likely to be over-expressed, while if the miRNA is over-expressed, levels of
target(s) would expect to be reduced. We reasoned that if PTP61F is a target of miR-137,
then miR-137 null mutants would exhibit elevated levels of PTP61F, which would, in turn,
result in hyper-dephosphorylation of InR. This scenario would be consistent with the low

level of INR-P we observed in miR-137 mutants (Fig. 37A).

First, we tested if overexpression of PTP61F would be sufficient to mimic the loss
of InR-P and starvation resistance seen in miR-137 mutants. Since miR-137 is primarily
expressed in the nervous system, we used elav-Gal4 to drive overexpression of UAS-
PTP61F in the nervous system and compared these flies to genetic background control
lines. Indeed, we found that elav-Gal4>>UAS-PTP61F flies exhibited a near complete
absence of InR-P (Fig. 39A), as well as an extended lifespan under conditions of nutrient
deprivation (Fig. 39B). These results show that increased expression of PTP61F is
sufficient to mimic the loss of insulin signaling and starvation resistance observed in miR-

137 null mutants.
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Figure 39. PTP61F overexpression mimics miR-137 mutant phenotypes.
Overexpression of UAS-PTP61F was driven pan-neuronally with the elav-Gal4 transgene
(elav>>PTP61F), resulting in the loss of relative InR-P levels (A) and significantly
extended lifespan under total starvation conditions (B). For all immunoblot analyses, N=
6-9 samples were tested for each genotype (5 heads/sample); significance is indicated
by *P<0.05, Students t-test, error bars represent SEM.

6.4.2 PTP61F Levels are Elevated in the Absence of miR-137.

To test more directly if miR-137 regulates the expression of PTP61F in vivo, we
set out to assay PTP61F in miR-137 mutant flies. To detect endogenous levels of
PTP61F, we used two independently generated fly lines in which an artificial exon,
containing the coding sequence for GFP between splice acceptor and splice donor
sequences (-SA-GFP-SD-) was inserted into an intron within the coding sequence of
PTP61F such that GFP would be in-frame and fused to PTP61F (Venken et al., 2011).
We verified that the resultant protein in these GFP-PTP61F flies was ~68 kD, consistent
with the expression of a GFP-PTP61F fusion protein (PTP61F splice forms are predicted

to have molecular weights ~48-62 kD). To test if the GFP-PTP61F is a target of miR-137
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in vivo, we examined flies containing GFP-PTP61F and either of the miR-137°R or miR-
1370 mutations. Immunoblot analyses of protein extracts from heads of 7 days old flies
that were raised on standard fly food showed that levels of GFP-PTP61F were indeed
significantly elevated in the absence of miR-137 (Fig. 40A-B). To validate these results
further, we tested the other line for GFP-PTP61F. As expected, we found that this line
also exhibits up-regulation of GFP-PTP61F in the absence of miR-137 (Fig. 40C).
Together, these results suggest that PTP61F is a canonical target of miR-137 that links

miR-137-mediated effects on insulin signaling, metabolic homeostasis, and starvation

resistance.
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Figure 40. PTP61F is regulated by miR-137 in vivo. Two independent lines of
endogenously GFP-tagged PTP61F (GFP-PTP61F-1 and GFPPTP61F-2) were tested
without (Ctrl) and with the miR-137¢R (A), miR-137%0 (B), miR-137°F (C). Quantification
and representative immunoblot for relative anti-GFP levels normalized to anti-actin show
that GFPPTP61F levels are increased in miR-137°F and miR-137X0 mutants. For all
immunoblot analyses, N= 6-31 samples were tested for each genotype (5 heads/sample);
significance is indicated by *P<0.05, Students t-test, error bars represent SEM.

We also measured the relative mRNA of PTP61Fin miR-137¢FKOmutants and

wild-type. Wild-type and miR-137C¢7K0 mutant flies were aged to 7 days old on normal
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food before heads were collected, and total RNA was isolated. Contrary to the elevation
in GFP-PTP61F protein levels, we found that mRNA levels of PTP61F were down-
regulated in the miR-137¢FK0O mutant heads compared to wild-type controls (Fig. 41). One
possibility is that PTP61F is differentially regulated by miR-137 such that miR-137

increases the stability of PTP61F mRNA but represses translation of PTP61F.
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Figure 41. PTP61F mRNA is down-regulated in the miR-137 mutants. RT-gPCR for
PTP61F mRNA levels in WT and miR-137°F/KO trans-heterozygotes. Data are
represented as mean fold-change +/- SEM (means are from N=7-8 independent RNA
extractions and RT-gPCR); note that fold-changes are calculated in comparison to WT.
*P<0.05, Students t-test, error bars represent SEM.

6.5 Testing for the Rescue of miR-137 Mutant Phenotypes by Knockdown of

PTP61F.

PTP61F has been identified to dephosphorylate the insulin receptor in Drosophila
(C. L. Wu et al., 2011b). Previously, we showed that miR-137 mutants have reduced
insulin signaling characterized by a severe reduction in the phosphorylated InR (Fig. 37A),
which may mediate the metabolic phenotypes shown in the miR-137 mutant flies. Since
we found up-regulation of PTP61F levels in miR-137 mutants (Fig. 40), our next goal was
to test whether the up-regulation of PTP61F in miR-137 mutants could be mitigated by
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RNAI knockdown of PTP61F in the CNS to restore a wild-type phenotype to miR-137

mutants.
6.5.1 InR-P

We first tested if expression PTP61F-RNAi alone would result in a detectable
increase in InR-P as expected. We used elav-Gal4 to drive the expression of UAS-
PTP61F-RNAI in the nervous system and compared these flies to wild-type controls.
Immunoblots analysis was performed on protein extracts from heads of 7-day old flies
that were raised on standard fly food. We were surprised, however, to find that elav-
Gal4>>PTP61F-RNAIi flies exhibited severely reduced levels of InR-P (Fig. 42A). To
confirm that this was indeed due to the loss of PTP61F, we also examined PTP61FA null
mutants. Similarly, we found severely reduced levels of InR-P (Fig. 42B). These results
suggest that the InR-P regulation by PTP61F expression is likely to be complicated and

may suggest that there is a compensatory up-regulation of another phosphatase when

PTP61F levels are reduced.
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Figure 42. InR-P is down-regulated in the PTP61F mutants. Quantification and
representative immunoblots for relative levels of InR-P in lines with PTP61F knock-down
A, (elav>>PTP61F-RNAi heterozygotes), B, (PTP61FA homozygote), compared to wild-
type (WT). Immunoblot analyses are as described in Materials and Methods (N= 5-16
samples for each genotype; 5 heads/samples). *P<0.05, Students t-test, error bars
represent SEM.

Even with these unexpected results, we decided to test if PTP61F-
RNAi knockdown in a miR-137 mutant background would restore InR-P levels. We used
elav-Gal4 to drive the expression of UAS-PTP61F-RNAI in the nervous system in miR-
137 mutants and compared these flies to wild-type controls. Immunoblot analyses of
protein extracts from heads of 7-day old flies that were raised on standard fly food showed
that knocking down PTP61F in the nervous system successfully restored levels of InR-P
in miR-137 mutants (Fig 43B), suggesting that the loss of InR-P in miR-137 mutants is

indeed due to the overexpression of PTP61F.
6.5.2 Starvation Resistance and Body Weight.

We tested if PTP61F knockdown in miR-137%° can normalize the enlarged body
weight of miR-137 mutants. We expressed elav-Gal4>>PTP61F-RNAiin the miR-
1370 background. Male progeny were collected and aged to 7 days. We found that
PTP61F knockdown in miR-13740 mutant was sufficient to restore normal body weight

to miR-137 mutants compared to wild-type and miR-137 homozygote mutants (Fig 43A).

Lastly, we tested if PTP61F knockdown in the nervous system of miR-137 mutants
would restore starvation sensitivity to miR-137 mutants. We used elav-Gal4 to drive the
expression of UAS-PTP61F-RNAI in the nervous system in miR-137 mutants. Progeny

were collected, raised in a mixed population of males and females, and aged to 7 days.

117



Then male flies were raised on media for total starvation. 8 replicate vials (10 flies per
vial) and two trials of each population of 80 flies were used to test starvation resistance.
We found that elav-Gal4>>PTP61F-RNAi in the miR-137X0 background was able to
restore starvation sensitivity to the miR-137 mutant (Fig 43C). Median survival of male
elav;, miR-137K0 was 90 hrs, elav-Gal4>>PTP61F-RNAi + miR-137K° was 60 hrs, and

elav-Gal4 was 48 hrs.

To sum up, our results suggest that knocking down PTP61F in a miR-137 mutant
background successfully rescued InR-P levels, normalized body weight, and restored

starvation sensitivity phenotypes in miR-137 mutant flies.
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Figure 43. The knockdown of PTP61F in miR-137 mutants successfully restored
body weight, InR-P, and starvation sensitivity phenotypes. A, Male flies were aged
for 7 days in a mixed population on a standard fly food diet tested for the average weight.
elav>>PTP61F-RNAi+miR-137XC restored the normal body weight in miR-13740. Shown
are representative flies (Left), and quantification (Right). B, Quantification and
representative immunoblots of relative levels of InR-P from heads of 7-day old WT, miR-
13740, and elav>>PTP61F-RNAi+miR-137XC, as indicated. Anti-InR-P levels are
normalized to anti-actin, which was used as a loading control (N= 9 samples per
genotype; 5 heads/sample). *Significance indicated by P<0.05, Students t-test. Data
analyzed Student t-test. Error bars indicate SEM. C, Survival curves shown for lines (blue)
pan-neuronally knockdown of PTP61F-RNAiin miR-137%C, (red) miR-137%C, and (black)
elav-Gal4 parental control. The survival curve of elav>> PTP61F-RNAi in miR-137 mutant
background was significantly shifted to the left compared to miR-137%0, indicating the
restoration of starvation sensitivity. Survival curves (N=80) from 7-day old males were
evaluated by pairwise Log-rank tests.
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6.6 Conclusion.

In the fed state, insulin is maintained at high levels, whereas insulin levels
decrease during starvation. The decrease in the insulin signaling pathway promotes
factors that enable the animal to promote a stress response and maintain metabolic
homeostasis (Graham & Pick, 2017a; Gruntenko et al., 2016; Webb & Brunet, 2014). Our
analysis of miR137 mutants showed a decrease in the activity/phosphorylation of InR and
AKT. In addition, miR-137 mutants showed a decrease in FOXO transcript that is
consistent with the down-regulation of its two targets, InR and 4E-BP, which may be
indicative of an insulin resistance mechanism that may contribute to the obese phenotype
of these flies. Dilps 2 and 5 have high homology to mammalian insulin are released from
the IPCs in the brain (Puig et al., 2003; Tatar et al., n.d.). Changes in the level of Dilps
may influence feeding and metabolism. For example, Dilp5 is known to bind and activate
the InR for the purpose of lowering glucose levels (Chatterjee & Perrimon, 2021), and a
decrease in Dilp5 causes the flies to consume more carbohydrates and protein (Pool &
Scott, 2014). Despite all the changes in the expression levels of Dilps2/5, InR, FOXO,
and 4E-BP in miR-137 mutants, the most profound effect was a striking reduction in the
activation of InR-P. We showed that miR-137 mutants have an elevated level of an
endogenously tagged PTP61F protein that may underlie the loss of phosphorylated InR
and increased starvation resistance seen in miR-137 mutants. In addition, knocking
down PTP61F in the nervous system was sufficient to restore levels of InR-P, normal
body weight, and starvation sensitivity in miR-137 mutants. In summary, our studies show
that the genomic loss of miR137 is associated with a starvation-resistant phenotype and

a decrease in insulin signaling that is likely due to its negative regulation of PTP61F.
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CHAPTER 7: DISCUSSION

7.1 Summary.

Studies over the last decade have revealed that miRNAs play significant roles in
regulating many cellular processes under stress conditions (Kloosterman & Plasterk,
2006; Leung & Sharp, 2010). miRNAs are small non-coding RNAs responsible for gene
regulation at the posttranscriptional level by pairing to the 3° UTR. The miRNA miR-137
is responsible for a critical aspect of cell proliferation and development (Mahmoudi &
Cairns, 2017). We chose Drosophila melanogaster to study miR-137 because it is
genetically tractable and has well-characterized behaviors and physiology. miR-137 is
well conserved from Drosophila to humans and shares conservation of the seed
sequence as well as the mature miRNA sequence (Kloosterman & Plasterk, 2006).
Schizophrenia is a disease that is highly associated with SNPs in the miR-137 locus
(Pacheco et al., 2019). Changes in the level of miR-137 cause early-onset
neurodegeneration in the brain (De Sena Cortabitarte et al., 2018; Mahmoudi & Cairns,

2017; Thomas et al., 2017; Yin et al., 2014a).

Our study showed that miR-137 is highly expressed in Drosophila heads with
stable expression across different ages and with different environmental stressors. In
addition, we showed that miR-137 plays a regulatory role during several stress
responses. Mutation in miR-137 results in long-lived flies under starvation conditions.
Genetic epistasis experiments using different mutants lines for components in the insulin
signaling pathway showed that miR-137 acts through the insulin signaling pathway in the
CNS. We were also able to rescue the starvation resistance phenotype of miR-137
mutants by reintroducing miR-137 expression in the CNS. We also showed that miR-137
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null mutants exhibit near undetectable levels of the activated/phosphorylated InR (InR-
P), suggesting that these mutants are likely insulin resistant. miR-137 showed an increase
in energy stores and abnormal feeding behavior, which might be due to the mis-regulation
of insulin signaling in the brain. Consistent with the starvation resistance, miR-
137 mutants also showed increased oxidative stress resistance when exposed to
paraquat. Thus, miR-137 mediates resistance to stress and our studies shed light on

how miR-137 mediates the regulation of InR and insulin signaling in the organism.

7.2 Fundamental Role of miR-137 in Adaptation to Nutrient Deprivation

Stress can be defined as the environmental changes that force the cell to deviate
from the normal state and activate pathways to promote cell survival. Food is not always
available in nature. Food shortage is one of the most common causes of stress facing
animals in the natural environment. Animals employ various adaptive mechanisms to
survive stressful periods of food shortage and promote survival. The molecular basis
behind heritable starvation resistance is not well understood. In Drosophila melanogaster,
miRNA knockout mutants are a powerful genetic tool for understanding miRNA's complex
roles in virous functions and behaviors. In this study, we found that miR-137 mutant flies
exhibited enhanced physiological plasticity, giving them greater resistance to severe
starvation. We found that miR-137 mutants exhibited increased accumulation of lipids,
glucose, and protein content, which is often associated with starvation and oxidative
resistance (Bubliy & Loeschcke, 2005; Marron et al., 2003b; Rion & Kawecki, 2007).
Studies have shown that starvation resistance also often coexists with slowed
development (Bubliy & Loeschcke, 2005; Rion & Kawecki, 2007). During our study, we

noticed a delay in development in miR-137 mutants. One possibility is that in miR-
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137 mutants the starvation resistance could be due to a delay in development during the
larval stage that leads to prolonged feeding, increased accumulation of energy stores,
and increased body size that persists into the adult stage. Future studies should

investigate whether the development time for miR-137 is indeed prolonged.

miR-137 mutants also exhibit decreased energy expenditure as seen in their
decreased locomotor and feeding behavior, and this may also contribute to prolonged
starvation resistance. Hyperactivity causes the depletion of fat stores by accelerating the
metabolic rate (Al-Anzi et al., 2009). Loss of miR-137 causes impaired mobility in the flies
(Y. W. Chen et al., 2014). Results from our lab showed that both miR-137°F and miR-
1370 mutants exhibited significantly reduced locomotor performance whether they were
fed or starved for 18 hrs prior to testing (data not shown; courtesy of Lea Giacchetta).
These results suggest that miR-137 has lower activity, which is one way to reduce energy
expenditure. On the other hand, miR-137 mutant flies do not consume food as do wild-
type after 18 hrs of starvation. The increased fat levels may be communicated by insulin
signaling to the brain to suppressing food intake (Al-Anzi et al., 2009; Park et al., 2018).
Our results suggest that miR-137 mutant flies have sufficient energy that decreases their
consumption and motivation to feed even after long starvation. However, further studies
may address whether the regulatory mechanisms of feeding hormones in the brain of

miR-137 mutant flies are altered.

Another possibility is that starvation resistance is associated with a slow metabolic
rate (Rion & Kawecki, 2007). Studies showed that increased starvation resistance
increases sleep and reduces feeding in adult flies (E. B. Brown et al.,, 2019). miR-

137 locus is genetically associated with sleep duration in mammals by regulating the
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neuropeptide hypocretin/orexin (Holm et al., 2022). In mice, sleep deprivation reduces
the level of miR-137 (Holm et al., 2022). Future studies may investigate sleep phenotypes
in miR-137 mutant flies to further understand how miR-137 may link sleep and

metabolism.

In summary, our results suggest that miR-137 mutants have reduced energy
usage, perhaps supporting their enhanced energy stores. The combination of increased
energy stores, body size, and decreased activity fits nicely with the increase in lifespan

during starvation.
7.3 miR-137 as a New Regulator of Insulin Signaling in the Brain.

Fitness and survival depend on an organism’s balance of energy storage,
metabolism, adaptation to changes in nutrient availability, as well as energy expenditure.
Multiple nutrient sensing, metabolic and growth signaling pathways contribute to these
homeostatic processes, including the insulin signaling pathway. The insulin signaling
pathway is a well-conserved nutrient-sensing pathway throughout the animal kingdom. It
depends on multiple phosphorylation steps starting from activation of the insulin receptor
(InR), leading to PI3K activation and AKT phosphorylation. AKT phosphorylation can
directly repress the FOXO transcription factor from translocating into the nucleus (Barthel
et al., 2005; Liu & Lehmann, 2006; Puig et al., 2003). The other possible pathway that
regulates lipid and protein synthesis levels is mediated via the PISK/AKT/TOR signaling
pathway. TOR pathway acts on two downstream translation regulators: inhibition of the
eukaryotic initiation factor 4E-binding protein (4E-BP) and activation of S6 kinase (S6K).
Both the insulin signaling pathway and TOR pathways contribute to energy balance and
regulate the stress response (Hay & Sonenberg, 2004; Partridge et al., 2011). By using
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miRNA-target prediction algorithms, multiple targets in the insulin signaling pathway are
predicted to be regulated by miR-137. These targets include InR, AKT, S6K, AdipR and
PTP61F. These predictions suggest that miR-137 influences regulatory pathways that

affect metabolic stress and insulin signaling.

In this study, we introduce miR-137 as a new regulator of insulin signaling in the
brain. We show that miR-137 null mutants exhibit near undetectable levels of the
activated/phosphorylated InR (InR-P), suggesting that these mutants are likely insulin
resistant. While the chronic deactivation of InR likely feedsback to produce other
secondary effects, the disruption in insulin signaling in miR-137 mutants most likely
underlies their increased body weight, altered metabolism, and starvation resistance.
Indeed, genetic disruption of insulin signaling in both Drosophila and mammals has been
shown to result in changes in body weight (Withers, D. J. et al., 1998; Broughton, S. J. et
al.,, 1999), and elevated levels of glucose, trehalose, glycogen and triglycerides
(Broughton, 2005.; Rulifson et al., 2002). Interestingly, the localization of insulin
resistance can have different effects on body weight. Systemic insulin resistance has
been shown to result in obesity across species (reviewed in (Kitamura et al., 2003)); this
is observed, for example, in null mutants of the insulin receptor substrate chico, which
results in obesity (Withers, D. J. et al., 1998; Broughton, S. J. et al., 1999). Ablation of
IPCs, the neurons that secret Dilps in the brain, also results in obesity (Withers, D. J. et
al., 1998; Broughton, S. J. et al., 1999). In contrast, insulin resistance restricted to the
Drosophila fat body, which is functionally homologous to the mammalian liver and white
adipose tissue (S. J. Broughton et al., 2005; Kihnlein, 2012), has been shown to result

in leanness (Teleman et al., 2005b). Future studies will need to test for insulin resistance
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in miR-137 mutants more directly, perhaps by examining whether miR-137 mutants do
indeed exhibit a resistance to insulin signaling even when Dilps are over-abundantly

available.

7.4 The Extended Lifespan of miR-137 Mutants Under Conditions of Nutrient

Deprivation is also Likely to be a Consequence of Lowered Levels of InR-P.

Our studies show that mutation in miR-137 results in long-lived flies under
starvation conditions, while the over-expression on miR-137 restores the starvation
sensitivity. Mutations that decrease insulin/PI3K/Akt/FOXO signaling exhibit increased
resistance to starvation across species (Barthel et al., 2005; Clancy et al., 2001;
Semaniuk, Piskovatska, et al., 2021; Tettweiler et al., 2005b). Ablation of IPCs that
completely disrupts insulin signaling in the brain similarly results in an increased lifespan
under starved conditions (Broughton, 2005). Conversely, enhanced insulin signaling, for
example, in transgenic lines expressing a constitutively active InR (InRCA) results in an
increase in starvation sensitivity (Fig. 34). Starvation resistance in miR-137 mutants is
likely to be bolstered by their enhanced energy stores, since accumulation of lipid stores
has been shown to be correlated with resistance to starvation (Borash & Ho, 2001; Marron

et al., 2003b).

7.5 What are the mechanism(s) underlying the reduced levels of InR-P in miR-137

mutants?

Using the algorithm TargetScanFly7.2 (https://www.targetscan.org/fly 72/) to gain

insight into predicted targets of miR-137 in Drosophila, we identified the candidate

PTP61F, which has been shown to dephosphorylate InR in Drosophila (C. L. Wu et al.,
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2011b). Since miRNA regulation most commonly results in target mRNA destabilization
and/or translational repression (Bartel, 2018; Fabian & Sonenberg, 2012), we expected
that the loss of miR-137 would lead to enhanced expression of PTP61F, which could
explain the near absence of InR-P. We present evidence that over-expression of PTP61F
results in a phenotype that mimics the loss of miR-137, and that an endogenously tagged
GFP-PTP61F is up-regulated in miR-137 null mutants. Interestingly, when we used

TargetScanMouse8.0 (https://www.targetscan.org/mmu 80/) and TargetScanHuman8.0

(https://www.targetscan.org/vert 80/), we found that both mouse and human miR-137 are

similarly predicted to target a mammalian ortholog of PTP61F, TC-PTP, which is encoded
by the PTPNZ2 gene; this phosphatase has also been shown to dephosphorylate the
mammalian InR (Haj et al., 2005; Salmeen et al., 2000), suggesting that regulation of

insulin signaling by miR-137 is likely to be conserved across species.

The regulation of PTP61F expression, however, is likely to be complicated, as
indicated by our results that RNAi knock-down, or a total loss of PTP61F, also results in
a loss of InR-P, suggesting that there may be compensatory up-regulation of another
phosphatase when PTP61F levels are reduced. Another curiosity we observed was that
MRNA levels of PTP61F seem to be down-regulated in miR-137 mutants (Fig. 41),
contrary to the elevation in GFP-PTP61F protein levels we observed. One possibility is
that PTP61F is differentially regulated by miR-137 such that miR-137 increases the
stability of PTP61F mRNA but represses translation of PTP61F. Such a model has not
previously been explored, but if true, would offer multifaceted regulation by miR-137 that
could come into play in different cell types, at developmental times, or under different

environmental conditions. Results may also be difficult to interpret since miR-137 has
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multiple targets in intersecting pathways. For example, miR-137 has been associated with
growth and target of rapamycin (TOR) signaling (Gui et al., 2021; Thomas et al., 2017),
and mammalian AKTZ2 has been identified as a miR-137target (L. Wu et al., 2015). Future
studies will need to address how the effect of miR-137 is integrated across these different

signaling pathways.

7.6 Does mis-regulation of miR-137 in neuropsychiatric disorders contribute to

metabolic co-morbidities associated with these disorders?

Multiple studies have found miR-137 to be strongly linked to schizophrenia with
genome-wide significance (E. He et al.,, 2018; Yin et al., 2014a). In addition to
neuropsychiatric symptoms, individuals with schizophrenia have a ~10-15 year reduction
in life expectancy (Saha et al., 2007; Weye et al., 2020), and this high mortality rate is
largely due to the high prevalence of obesity, Type 2 diabetes, elevated cholesterol and
triglycerides, high blood pressure, heart disease, high blood glucose, and irregularities in
insulin signaling (Grundy et al., 2005; Saha et al., 2007). Although there are many studies
that have examined metabolic syndrome associated with schizophrenia patients under
anti-psychotic treatment, there is recent and substantial evidence that drug-naive patients
also exhibit metabolic disturbances (Grundy et al., 2005; Weye et al., 2020) and that anti-
psychotics only worsen these metabolic symptoms (Deng et al., 2010; Icns_15_5-6_30,
n.d.). Interestingly, impairment in insulin signaling in the brain has been suggested to
underlie the metabolic dysfunction in drug-naive schizophrenia patients (Dash et al.,
2015; Hypothalamic K(ATP) Channels Control Hepatic Glucose Production., n.d.). miR-
137 is also associated with Bipolar Disorder (Duan et al., 2014), and individuals with

Bipolar Disorder have the highest incidence of obesity and metabolic disorders (~45%)
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(Grover et al., 2014), resulting in a reduced life expectancy (Grover et al., 2014; Moreira
et al., 2019), similar to schizophrenia patients. Thus, understanding how miR-137
regulates insulin signaling may also help explain the metabolic co-morbidities that arise
in schizophrenia patients. and Bipolar Disorder, and perhaps reveal new avenues of

treatment.
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7.7 Conclusion.

This project has successfully identified a novel role of miR-137 in regulating the
insulin signaling pathway in Drosophila melanogaster. We also identified a novel role
of miR-137 in regulating PTP61F/PTP-1B in vivo. We believe that miR-137 regulation of
the PTP61F mediates the severe reduction in activity/phosphorylation of InR. In addition,
this thesis identified phenotypes associated with loss of miR-137 in Drosophila including
starvation resistance, increased body weight/size, hyperlipidemia, hyperglycemia and
decreased feeding motivation. In conclusion, this study provides new insight into the
potential role of miR-137 in regulating complex physiological and behavioral phenotypes
in adult Drosophila associated with metabolic homeostasis through the insulin signaling
pathway. Hopefully, our findings will help guide our understanding of metabolic disorders

associated with insulin signaling.
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