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Abstract

The insulin/Insulin-Like Growth Factor (IGF) pathway is essential for linking nutritional status
to growth and metabolism. MicroRNAs (miRNAs) are short RNAs that are players in the
regulation of this process. The miRNA miR-7 shows highly conserved expression in insulin-
producing cells across the animal kingdom. However, its conserved functions in regulation of
insulin-like peptides (ILPs) remain unknown. Using Drosophila as a model, | demonstrate that
miR-7 limits ILP availability by inhibiting its production and secretion. Increasing miR-7 alters
body growth and metabolism in an ILP-dependent manner, elevating circulating sugars and total
body triglycerides, while decreasing animal growth. These effects are not due to direct targeting
of ILP mRNA, but instead arise through alternate targets that affect the function of ILP-
producing cells. The Drosophila F-actin capping protein alpha, CPA, is a direct target of miR-7,
and knockdown of CPA in IPCs phenocopies the effects of miR-7 on ILP secretion. This
regulation of CPA is conserved in mammals, with the mouse ortholog Capzal also targeted by
miR-7 in PB-islet cells. This result supports a conserved role for miR-7 regulation of an actin
capping protein in insulin regulation, and highlights a conserved mechanism of action for an

evolutionarily ancient microRNA.
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CHAPTER 1: A PRIMER ON PANCREATIC B-CELLS
AND DROSOPHILA IPCS



DEVELOPMENT OF THE VERTEBRATE ENDOCRINE SYSTEM

The vertebrate neuroendocrine system consists of neurons, glands, and non-endocrine
tissue that produce hormones, and the organs that their axons target. Components of this
system include the hypothalamus and the pituitary, peripheral neurons of the autonomic
nervous system, and notably, the pancreas. In this system, cells secrete long range signals,
known as hormones, into the circulatory system to target cells, which contain receptors for
those hormones. The downstream actions mediated through hormone receptors regulate many
aspects of animal physiology and behavioral state, including food intake, growth, water

balance, lifespan, and reproduction.

One of the roles of the endocrine system is to couple the nutrient status of an organism
to downstream functions of growth and maintenance of metabolic functions. At the core of this
system in vertebrates is the pancreas, which has two main functions: The first is an endocrine
function, consisting of islet cells that secrete hormones in response to nutrient cues to maintain
blood glucose levels[1]. The second is an exocrine function, made up of acinar cells that secrete
digestive enzymes through the pancreatic duct into the small intestine[1]. The pancreatic islets
are composed of several different cell types, with insulin-secreting B-cells making up the bulk of
the endocrine cells at 50-75 percent of the population, while a, &, pp, and € cells, comprise

much smaller percentages of the endocrine cell population(Figure 1) [2].



Figure 1 - The vertebrate pancreas

@ B-cell @ a-cell @ D-cell § pp-cell

Figure 1: The vertebrate pancreas - The pancreas has an endocrine component, which consists
of islet cells that release hormones into the circulatory system, and an exocrine component,
which consists of acinar cells that release digestive enzymes into the intestine through the
pancreatic duct. The islet cells of the endocrine pancreas include insulin-secreting B-cells (50-
75%), glucagon-secreting a-cells (25-35%), somatostatin-secreting 6-cells (10%), with €-cells and
pp-cells making up much smaller percentages of the islet(~1%). Figure modified from Noguchi
et al 2019 [2].
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Pancreatic specification begins with the primary transition, which is characterized by the
activation of TGFB proteins of the activin and nodal families, retinoic acid signaling, and FGF
signaling (Figure 2) [3]. The combined action of these signals at the pre-pancreatic endoderm
inhibit the expression of Sonic Hedgehog (Shh), whose expression would normally prevent the
acquisition of pancreatic fates[4, 5]. Pdx1 is expressed in this Shh-excluded zone, with its
expression coinciding with the outgrowth of dorsal and ventral pancreatic buds. Ptfla and
Pdx1, together with Sox17 and Hb9 are necessary to specify pancreatic fates[6-8]. However, the
expression of Pdx1 and Ptfla demarcate the pre pancreatic endoderm, and with the exclusion
of a few glucagon-expressing cells that differentiate during early pancreatic bud formation, Pdx-
1 and Ptfla expressing cells will give rise to all cell types of the mature pancreas (Figure 2).
Notch signaling is necessary to enforce pancreatic endodermal fate specification, with the
expression of Hairy and enhancer of split (Hes1) restricting the expression domain of Ptfla to

the pre-pancreatic endoderm.

Intrinsic and extrinsic signals are necessary to maintain a sufficient pool of multipotent
progenitor cells that will differentiate into the various pancreatic cell types. Extrinsic signals
include Isl1, Wnt, BMP, and FGF signals, which originate from the nearby mesenchyme to
promote growth and proliferation of the multipotent progenitor cell population[9-14].
Additionally, intrinsic cues from Notch signaling are also essential for progenitor pool
maintenance, with the absence of Notch signaling resulting in pancreatic hypoplasia due to

premature cell cycle arrest[15-17].
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As development progresses, pancreatic progenitor cells acquire distinct cells fates,
including islet and acinar fates. This fate specification is dependent on Nkx6 and Ptfla, with
Ptfla expression marking acinar cells, while Nkx6 expression marks the endocrine and ductal

cell populations[18].

Endocrine cell fates are assigned during a process known as the secondary transition.
Initiating this process is the transcription factor Neurogenin3 (Ngn3), which is expressed in a
short pulse, followed by its subsequent downregulation. The pulsatile expression of Ngn3 is
regulated by Hes1, with high levels of Hes1 inhibiting Ngn3 expression(Figure 2). The timing of
this Ngn3 pulse is important, with earlier pulses specifying a cell fate, and progressively later

pulses specifying B and 6 cell fates [19].

Despite being short-lived, this pulse in Ngn3 expression results in the activation of
endocrine cell type specific downstream transcriptional activators, including Isl1, lal, and
Neurodl, that enable terminal differentiation of the different endocrine cell types(a, B, &, pp, €
) (Figure 2). Neurodl and lal are co-expressed in the differentiating pancreatic islet, with
mutations in lal expression leading to decreased a-cell and B-cell populations, while Neurod1
mutations lead to disorganization in islet structure due to endocrine cell apoptosis, particularly

in B-cell populations [20, 21].

Specification of one pancreatic cell type often occurs at the expense of another
pancreatic cell population. For instance, the transcription factors Arx and Pax4 function
antagonistically to specify different fates in the endocrine cell lineage, with Arx expression

restricting cells to a-cell and pp- cell fates, while Pax4 restricts cells to B-cell and & cell fates
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(Figure 2). Mutations in Arx results in a decrease in a-cells while causing a concomitant increase
in B-cells and 6 cells, while mutating Pax4 increases B-cells while causing an increase in the

ghrelin expressing € cell populations[22, 23].

Following another downregulation of Ngn3 expression, the tertiary transition occurs.
During this stage, the different endocrine cell types undergo additional rounds of proliferation

and organize into islet structures[24].



Figure 2- Development of the vertebrate endocrine system

Arx,Pax6, MafA,
Nkx2.2, Nkx6.1,
NeuroD1, Isl1
Rfx3

Hh?9, Isl1, )
Hnf1B, Hnf6, Pancreatic
Foxa2, Sox17, Endoderm
Gatad, Gataé

TGFB,
Activin,

FGF

-
<

Pdx1, Ptfla,
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Nkx6.1

JU

Retinoic Acid,
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Exocrine
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\
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Figure 2: Development of the vertebrate endocrine system - The pancreatic cell lineage from
the foregut of the endoderm to various differentiated cell types in the mature pancreas.
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REGULATION OF INSULIN PRODUCTION AND SECRETION IN PANCREATIC B-CELLS

Insulin transcript production is primarily dependent on the presence of glucose, with
upstream signals from glucose leading to the activation of MAPK pathway component ERK1/2,
which activate downstream factors important for insulin gene activation. Glucose action leads
to the binding of key transcription factors to the insulin promoter, with many of the identified
transcription factors having played earlier roles in B-cell development and differentiation.
Characterization of the structure of the insulin promoter in humans has identified elements
that regulate insulin mRNA expression and the transcription factors to which they bind (Table

1).



Table 1 - Regulation of insulin transcription in vertebrates

C1
C2

CRE

Table 1 — Regulation of insulin transcription in vertebrates - Gene expression is regulated by

Contains binding site for Pdx1 and Isl1

Inhibits insulin expression in response to prolonged exposure of fatty acids by
inhibiting MAFA binding

Contains binding site for Pax6

Contains binding site for BHLH family of transcription factor NeuroD1/Betal2,
which forms a heterodimer with E47 to bind the promoter. Mutations in this
site results in massive B-cell apoptosis

Binds Pdx1 and MAFA. Is necessary to activate the A element

Contains binding sites for members of the CREB/ATF family

binding of transcriptional activators and repressors to different elements of insulin gene

promoter.

15
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In addition to increasing insulin transcription, glucose also increases the stability of
insulin mRNA, with stabilization dependent on binding of polypyrimidine tract binding protein
and other stabilizing elements to the mRNA 3’UTR. Although changes in insulin gene expression
are regulated by nutrient cues, the amount of insulin in circulation is primary regulated at the
level of secretion [25]. Glucose is the primary nutrient activating insulin release from pancreatic
B-cells. Fatty acids and amino acids can also elicit insulin release, however the amount of insulin

released is at much lower levels.

The insulin secretory pathway begins with glucose entering the cell through a Glut-2
transporter. Glucose then undergoes metabolism in the mitochondria to generate increases in
[-cell ATP:ADP ratio, with the increase triggering closure of ATP-sensitive potassium channels,
plasma membrane depolarization and calcium influx[26-29]. This leads to a number of
downstream events that culminate in the SNARE-dependent fusion of insulin-containing

secretory granules with the membrane, and subsequent release of insulin into circulation[26].

Insulin secretion occurs in two phases[30, 31]. The first phase consists of the secretion
of the readily-releasable pool, which makes up only about 1% of the B-cell’s insulin stores, and
occurs soon after nutrient sensing. In this phase, insulin vesicles pre-docked at the cell
membrane rapidly fuse and release their contents. This first phase can be elicited by nutrient
and non-nutrient secretagogues, and occurs about five to ten minutes after glucose
sensing[32]. The second phase of insulin secretion however is more sustained, occurs only in
response to nutrient secretagogues, and involves substantial cytoskeletal rearrangements to

transport of insulin vesicles from intracellular stores to the plasma membrane[33, 34].
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REGULATION OF INSULIN-LIKE GROWTH FACTORS

Insulin and Insulin-like growth factors (IGFs) diverged at the base of the vertebrate lineage with
vertebrate insulins primarily regulating metabolism, while IGFs primarily regulate growth[35, 36]. There
are two IGF genes in vertebrates, IGF | and IGF Il, and both signal through an IGF | receptor to mediate
their effect on growth[37-39]. Binding of IGF to its receptor triggers the activation of the AKT signaling
pathway which feeds into the mTOR, MAPK, and FoxO pathways to promote growth, proliferation, and

cell survival[39].

Despite their divergence in vertebrates, limited crosstalk exists between insulin and IGF
signaling. Each peptide shows some ability to bind the others receptor, although this binding occurs with
lower affinity with their cognate receptors[40]. IGF receptor and insulin receptor can also dimerize to
form hybrid receptors that are able to bind either IGF or insulin[41]. Downstream signaling of insulin and
IGF are orchestrated primarily through the same pathway; however differences in tissue specificity of
receptor expression and time of expression during development govern their distinct functions. For
instance, IGF receptors predominate in adipocytes prior to differentiation, and upon differentiation
these IGF receptors become downregulated and replaced by insulin receptors[42, 43]. In contrast,
differentiated muscle tissue show high enrichment for IGF expression, but very little expression of

insulin receptor[43].

IGFs function through both endocrine and autocrine/paracrine mechanisms[39]. The majority of
endocrine IGFs in vertebrates are produced in the liver and then secreted into the circulatory system to
regulate growth. In addition to their endocrine functions, IGFs are also produced at low levels by almost
all cell types. Unlike liver-produced IGFs, these cell-specific IGFs primarily function in an autocrine and

paracrine manner to promote growth[42].
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Production of IGF primarily occurs in response to Growth Hormone[39]. Growth Hormone is
produced in the pituitary, and its synthesis and secretion is induced by a hypothalamus-derived signal
mediated by Growth Hormone Releasing Hormone[44, 45]. The levels of IGFs in circulation are stabilized
through a feedback mechanism, with elevated circulating IGFs feeding back to the pituitary to inhibit
Growth hormone release[44, 45]. Nutritional inputs also play a role in increasing serum IGFs, with IGF
secretion being especially sensitive to overall protein levels[46]. IGF secretion can also occur in a
nutrient independent manner. Nutrients also indirectly regulate IGF levels through regulation of the
insulin pathway, and diseases that decrease insulin, such as Type | diabetes, also result in decreased IGF

production[47, 48].
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THE DROSOPHILA NEUROENDOCRINE SYSTEM

The Drosophila neuroendocrine axis consists of neurons located in the pars
intercerebralis, pars lateralis, and the dorsal medial protocerebrum in the brain. Neuropeptides
are produced in these neurons and travel up axons to the neurohemal release sites in the ring
gland, where they are released into the circulatory system (Figure 3). The Drosophila ring gland
consists of three different components: the corpora cardiaca neurons, which secrete the
hormone glucagon and also serve as the primary neurohemal release site, the corpora allata,
which is important for the secretion of juvenile hormone, and the prothoracic gland, which

secretes hormone ecdysone during larval molting.

Similar to vertebrates, Drosophila possess insulin producing cells (IPCs) that produce and
secrete insulin-like peptides in response to nutrient cues[49]. Unlike pancreatic B-cells which
have endodermal origins, however, the Drosophila IPCs originate from ectoderm[50]. The IPC
neuroblasts originate from pars intercerebralis primordium in a region known as the
procephalic neuroepithelium (Pdm)[50]. The development of the Drosophila neuroendocrine
center begins in the head midline dorsomedial procephalic neuroepithelium (Pdm), where prior
to neurogenesis, the neuroepithelium loses its sheet-like morphology and starts expressing
proneural factors (Figure 4). The neuroepithelium consists of three distinct regions, each
demarcated by the expression of a unique transcription factor[50]. The region that will give rise

to the IPCs, the pars intercerebralis primordium, is marked by the expression of Chx.
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Neighboring regions are the pars lateralis and pars medialis, each marked by the expression of

Fas2 and the transcription factor Rx respectively[50].

Within the Pdm neuroepithelium, all cells in the invaginated placode are fated to
assume neuroblast identity, with the pars intercerebralis and pars lateralis giving rise to neural
stems cells comprising the brain-ring gland complex [50]. The firstborn neuroblast to be
specified within the IPC primordium is the IPC neuroblast, uniquely marked by its expression of
the transcription factor Dachshund. Neuroblast formation begins with the expression of lethal
of scute, a pro-neural factor that is essential for neurogenesis. Asymmetric division of the
neuroblast leads to the generation of ganglion mother cells (GMC), with each GMC undergoing
additional rounds of cell division to generate the IPC neurons[51]. IPC fate acquisition also
coincides with the activation of Notch signaling pathway, with successive delamination of
neuroblasts from the epithelial placode coinciding with the activation of the enhancer of split
genes, e(spl)m5 and e(spl)m8[51]. The birth of the IPC neuroblast is followed by the
delamination of multiple non-IPC neuroblasts. The inhibition of Notch signaling is necessary to
ensure that the correct number of IPC neuroblasts are specified, with Notch signaling inhibition

causing later born neuroblasts in the placode to assume IPC neuroblast fate[51].

In addition to sharing homologous insulin secretory cell types, Drosophila and
vertebrates also share homologies in the expression of glucagon-secreting cell types, with flies
possessing corpora cardiaca cells that secrete the hormone AKH[52]. Unlike what is observed in
pancreatic B-cells and a-cells however, IPCs and CC cells originate from different germ layers in
Drosophila, with IPCs originating from the giant expressing head ectoderm, while CC cells

originate from Glass-expressing precursors in the head mesoderm[50, 53]. Notch signaling also
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plays essential roles in CC cell development, with Notch and downstream factor Tinman acting
in concert with transcription factor Daughterless to specify CC precursors from head
mesoderm[53]. Similar to its role in maintaining proper numbers of IPC neuroblasts, Notch
signaling also regulates CC cell precursor formation. In contrast to the IPC hypoplasia seen in
some Notch mutants however, loss of Notch signaling resulted in increased CC cell
specification, with Notch mutants showing almost a ten-fold increase in the number of cells

assuming CC fate[51, 53].



Figure 3- The Drosophila neuroendocrine system
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Figure 3: The Drosophila neuroendocrine system — the neuroendocrine control center is
located in the pars intercerebralis region of the drosophila brain, and it includes the insulin
producing cells (IPCs), and corpora cardiaca cells (CC), which secrete the Drosophila glucagon
analog, AKH. The IPC axons project to the corpora cardiaca and the corpora allata in the ring
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Figure 4- Insulin Producing Cell Development in Drosophila
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REGULATION OF DROSOPHILA INSULIN-LIKE PEPTIDE PRODUCTION AND
SECRETION

In contrast to the expression of a single insulin gene in humans, Drosophila express 8
different Drosophila insulin-like peptpides (Dilp) genes, with the expression of each Dilp
regulated independently [55-58]. These Dilps are thought to have partially overlapping
downstream functions, with the loss of a certain Dilp often resulting in compensation by
another[59]. The primary Dilp expressed in IPCs are Dilp 2,3, and 5, with the expression of Dilp
3 and 5 increasing in response to dietary sugar, while Dilp2 transcription is able to proceed
independently of nutrients. Dilp secretion has also been shown to be somewhat independently
regulated. For instance, Dilp2 is released in response to amino acids in larval stages, and Dilp 3

can be selectively co-released with AKH in the presence of glucose[60, 61].

A number of studies performed to identify the specific factors binding to Dilp
promoters, have identified parallels between pancreatic B-cell insulin regulation and Dilp
regulation in IPCs. The Dilp5 promoter regulation has been extensively characterized, and the
results show that the transcription factors Dachshund and Eyeless, Drosophila homologs of
vertebrate Dachs1/2 and Pax6, bind to the Dilp5 promoter and activate its transcription[62, 63].
This result is of note because Pax6 is a known regulator of insulin in vertebrates, with
vertebrate Pax6 binding to the C2 element of the insulin gene to promote its transcription
(Table 1). Vertebrate Dachs1/2 has not been shown to directly regulate insulin gene expression,

however it does play roles in regulating pancreatic B-cell development[64]. Other transcription



25

factors identified in vertebrates have been shown to regulate Dilp expression. The protein
ChREBP in mammals is essential for coordinating carbohydrate status with insulin expression.
The Drosophila ChREBP ortholog, Mix interactor (Mio), activates the expression of Dilp3
transcripts in IPCs in response to glucose[57]. Additionally, the Drosophila ortholog of
mammalian Glis3, Lameduck (Lmd) have also been shown to activate Dilp2 production[65]. It
remains to be determined however, whether this regulation occurs through direct binding of
the Dilp promoter or indirectly, and future studies focusing on characterizing the different Dilp
promoters and the factors which they bind could result in the identification of additional shared

mechanisms of regulation.

The physiology of IPCs differs slightly between adults and larvae. While adult IPCs are
nutrient responsive, larval IPCs do not sense nutrients directly. Rather, nutrient sensing occurs
through external sources which indirectly regulate IPC responses[60, 66]. The fat body contains
a nutrient sensor, Slimfast, that senses amino acids and signals to IPCs in a TOR-dependent
manner to promote the release of Dilp2[67]. Corpora cardiaca cells nearby IPCs also possess
glucose sensing abilities in the larval stages and express the Drosophila ortholog of the ATP
sensing subunit of the mammalian pancreatic B-cell ATP potassium channel[52]. Adult IPCs
however, respond to glucose by expressing a Glutl protein, possess potassium channels that

sense ATP, and express voltage-sensitive calcium channels[66, 68].

Comparing pancreatic B-cells to neurons identifies many similarities[69]. Pancreatic cells
demonstrate a similar gene expression profile to neurons during their development[70-73]. In
pancreatic B-cell development and in neuronal development, Ngn3 functions downstream of

Notch signaling to regulate neuronal fate specification [74, 75]. NeuroD1/Beta2 which is



26

downstream of Ngn3 in the pancreas, is also necessary for proper expression of the insulin gene
and is important for neuronal development [74, 75]. In addition to the expression of a common
set of genes, B-cells and neurons also demonstrate shared absence in expression of a gene that
inhibits cells from assuming neuronal fate. The NRSF/REST complex is a transcriptional
repressor that is only expressed in non-neuronal tissue, and its expression is also absent in

pancreatic B-cells[76].

When comparing pancreatic B-cells and IPCs specifically, gene expression profiling of
Drosophila IPCs identified many similarly expressed genes. Transcription factor FoxO which
regulates B-cell proliferation is also enriched in IPCs and has been shown to regulate ILP
transcription[77]. Amon, a Drosophila homolog of Proconvertase 2, is essential for the
processing of proinsulin to insulin[77, 78]. Additionally, many genes regulating dense core
vesicle formation and insulin secretion signal transduction are co-expressed between the two

insulin secretory systems[77].

INSULIN IN OTHER ORGANISMS

Jellyfish, which arose earlier in the evolutionary tree, have extensive neuronal networks
through which they secrete insulin[79]. Gut-based cells that secrete insulin however, are not
seen in evolutionary history until C.elegans, which contain both gut and brain neurons that
secrete insulin in response to dietary changes[80]. In addition to their standard expression
domain, almost all Drosophila Dilps show expression in the gut. Perhaps these gut insulin-

secreting neurons paved the way for the appearance of islet-like structures later in evolution.
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At the base of the vertebrate tree, jawless fish show islet-like structures that secrete insulin
along with other hormones[81]. A proposed explanation for these similarities is a shared
evolutionary origin for B-cells and neurons, with speculation that perhaps the regulatory
programs for neuronal development and physiology were co-opted by cells in the gut during

the course of evolution[69].

MICRORNAS IN PANCREATIC B-CELLS

In addition to the well-characterized roles of transcription factors in regulating
development and function of pancreatic B-cells, evidence has accumulated that microRNAs are
embedded in the regulatory networks at various stages of pancreatic development and function
(Figure 5). MicroRNAs are a class of short RNA transcripts that regulate gene expression by
binding the 3'UTR of target genes, leading to transcript degradation or translational inhibition.
Mutating Dicer, an enzyme necessary for generation of all mature microRNAs results in defects
in all pancreatic lineages, with the most severe phenotypes seen in the pancreatic B-cell
lineage[82]. A potential cause of this defect was proposed to be an increase in the expression of

Notch target gene Hes1, along with a downregulation of the Hes1 target gene Ngn3[82].

There are hundreds of distinct microRNA genes expressed in human pancreatic B-cells,
and mutations in individual microRNAs impacts processes ranging from B-cell development,
differentiation, and maintenance of mature B-cell function (Figure 5). For instance, microRNAs
miR-26, miR124a and miR-375, are important for regulating proper islet development[83-85].

MiR-375 is a major player in all stages of pancreatic function. In early pancreatic development,
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miR-375 shows highly enriched expression in endodermal pancreatic progenitor cells, and
activation of its expression is dependent on key pancreatic differentiation genes, including
Pdx1, Ngn3, and NeuroD1[85, 86]. Additionally, both upstream activators and downstream
targets are known to play roles in pancreatic progenitor specification and in endocrine cell
maturation[85, 86]. Downstream targets of miR-375 include key players in pancreatic
development and differentiation, including Gata6, Hnf1B, and Pax6[85]. Increasing the levels of
miR-26 in the developing pancreas was shown to increase the number of Ngn3-expressing
progenitor cells and to increase the numbers of cells differentiating into B-cells. MiR-124a
inhibits islet developmental transcription factors including Foxa2 and Neurod1[87]. In addition
to the genes described above, other microRNAs, including miR-7, miR-9, miR-15a/b, miR-124a,

miR-195 (Figure 5) have been shown to play roles in early pancreatic development.

Like many pancreatic transcription factors that play roles in pancreatic B-cell
development, many miRNA genes from pancreatic development are later recycled to regulate
the functions of mature pancreatic B-cells (Figure 5). In addition to its role in pancreatic B-cell
development, miR-375 inhibits glucose stimulated insulin secretion by targeting a gene
necessary for insulin vesicle transport in mature B-cells, thereby decreasing insulin
exocytosis[88]. miR-124 regulates secreted insulin by inhibiting ATP-sensitive potassium
channels, which are essential for plasma membrane depolarization, and by targeting SNARE
proteins and Rab GTPases, which are involved in fusing insulin-containing vesicles to the plasma
membrane[89, 90]. MiR-124 also regulates insulin gene production in mature B-cells by

targeting the transcription factor Neurod1[87].



Figure 5 - MicroRNAs in pancreatic 8-cells

Adapted from Filos et al 2015

Figure 5: MicroRNAs in pancreatic B-cells — MicroRNAS play diverse roles in pancreatic B-cells
including regulating differentiation and proliferation, insulin production and secretion, and -
cell apoptosis and survival. A subset of these microRNAs also play roles in overlapping
processes.
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MICRORNAS IN DROSOPHILA ENDOCRINOLOGY

Adapted from review article “MicroRNAS in Drosophila melanogaster” published in

Seminars in Cell and Developmental Biology 2017.

The neuroendocrine control center of Drosophila is located in the brain, in a region
known as the pars intercerebralis. Here, Dilps that regulate body growth and metabolism are
produced [91]. Dilps are produced and secreted from a cluster of fourteen IPCs which are
regulated by various inputs such as nutrient availability and certain neuropeptides. One such
neuropeptide, short Neuropeptide F (sNPF) modulates IPC function by binding its receptor,
sNPFR on the IPC cell surface. This results in activation of ERK-mediated signaling and

stimulation of Dilp production to promote body growth.

Regulation of Dilp production by sNPF is mediated by the miRNA miR-9a [92]. miR-9a
modulates body size through its repression of sNPFR1 levels in IPCs. miR-9a mediated sNPFR1
repression results in a decrease in Dilp production and a concomitant decrease in body size (Fig.
6). Interestingly, this interaction is conserved in mammalian insulin endocrinology. The sNPF
ortholog NPY modulates insulin production in the B-islet cells of mammals. The miR-9 ortholog

represses NPY receptor NPY2R expression in a rat insulinoma cell line [92].

Dilp production is also under the control of miR-14 [93]. miR-14 mutants have decreased
levels of Dilps, and mutants show elevated triglyceride stores as a consequence. Additionally,

miR-14 mutants have increased sensitivity to starvation as a result of defective mobilization of


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5660628/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5660628/figure/F2/
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energy stores, since a certain level of Dilp production may be necessary for fat mobilization. The
transcription factor Sugarbabe is directly targeted by miR-14, and Sugarbabe otherwise inhibits

Dilp transcription in IPCs (Figure 6).

Another important hormone in Drosophila is the molting hormone ecdysone, which
negatively regulates body growth. Dilps stimulate production of ecdysone in the prothoracic
gland (PG) of the brain. They do so by inhibiting a miRNA in the PG (Figure 6). The bantam miRNA
promotes systemic growth through its inhibition of ecdysone production [94]. However, Dilp
inhibit bantam expression in the PG, thus bantam mediates Dilp-dependent expression of

ecdysone.

Ecdysone not only triggers molting, but it also inhibits body growth. It does so by its
action on the fat body [95]. The fat body is the insect liver, and in addition to metabolism, the
fat body also regulates body growth. Fat body miR-8 has been shown to serve as a key link
between ecdysone and body growth [96]. Without miR-8 expression in the fat body, ecdysone
is unable to repress body growth. miR-8 directly represses expression of U-shaped, which is an
inhibitor of PI3K [97]. Since PI3K is a key transducer of Dilp signals in fat body cells, indirect
upregulation of PI3K by miR-8 potentiates the response of the fat body to Dilp (Figure 6).
However, ecdysone represses the expression of miR-8 in the fat body, thereby antagonizing

Dilp-induced signal transduction [96].

The fat body is itself a site of hormone production. Production of several of these
factors is down-regulated by miR-8 [98]. Imp-L2 is one of these factors, and it is indirectly

down-regulated by miR-8 through miR-8’s action on U-shaped (Figure 6). Imp-L2 protein is
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secreted by the fat body under starvation conditions, and it binds to and inhibits humoral Dilp
[99]. Since Imp-L2 expression is induced by ecdysone [100], it is likely that ecdysone regulation
of miR-8 in the fat body is one means by which ecdysone stimulates Imp-L2. In turn, this would
antagonize Dilp-induced body growth. However, this mechanism is not sufficient to account for

the effect of miR-8 and ecdysone on body growth [98].

Ecdysone also antagonizes juvenile hormone (JH). Pulses of ecdysone trigger
metamorphosis, whereas JH acts in the opposing direction to repress metamorphosis. The miR-
2 family of miRNAs are involved in this process, with loss of miR-2 resulting in impaired
induction of metamorphosis [101]. miR-2 acts by repressing the transcription factor Kruppel
homolog-1, which functions downstream of JH. By rapidly clearing Kruppel homolog-1 mRNA in
the last larval instar, miR-2 miRNAs ensure that the transition to metamorphosis is able to

progress.
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Figure 6- MicroRNAs in Drosophila endocrinology
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Figure 6: MicroRNAs in Drosophila endocrinology — miR-14 and miR-9 play roles in regulating
IPC ILP levels. No other microRNAa have been demonstrated to play roles in regulating
drosophila IPC functions, however, the microRNA miR-8 regulates insulin signaling reception,
while bantam also play roles in regulates ecdysone levels in the prothoracic gland.
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DIABETES, FLYABETES, AND DROSOPHILA AS A MODEL ORGANISM

Adult diabetes is a metabolic disease characterized by defects in insulin production and
utilization. Millions of people are diagnosed with this disease worldwide, and the numbers of
those afflicted are predicted to steadily increase[102]. Progression of Type Il Diabetes involves
the interplay between insulin and blood glucose levels, with initial disease stages characterized
by insulin resistance and hyperinsulinemia[103]. In more advanced stages of Type Il Diabetes,
insulin secretory ability becomes further compromised and results in hyperglycemia[104]. The
net result is a dysfunction in carbohydrate homeostasis, which if left untreated leads to

additional health complications.

Obesity is thought to be the main driving factor for the insulin resistance and the
hyperinsulinemia that precedes Type Il Diabetes. The widespread availability of high calorie
foods coupled with sedentary lifestyles assumed by much of the world fuels much of the
current obesity epidemic, and as a result the rates of Type Il Diabetes have also increased[105,
106]. Despite the general acceptance of obesity as the main determining factor, however, it is
also clear that there are genetic components contributing to disease acquisition and
progression. For instance in certain cases, obesity never progresses to full blown Type Il
Diabetes, while in others, disease onset occurs at a weight that is much lower than would be
expected[106]. This suggests genetic components, independent of obesity, that govern disease

susceptibility.

Efforts to identify markers governing disease predisposition have led to the insight that

a large number of the mutations impact pancreatic B-cell function, with very few of the
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identified mutations governing insulin sensitivity[107]. The most consistently identified
mutation in Type Il Diabetes patients is a mutation in the gene TCF7L2, which encodes a Wnt
pathway transcription factor[108-110]. These patients have elevated levels of this protein
variant, with elevation leading to impairment in B-cell performance by inhibiting the processing
of proinsulin to insulin[111]. These findings suggest that focusing efforts on better
understanding of B-cell function could yield notable gains in understanding of how diabetes

progression occurs.

Scientists have made use of animal models in order to gain insights on how organism
development and metabolism occur. One of the most useful animal models for answering
guestions in biology is the fruit fly Drosophila melanogaster. Drosophila possesses many useful
traits including small size, fast reproduction time, and a large toolkit for genetic manipulation
that have made them a model organism highly favored by scientists[112]. The Drosophila
genome is comparatively smaller than the vertebrate genome, thereby increasing the likelihood
of observing mutant phenotypes due to decreased likelihood of compensation by functionally
redundant genes.

Drosophila make excellent model organisms for answering questions pertaining to
metabolism. As detailed above and in the coming chapters, the systems governing circulating
sugar regulation have been largely conserved in flies, with flies possessing insulin secretory
neurons that secrete insulin-like peptides in response to dietary cues[49, 60]. Specific ablation
of these neurons results in a significant decrease in the levels of circulating insulin, leading to
growth defects and phenotypes seen in humans with diabetes, including elevated circulating

carbohydrates and triglycerides[49]. It has also been shown that feeding Drosophila a high



36

sugar diet leads to increased adiposity, insulin resistance and hyperglycemia, with the
mechanism of disease acquisition showing similarities to mechanisms leading to Type Il
Diabetes in humans[113]. These commonalities show that better understanding of insulin
regulatory functions in Drosophila could lead to better understanding of how this process can
become defective in humans, and vyield insight on ways to better prevent or treat Type Il

Diabetes.
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UNCOVERING A CONSERVED ROLE FOR MIR-7 IN INSULIN REGULATION

Although there are thousands of microRNA genes in the human genome, very few show
as high a level of conservation as miR-7[114]. The mature miR-7 RNA sequence is identical
between humans and Drosophila, suggesting very strong selective pressure to maintain gene
identity over 600 million years of earth history (Figure 7). miR-7 is also the most abundantly
expressed of all microRNAs in the human pancreas, and shows specific conserved expression in
insulin secretory cells across species[115-117] (Figure 7). These observations suggest that miR-7

may play a conserved role in maintaining the function of insulin secretory cells.

Characterization of miR-7's role in the vertebrate pancreas shows that miR-7 regulates
multiple aspects of B-cell function, including differentiation, proliferation, and secretion[118-
120]. In developing B-cells, miR-7 is activated downstream of Ngn3 and NeuroD1/Beta2, with its
expression levels increasing during the course of differentiation[118]. Additionally, specific
overexpression of miR-7 in B-cell and a-cell precursors inhibited differentiation, with miR-7
overexpression in B-cells and a-cells causing a decrease in the levels of essential endocrine
genes including Arx, Pax4, and Pax6 [118]. These cells additionally showed decreased levels of

insulin and glucagon.

miR-7 also affects the function of mature pancreatic B-cells. Mice that are mutant for
miR-7 showed increased circulating insulin levels, and mutant animals also had lower circulating
glucose levels than wildtype[120]. The converse situation was also shown to hold true, with
miR-7 overexpression decreasing circulating insulin levels and thereby raising blood glucose

levels[120]. These animals also had changes in insulin mRNA expression, demonstrating that in
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addition to inhibiting insulin secretion, miR-7 also inhibits insulin at the mRNA level. The effect
of miR-7 on insulin secretory levels mainly occurred through its regulation of the exocytic
protein, alpha synuclein (SNCA). Other targets were additionally identified, including
cytoskeletal regulators Pfn2, Wipf2, Baspl, and Phactrl. Additionally, miR-7 insulin gene
repression was found to occur through its regulation of B-cell transcription factors Pdx1,
Nkx6.1, MafA, Neurod1, and Pax6[120].

Despite miR-7's well-characterized role in mammals, there are still outstanding
qguestions regarding miR-7’s conserved functions. While it is known that miR-7 is expressed in
vertebrate insulin secretory cells, it remained to be determined whether it is also expressed in
invertebrate insulin secretory cells, and if so, what roles it plays in invertebrate insulin
regulatory functions. Given the similarities between vertebrate and invertebrate insulin
regulation, and miR-7’s high level of sequence conservation across the animal kingdom, | was
additionally curious to determine whether miR-7 functioned through a conserved mechanism
to regulate insulin-like peptides. Despite the wealth of information known about microRNAs
and vertebrate B-cells, the function of very few microRNAs have been characterized in
Drosophila IPCs. In my thesis, | have used Drosophila to study miR-7's role in insulin regulation,
and | have identified a novel, evolutionarily conserved mechanism through which miR-7

regulates circulating insulin.
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Figure 7 -miR-7 expression in vertebrate insulin secretory cells

A
Zebrafish
-4.'\
A ke N -3
-~ ; .‘.{‘ ..‘ e o
Pl } -
"‘:. v N
",‘ ') ! .‘ »
L
(oo ¢
N " '|. ! .
..‘\‘“' 5 e ..
Nt el te &
miR-7
B

D. melanogaster UJGGAAGACUAGUGAUUUUGUUGUU
D. rerio UGGAAGACUAGUGAUUUUGUUGUU

M. musculus UGGAAGACUAGUGAUUUUGUUGUU

H. sapiens UGGAAGACUAGUGAUUUUGUUGUU

Figure 7: miR-7 expression in vertebrate insulin secretory cells - (A) Left shows 5 day old
zebrafish pancreas. e is exocrine pancreas, while i is pancreatic islet, gb gallbladder. miR-7
expression, purple, is enriched in the zebrafish pancreatic islet. Middle - miR-7 expression in
mouse pancreatic islets. miR-7 fluorescent in situ hybridization is combined with protein
immunofluorescence analysis. miR-7 expression, red, colocalizes with insulin, green. Right -
miR-7 expression in human pancreatic islets — In situ hybridization of fetal human pancreas.
Green shows insulin, glucagon, and somatostatin. Red pseudocoloring is miR-7 expression.
Images from Wienholds et al 2005, Kredo-Russo et al 2012, and Correa-Medina et al 2009. (B)
Alignment of the mature miR-7-5p sequence (5' - 3') from different animal species. Highlighted
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in green is the seed sequence. Shown are the miR-7a-1 (zebrafish and mouse) and miR-7-1
(human) paralogs.
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CHAPTER 2: METABOLIC PHENOTYPING OF MIR-
7 MUTANTS
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Introduction

The fruit fly Drosophila melanogaster has proven to be a useful model to study
questions related to insulin/IGF effects on growth and metabolism[49, 121]. In vertebrates,
insulins and Insulin-like Growth Factors (IGFs) mediate separate functions. Human insulin is
encoded by a single gene, expressed in the pancreatic B-cells, that regulates metabolism in
classic insulin-responsive tissue including the adipose, muscle, and the liver [122]. IGFs however
are primarily produced in the vertebrate liver with their main roles focused on regulating
organismal growth. Humans express two IGF genes, with IGF-1 regulating both pre and

postnatal growth, while IGF-2 is primarily active during gestation[123-125].

Insulin is regulated at multiple levels, with the bulk of regulation occurring at the level of
its secretion[25]. At this level, the presence of glucose leads to downstream changes that
promote the fusion and release of insulin vesicles from the cell membrane [26]. Glucose
metabolism also leads to the activation of MAPK pathway components ERK1/2, which activate
downstream factors, like PDX-1 and Beta2/NeuroD,1 that play roles in insulin gene
transcription[126]. In addition to its role in transcription and secretion, glucose activity in
pancreatic B-cells also increases insulin levels by promoting insulin mRNA stability and

increasing its translation [127].

Drosophila encode 8 different insulin like peptides, with each of these Dilps performing
distinct though somewhat overlapping functions[54]. Unlike vertebrate insulin and IGFs, all
Dilps, with the exception of Dilp8, bind to and signal through a single Drosophila Insulin-like

receptor[54]. Each Dilp is independently regulated, showing activation by distinct transcription
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factors[60, 65, 128]. They additionally demonstrate distinct responses to nutrients, express at
different times during development, and demonstrate unique patterns of secretion [49, 58,
129]. Evidence however, also demonstrates some redundancy in their function. For instance,
deletion of a Dilp gene often results in a compensatory increase in the expression of other
Dilps[59]. Genetic ablation of the IPCs, which removes all Dilps expressed in these neurons (Dilp
2,3,5), results in elevated circulating sugar levels. Overexpression of a single Dilp, Dilp2, is

sufficient to rescue this phenotype [49, 129].

Dilp2 is the first of the three core IPC Dilp to be expressed in embryogenesis, with
expression starting in early embryos and persisting through adulthood [50, 129]. Of the three
IPC Dilps, Dilp2 is the most highly expressed, the most potent regulator of growth, and the most
highly related to insulin, with 35% sequence identity[49, 129]. Dilp2 is secreted from larvae
from a TOR-dependent fat body-derived signal triggered by amino acid availability[60].
Although Dilp2 expression can increase in response to nutrients, its expression is also nutrient
independent in that transcripts in larvae can be continuously produced during times of

starvation [130].

Characterization of other Dilps has also yielded insight into their regulation. Dilp1 is
expressed in the IPCs in a transient period from early pupal stages to the first few days of adult
life[131]. Expression is extended under conditions of reproductive diapause, suggesting a role in
regulating growth during conditions of low nutrient intake. Dilp 3 and 5 make up the other Dilps
expressed in IPCs, and their expression is dependent on sensing of nutrients[58]. Interestingly,
Dilp5 expression is activated by Dachshund and Eyeless, Drosophila orthologs of key pancreatic

B-cell transcription factors Dachs1/2 and Pax6[63]. Other notable Dilps include Dilp6, which
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displays high similarity to IGFs in vertebrates, and is expressed in the fat body, similar to IGF
expression in the liver [132]. Dilp8, is thought to be function more similarly to Relaxins in
vertebrates, and is the only Dilp that does not signal through the insulin-like receptor

(INR)[133].

Insulin’s main role is as a regulator of whole body growth and metabolism (Figure 8).
Downstream mechanisms of Dilps on growth and metabolism have been largely conserved
between Drosophila and vertebrates (Figure 9). These signals are initiated by binding to the
insulin-like receptor[134]. Signaling occurs through the PI3K signaling cascade, and results in
the activation of GSK3, Forkhead protein, and TOR signaling components[134]. Dilp binding to
the INR results in receptor autophosphorylation and the phosphorylation of the insulin receptor
substrate, Chico, which goes on to activate downstream kinase AKT through PI3K[134, 135].
Mutations in the catalytic subunit of PI3K, DP110 or in the adaptor subunit P60 result in small
larvae that are unable to grow past the early third instar larval stage due to an inability of cells
to properly proliferate or increase in size[134, 136]. AKT, however, is required in Drosophila for
cell growth, with loss of function mutants showing smaller cell size relative to wildtype

counterparts[137, 138]. Cell number however, is not affected[134, 137, 138].

Downstream of AKT, the insulin pathway feeds in to the conserved TOR signaling
pathway through its activation of dS6K[134]. TOR regulates cell growth and proliferation in
response to nutrients. Signaling through the INR also inhibits the Forkhead-type transcription
factor FoxO and the glycogen synthase kinase GSK3. AKT phosphorylation of FoxO sequesters it
in the cytoplasm, thereby inhibiting its downstream functions of adipolysis, gluconeogenesis,

and the inhibition of cell growth and survival[139]. GSK3 plays regulatory roles in
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glycogenolysis and triglyceride synthesis from fatty acids. In the absence of insulin, GSK3
normally promotes glycogenolysis by phosphorylating glycogen synthase and inhibiting its
activity[140]. Inhibition of GSK3 by insulin prevents its kinase activity while simultaneously
activating a glycogen synthase dephosphorylase[140]. This permits the buildup of circulating

sugars into glycogen, which can be utilized as a fuel source during low nutrient conditions.

The mature miR-7 sequence is perfectly conserved between Drosophila and humans,
suggesting strong functional conservation (Fig 5). Moreover, miR-7 shows conserved expression
in neurosecretory cells of invertebrates and vertebrates[141]. While a conserved miR-7
sequence is present in the Drosophila genome, it remains unknown whether miR-7 is expressed
in the fly insulin secretory cells, and whether its insulin secretory function, characterized in
mice, is broadly conserved. The following experiments aim to answer these questions and
determine whether in addition to regulating vertebrate insulin biology, miR-7 could also be a

regulator of invertebrate insulin-like peptides.
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Figure 8: Insulin signaling in growth and metabolism - Insulin action on target tissue results in
initiation of nutrient storage through the increased storage of glycogen, lipids, and protein, and
in growth and proliferation by increasing body size.
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Figure 9 — Conservation of insulin receptor signaling between Drosophila and mammals
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Figure 9 — Conservation of insulin receptor signaling between Drosophila and mammals — Left,
insulin receptor signaling pathway in Drosophila. Right, insulin receptor signaling in mammals.
Dilps bind insulin-like receptor to initiate downstream signaling cascade through AKT to activate
TOR, GSK3 and FoxO. In mammals, insulin, insulin-like peptides, or IGFs bind cognate receptors
to initiate a downstream signaling cascade through PI3K/AKT that activates mTOR, GSK3, and
Forkhead proteins.
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Results

MIR-7 1S EXPRESSED AND ACTIVE IN DROSOPHILA IPCS

Results are published in “MicroRNA miR-7 Regulates Secretion of Insulin-Like Peptides” in
Endocrinology, Feb. 2020.

miR-7 is expressed in insulin-producing cells of vertebrate species[115, 116, 120].
However, it is unclear whether miR-7 is expressed in the IPCs of Drosophila. In order to answer
this question, | examined a transgenic reporter gene for miR-7 expression. This transgene has
the transcriptional enhancer of the miR-7 gene fused to a minimal promoter driving
transcription of GFP. The reporter faithfully reproduces the expression pattern of miR-7 in
various tissues of the fly [142]. The transgene showed clear expression in the larval brain, as
evident by nuclear-localized GFP fluorescence. To mark the location of the IPCs, | co-expressed
membrane-bound RFP specifically in IPCs using the Dilp2 gene promoter to drive expression.
The IPCs occupy a stereotyped position in the larval brain with seven cells residing on either the
left or right hemisphere of the brain (Figure 3). Moreover, IPC structure is highly organized and
coordinated. This organization could be visualized with the membrane RFP marker (Figure 10).
Clearly, the IPCs were labeled with nuclear GFP, suggesting that the miR-7 enhancer is active in
IPCs. To further validate our conclusion, | examined GFP expression from a reporter gene in
which two binding sites for bHLH transcription factors were mutated in the enhancer. These

binding sites are essential for miR-7 expression in other tissues of Drosophila [142]. The mutant
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enhancer was completely inactive in the larval IPCs (Figure 11). Thus, the Drosophila miR-7 gene
requires bHLH factors to augment miR-7 expression in IPCs. This is comparable to the

requirement of the bHLH factor NeuroD/Beta2 for miR-7 transcription in mouse B-cells [143].
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Figure 10 - miR-7 is expressed in Drosophila IPCs
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Figure 10: miR-7 is expressed in Drosophila IPCs - Transgene reporter of miR-7 enhancer
activity as reported by nuclear GFP. Two clusters of IPC cell bodies are specifically highlighted
by RFP fluorescence in the larval brain.
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To demonstrate that miR-7 RNA is functionally active in IPCs, | used a transgenic sensor
for miR-7 silencing activity [144]. Transgenic mRNA is transcribed ubiquitously in all cells, and it
contains two perfect binding sites for miR-7. If miR-7 is loaded into the miRNA Induced Silencing
Complex (miRISC), it inhibits the synthesis of the GFP protein product of the transgene in that
cell. Thus, reduction of GFP fluorescence is an indicator of miR-7 silencing activity. The miR-7
sensor showed weak GFP expression in larval IPCs (Figure 11). As a control, a transgene sensor
lacking miR-7 binding sites was also examined for GFP expression in IPCs. As expected, the
control sensor gave strong ubiquitous GFP expression in larval IPCs (Figure 11). Thus, miR-7 is

not only expressed but is functionally active in the IPCs of growing Drosophila.

To further validate our conclusion, we examined GFP expression from a reporter gene in
which two binding sites for bHLH transcription factors were mutated in the enhancer. These
binding sites are essential for miR-7 expression in other tissues of Drosophila40. The mutant
enhancer was completely inactive in the larval IPCs (Figure 12). Thus, the Drosophila miR-7 gene
requires bHLH factors to augment miR-7 expression in IPCs. This is comparable to the

requirement of the bHLH factor NeuroD/Beta2 for miR-7 transcription in mouse B-cells [143].

Given the IPCs role in responding to nutrients, | wondered whether the miR-7
transcriptional enhancer activation would be nutrient-dependent. Feeding or 24 hour starved
early wandering third instar larval brains were imaged to determine how nut