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Abstract

Animals recognize the availability of nutrients and regulate the intake and storage of these
nutrients accordingly. However, the molecular mechanisms underlying nutrient sensing and
subsequent changes in behavior and metabolism are not fully understood. Mix interactor (Mio),
the Drosophila homolog of carbohydrate response element binding protein (ChREBP), functions
as a transcription factor in the fat body of the fly to control triglyceride storage as well as feeding,
suggesting that Mio may act in a nutrient-sensing pathway to coordinate food consumption and
metabolism. Here, we show that Mio functions in neurons in Drosophila to regulate feeding and
nutrient storage. Pan-neuronal disruption of Mio function leads to increased triglyceride and
glycogen storage, and this phenotype is not due to increased food consumption. Interestingly,
targeted disruption of Mio specifically in the insulin-producing cells (IPCs) has little effect on
nutrient storage, but increases food consumption suggesting that Mio acts in these neurons to
control feeding behavior. Since Mio is a transcription factor, one possible way Mio may act in the
IPCs to control feeding is through regulating the expression of Drosophila insulin-like peptides
(dilps) or drosulfakinin (dsk), neuropeptides produced in the IPCs. Consistent with this hypothesis,
IPC-specific knockdown of Mio leads to an increase in dilp3 expression, while not affecting dilp2,
5 or dsk levels. Together, this study indicates a new function for Mio in the Drosophila brain and
specifically in the IPCs, controlling neuropeptide gene expression, feeding and metabolism in
accordance with nutrient availability.
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1. Introduction

All animals consume food and metabolize dietary nutrients to produce energy. The
regulation of food consumption and maintenance of metabolic homeostasis involves a
complex system of hormones that act on multiple tissues. The action of these hormones
leads to changes in appetite as well as the activation of intracellular pathways that result in
energy production and storage [1]. Organisms store excess nutrients as glycogen and fat for
future use, traditionally during times of low food availability [2]. Thus, disruptions to this
network will affect food consumption and nutrient storage, consequently leading to obesity,
diabetes, and other metabolic diseases.

Two mammalian nutrient-responsive hormones that regulate feeding and metabolism and
are often disrupted in metabolic diseases are leptin, an anorexigenic signal made in fat cells,
and ghrelin, an orexigenic signal made in the stomach. After secretion, both hormones
circulate through the bloodstream, and activate specific receptors in the hypothalamus; this
activation produces signals that coordinate feeding as well as energy metabolism [2-4].
Another hormone whose secretion is regulated by nutrient conditions is insulin. Insulin acts
on peripheral tissues such as the liver, muscle and adipose to promote glucose uptake and fat
and glycogen storage [5]. Insulin also acts centrally to regulate feeding and metabolism.
Chronic infusion of insulin into the brains of mammals results in decreased food
consumption and fat storage [6,7]. Consistent with this, ablation of the insulin receptor
specifically in neurons results in hyperphagia and weight gain [8]. However, the manner by
which the expression of these mammalian hormones is regulated in response to changes in
nutrient availability is not fully understood.

A mammalian transcription factor that responds to changes in glucose levels is carbohydrate
response element binding protein (ChREBP) [9]. ChREBP is highly expressed in the liver,
pancreas, and adipose tissue, but is less abundant in the brain, skeletal muscle and small
intestine [10]. During times of elevated cellular glucose, ChREBP translocates into the
nucleus and dimerizes with the ubiquitously expressed Max-like protein X (MIx); this
complex then binds to DNA to induce target gene expression [11,12]. Specifically, ChREBP
functions in the liver by regulating glycogen storage and the expression of lipogenic genes
[10]. ChREBP is also important in the development of -cells of the pancreas and has been
implicated in glucose-stimulated insulin secretion in cultured MING6 B-cells [13,14].

The function of ChREBP is not only limited to peripheral metabolic tissues; ChREBP has
also been shown to act centrally to regulate feeding and metabolism. Leptin and ChREBP
double knockout mice eat less and have reduced triglyceride stores compared to leptin-
deficient mice [15]. Also, these leptin and ChREBP double knockout mice have increased
NPY, but lower AGRP mRNA levels (both orexigenic neuropeptides that promote feeding),
indicating a role for ChREBP in controlling neuropeptide expression [15]. These results
suggest a novel function for ChREBP in the brain, specifically in leptin-responsive
hypothalamic neurons to regulate metabolism. Although storage and feeding defects have
been previously described in leptin/ChREBP knock-out mice [15], it is largely unknown
how ChREBP functions in the brain including how it regulates the expression of
neuropeptides.
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In order to understand the tissue-specific functions of ChREBP, we study the Drosophila
homolog of ChREBP, MIx interactor (Mio/Mondo), and its binding partner bigmax [16,17].
Mio is expressed predominantly in the fat body, a liver- and adipose-like organ in the fly,
and in the malphighian tubules, an excretory organ [18]. Mio responds to glucose in order to
regulate lipogenic enzyme expression, similar to ChREBP, defining a conserved function of
these genes [19,20]. Additionally, depletion of Mio in the fat body decreases feeding [19],
suggesting a role for Mio in mediating the detection of nutrients and the alteration of
behavior accordingly. Another group of nutrient-sensitive molecules in Drosophila is the
Drosophila insulin-like peptides (dilps). Three of the eight dilps (dilp2, dilp3, and dilp5) are
expressed in a region of the fly brain called the pars intercerebralis and have been shown to
affect feeding, reminiscent of the hypothalamus in mammals [21-25]. Loss of dilp2 results
in increased development time and lifespan, reduced body weight and fecundity, but has no
affect on glycogen or triglyceride storage [22]. Interestingly, despite the similarity of dilps 2,
3 and 5, loss of dilp3 or dilp5 only showed a decrease in fecundity [22] Dilp levels and
secretion also change in response to nutrient conditions [24,26,27]; however, whether Mio
functions in the brain or interacts with the dilps in response to changes in nutrients is
unknown.

In this study, we show that Mio functions in the brain not only to control nutrient storage,
but also to regulate the expression of previously unknown target genes, such as the dilp class
of neuropeptides. When Mio levels are decreased in the entire brain, we observe elevated
triglycerides and glycogen with no effect on food consumption; however, targeting of Mio-
RNA. specifically in the insulin-producing cells (IPCs) leads to an increase in feeding, while
having little effect on nutrient storage. This suggests that Mio is required in multiple
neuronal populations to regulate feeding and metabolism. Additionally, when Mio levels are
lowered specifically in IPCs, the expression of dilp3 is altered, suggesting that Mio controls
the production of certain IPC neuropeptides. Thus, this study identifies a novel player in the
nutrient sensing mechanism whereby the brain can detect internal nutrient levels to control
nutrient storage, feeding and overall energy homeostasis.

2. Materials and Methods

2.1 Fly genetics

Flies were grown at 25°C on a 12 h:12 h light:dark cycle on standard cornmeal-sugar-yeast
medium (9 g Drosophila agar (USA Scientific), 100 mL Karo Lite Corn Syrup, 65 g
cornmeal, 40 g sucrose, and 25 g whole yeast in 1.25 L water). The following fly strains
used in this study were obtained from the Bloomington Stock Center: w'; UAS-GFPUsRNA
(#9331), w; dilp2-Gal4 (#37516; [24]), and w~; nSyb-Gal4 (#51635; [28]). The w™; UAS-
Mio-IR line (#52606) was obtained from the Vienna Drosophila RNAi Center [29]. The w;
UAS-Mio9SRNA Jine was made as previously described [19].

2.2 Triglyceride, glycogen, and protein measurements

Single 5-8 day old female flies were homogenized in lysis buffer (140mM NaCl, 50mM
Tris-HCI, pH 7.4, 0.1% Triton-X, 1X protease inhibitor cocktail (Roche Diagnostics)).
Triglyceride and protein concentrations were determined using the Stanbio Liquicolor
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(Fisher Scientific) and BCA Protein Assay (ThermoScientific) kits, respectively, according
to manufacturers protocol. Total glucose levels were determined using Glucose Oxidase
Reagent (Pointe Scientific) in samples treated with 8 mg/mL amyloglucosidase (Sigma) in
0.2M sodium citrate buffer, pH 5.0. Free glucose was measured in samples not treated with
amyloglucosidase and then glycogen concentrations were determined by subtracting the free
glucose from total glucose concentration.

2.3 Gene expression analysis

Total RNA was isolated from thirty heads of 5-8 day old adult flies. Heads were
homogenized in Ribozol (Amresco) reagent and chloroform extracted. Then an equal
volume of isopropanol was added and incubated for 10 minutes at 4°C, after which samples
were centrifuged at 12,000 rpm for 15 minutes at 4°C. Supernatants were decanted and
pellets were washed twice with 70% ethanol. Pellets were then resuspended in water.
Remnant genomic DNA was removed using the TURBO DNA-free Kit (Ambion) as per
manufacturer s protocol. Reverse transcription was carried out on 0.25-0.5 g total RNA
with random decamers using the RETROscript kit (Ambion) or gScript cDNA Supermix
(Quanta Biosciences) and quantitative PCR was performed on a StepOnePlus thermocycler
(Applied Biosystems) using Power SYBR Green (Applied Biosystems). Primer sequences
used for gPCR were: Mio (sense 5’ AGCGAGACGAGCTAAACAATTC 3 and antisense 5’
GTGTAAGAGGCAAGCAAAGGTT 3), dilp2 (sense 5
TCTGCAGTGAAAAGCTCAACGA 3 and antisense 5 TCGGCACCGGGCATG 3') [21],
dilp3 (sense 5 AGAGAACTTTGGACCCCGTGAA 3’ and antisense 5
TGAACCGAACTATCACTCAACAGTCT 3') [21], dilp5 (sense 5
GAGGCACCTTGGGCCTATTC 3 and antisense 5 CATGTGGTGAGATTCGGAGCTA
3’) [21], dsk (sense 5" CCGATCCCAGCGCAGACGAC 3 and antisense 5/
TGGCACTCTGCGACCGAAGC ) [30], rp49 (sense 5/
GACGCTTCAAGGGACAGTATCTG 3 and antisense 5 AAACGCGGTTCTGCATGAG
3’). The relative concentration of each experimental mMRNA was normalized by dividing by
rp49 expression levels in each sample. It has been shown that rp49 expression does not
change during different dietary conditions, including high carbohydrate intake [31].

2.4 Feeding assay

Food consumption was measured over a 24 hour period by using a modified version of the
Capillary Feeder (CAFE) Assay as previously described [32]. Briefly, three 5-8 day old
adult female flies were placed in a Drosophila food vial with 1% agar as the only water
source and dyed 5% sucrose solution in a 5 uL glass micropipette (Drummond Scientific) as
the sole food source. The amount of sucrose solution consumed by the flies was measured
after 24hrs and was corrected for any evaporation that occurred during the experiment,
which was measured by using identical vials without any flies.

2.5 Statistics

For each set of experiments, the values for GFPISRNA controls were set to one and the values
for the respective experimental measurements are presented relative to the controls. Sample
sizes are provided in the figure legends. One-way, independent, weighted ANOVA with
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Tukey post-hoc tests were then performed to compare each experimental genotype to the
GFPURNA controls using SPSS software (IBM). P values < 0.05 were considered
statistically significant.

3.1 Mio is necessary in the brain to regulate nutrient storage

3.2 Mio acts

Mio has been shown to control triglyceride storage in the Drosophila fat body [18,19,33];
however, its function in other tissues is unknown. Previously, ChREBP has been shown to
be involved in regulating triglyceride storage and neuropeptide expression in mice [15],
raising the possibility that Mio also functions in the Drosophila brain to regulate energy
storage. To test this hypothesis, we disrupted Mio by targeting RNA interference (RNAI)
specifically in neurons using the nSyb-Gal4 driver and two independent Mio-RNAI
transgenes. Neural synaptobrevin (nSyb) is a vesicle forming protein essential for synaptic
transmission and is present in all neurons [34-36]. To confirm the specificity of the nSyb-
Gal4 driver, green fluorescent protein (GFP) was expressed using nSyb-Gal4. As expected,
GFP expression was localized specifically to the Drosophila brain as well as the ventral
nerve cord (Fig. 1A). nSyb-Gal4 was then used to drive Mio-RNA.I in the Drosophila
nervous system and knockdown was assessed using quantitative PCR (Fig. 1B). Neuron-
specific knockdown of Mio resulted in higher triglycerides and glycogen storage compared
to control flies (Fig. 2A,B), suggesting a function for this transcription factor in the brain to
limit fat and glycogen accumulation.

One potential cause for the increase in triglyceride and glycogen storage observed in the
Mio-RNA. flies may be higher food consumption. To address this question, expression of
Mio was decreased pan-neuronally in flies and feeding was measured using the CAFE assay.
Surprisingly, Mio knockdown resulted in no change in feeding behavior (Fig. 2C),
suggesting that the increase in triglyceride and glycogen storage is not the result of higher
feeding. Together, these data suggest that Mio plays an important role in the Drosophila
brain to control whole animal energy storage.

specifically in the IPCs to regulate feeding, but not nutrient storage

A population of neurons important for the regulation of energy metabolism, longevity and
feeding is the collection of insulin producing cells (IPCs) [21,24,37]. To determine whether
Mio is required in the IPCs to regulate nutrient storage and metabolism, Mio function was
disrupted in the IPCs by inducing RNA. in these cells using the dilp2-Gal4 driver [24].
Decreasing the expression of Mio in the IPCs had no consistently significant effect on
triglyceride or glycogen storage (Fig. 3A, B). Interestingly however, IPC-specific
knockdown of Mio did result in an increase in food consumption (Fig. 3C). Together, these
data suggest that Mio acts in the IPCs to regulate feeding behavior, but not whole body
metabolism.

3.3 Mio is essential for normal expression of dilp mMRNA

While Mio has been shown to regulate feeding and nutrient storage in the fat body
[18,19,33], the full array of target genes of this transcription factor is only beginning to be
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understood. Many of the metabolic functions of the brain are mediated by peptides that are
secreted from IPCs, such as the Drosophila insulin-like peptides 2, 3, and 5 (dilp2, 3, and 5)
and the cholecystokinin-like peptide, drosulfakinin (Dsk) [22,30]. Similar to the dilps, Dsk
has also been found to be an anorexigenic peptide, limiting food consumption [30]; whether
Dsk has any additional metabolic functions is unknown. Since we have shown that Mio acts
in the IPCs to control feeding, we hypothesized that Mio may be affecting this process by
regulating the expression of the dilp2, 3, 5 or dsk genes. To test this hypothesis, quantitative
PCR was used to measure dilp2, 3, 5, and dsk mRNA levels in flies where Mio was
decreased in the IPCs. Interestingly, disrupting Mio in IPCs leads to an increase in dilp3
MRNA expression (Fig. 4B), but has no consistent effect on dilp2, dilp5 or dsk expression
(Fig. 4A,C,D). Our evaluation of these neuropeptides suggests that Mio acts in the IPCs to
regulate the expression of dilp3 to control feeding, but not nutrient storage.

4. Discussion

In addition to being essential for development [16,18], Mio has also been shown to be
important for regulating glucose and lipid metabolism by controlling the expression of many
important metabolic genes [18,19,33]. This metabolic function of Mio was previously
localized to the fat body, since normal Mio expression in this tissue is necessary for proper
feeding and triglyceride storage [19]. Our current findings uncover a novel function of Mio
expression in the Drosophila brain, specifically in the insulin-producing cells (IPCs).

Here we show that pan-neuronal depletion of Mio promotes triglyceride and glycogen
storage (Fig. 2A,B) while decreasing Mio in the IPCs leads to no change in triglyceride and
glycogen levels (Fig. 3A,B). While lowering Mio levels in the entire brain elevates nutrient
stores, there is no noticeable change in food consumption (Fig. 2C). This result suggests that
the increased nutrient storage phenotypes are not due to increased feeding and caloric intake.
Therefore it is possible that the macromolecule storage phenotype shown here is due to
altered neural or endocrine actions of specific populations of neurons affecting overall
energy expenditure or acting directly on fat body cells to regulate nutrient storage, as seen
previously in mammals [8,38-46]. This neuronal function of Mio is different than when Mio
functions in the fat body. Decreasing Mio specifically in the fat body tissue results in
decreased triglycerides and lipogenic gene expression [19,33] suggesting an autonomous
role for Mio in regulating these processes. However, targeted depletion of Mio in the fat
body also results in decreased feeding, suggesting a non-autonomous effect on the brain
[19]. The fat body has been shown to have endocrine functions producing molecules that act
on the brain to regulate metabolism in response to changes in the nutrient conditions. One
example is unpaired2 (upd2), the JAK/STAT ligand which is released from the fat body
during the fed state and acts on the IPCs in the fly brain to regulate dilp secretion [47].
Therefore, it is possible that Mio may be involved in regulating this process. Further
dissection of the fat body and neuron-specific functions of Mio will be essential to
understanding how Mio regulates overall metabolic homeostasis in the animal.

The differences in the nutrient storage phenotypes observed when Mio is reduced in all
neurons, and specifically in IPCs, suggest that Mio acts in additional non-IPC neurons to
regulate energy metabolism. A number of neuronal populations (i.e., the circadian neurons,
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octopamine-producing neurons and obesity-blocking neurons) have been previously shown
to play a role in nutrient storage and metabolism [38,44,48]; whether Mio acts in these cells
to regulate energy homeostasis is currently unknown. In addition, Mio may also function in
multiple neuronal populations to regulate food consumption as pan-neuronal Mio depletion
has no effect on feeding, while IPC-specific Mio-RNA. results in increased food
consumption (Fig. 2C, 3C). For example, the neurons that produce neuropeptide F (NPF, a
hormone that stimulates feeding) as well as the obesity-blocking neurons have also been
shown to have significant effects on feeding behavior [25,38,49,50]. However, whether Mio
functions in these groups of neurons is unknown. Therefore, it is possible that decreasing
Mio pan-neuronally could affect the NPF-secreting or the obesity-blocking neurons as well
as the IPCs, resulting in the differences seen in food consumption when Mio-RNAIi is
induced in the whole brain and the IPCs.

Additionally, the nSyb driver is active throughout the larval stages of fly development as
well as in adult flies (Fig 1A; data not shown). This raises the possibility that Mio could act
in the brain throughout development to regulate nutrient storage. As nSyb is a vesicle
forming protein found in all neurons [34,35] and dilp2-Gal4 is specific to the IPCs [24], it is
possible that the differing feeding and nutrient storage phenotypes between the pan-neuronal
and IPC-specific knockdown of Mio could be due to different expression levels in the IPCs
in the different drivers. Additional experimentation is necessary to further understand the
full localization of Mio action in the brain as well as the temporal requirements of Mio
function to control feeding and metabolism.

Interestingly, our data show that decreasing Mio specifically in the IPCs results in an
increase in dilp3 mRNA expression; however, whether dilp3 is a direct target of Mio is still
unknown. Although exogenous dilp2 expression has been shown to reduce feeding [37],
whether dilp3 and dilp5 regulate feeding is still unclear. Additionally, once Drosophila dilps
are secreted from IPCs, these peptides function on their target tissues to activate a single
insulin-like receptor, dInR, leading to organismal changes in metabolism and feeding
behavior [51]. Since all secreted dilps act on a single receptor [51,52], it is possible that the
increased dilp3 mRNA found in this study could produce dilp3 protein that acts on similar
target cells as dilp2, and act as a compensatory mechanism for increased food consumption.
Additionally, dilp3 and 5 expression has also been shown to be controlled by nutrient
availability through experiments where expression of dilp3 and 5 is reduced in starved
larvae [27]. Since Mio has been shown to coordinate gene expression in response to changes
in nutrients [19,33], it is also possible that Mio functions to regulate dilp3 expression in the
IPCs in accordance with nutrient availability, as increasing food availability gives rise to
increased dilp3 levels [27]. In the future, additional experiments focused on fully
understanding the molecular mechanism by which Mio regulates dilp expression in IPCs
will help define the tissue-specific roles of metabolic transcription factors.

In summary, the data presented here show that Mio, the Drosophila homolog of the
mammalian ChREBP, functions in distinct neuronal populations to regulate lipid and
glycogen storage as well as feeding. This study has identified a neuronal site of action for
the metabolic transcription factor Mio and furthers our understanding of how the brain
coordinates energy metabolism and storage at the organismal level.
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Fig. 1. Mio levels are reduced when Mio-RNAIi is targeted to the nervous system
(A) nSyb-Gal4>GFP shows fluorescence expression in neurons. Arrows show GFP

fluorescence in the lobes of the brain and the ventral nerve chord. (B) Quantitative PCR was
performed for Mio using cDNA from batches of 30 heads from 5-8 day old nSyb-
Gal4>Mio-IR (n=12) and nSyb-Gal4>Mio9SRNA (n=6) animals compared to nSyb-
Gal4>GFPUsRNA controls (n=6). VValues represent means = SEM. *P < 0.05 by one-way
independent weighted ANOVA and Tukey post-hoc test comparing each experimental
genotype to the GFPISRNA control.
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Fig. 2. Mio acts in the brain to regulate macromolecule storage, but not food consumption
(A) Triglyceride/protein and (B) glycogen/protein ratios from 5-8 day old nSyb-Gal4>Mio-

IR (n=20) and nSyb-Gal4>MioSRNA (n=45) flies compared to nSyb-Gal4>GFPUSRNA
controls (n=34). (C) Total food consumption over 24hrs was measured using the CAFE
assay in 5-8 day old nSyb-Gal4>Mio-IR (n=13) and nSyb-Gal4>MioSRNA (n=27) females
compared to nSyb-Gal4>GFPUSRNA controls (n=17). Values represent means + SEM. *P <
0.05 by one-way, independent, weighted ANOVA and Tukey post-hoc test comparing each
experimental genotype to the GFPYSRNA control.
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Fig. 3. Mio functions specifically in the IPCs to control feeding, but not nutrient storage
(A) Triglyceride/protein and (B) glycogen/protein ratios from 5-8 day old dilp2-Gal4>Mio-

IR (n=56) and dilp2-Gal4>Mio9RNA (n=40) flies compared to dilp2-Gal4>GFPISRNA
controls (n=36). (C) Total food consumption over 24hrs was measured using the CAFE
assay on 5-8 day old dilp2-Gal4>Mio-IR (n=22) and dilp2-Gal4>Mio4sRNA (n=15) flies
compared to dilp2-Gal4>GFPUSRNA controls (n=12). Values represent means + SEM. *P <
0.05 by one-way, independent, weighted ANOVA and Tukey post-hoc test comparing each
experimental genotype to its respective GFPISRNA control.
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Fig. 4. Mio regulates dilp expression in the IPCs

Quantitative PCR was performed for (A) dilp2, (B) dilp3, (C) dilp5, and (D) dsk using
cDNA from batches of 30 heads from 5-8 day old dilp2-Gal4>Mio-IR (h=4-8) and dilp2-
Gal4>Mio9SRNA (n=4-8) animals compared to dilp2-Gal4>GFPISRNA controls (n=6).
Values represent means £ SEM. *P < 0.05 by one-way independent, weighted, ANOVA and
Tukey post-hoc test comparing each experimental genotype to the GFPYSRNA control.
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