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Abstract

During nutrient excess, triglycerides are synthesized and stored to provide energy during times of
famine. The presence of high glucose leads to the activation of carbohydrate response element
binding protein (ChREBP), a transcription factor that induces the expression of a number of
glycolytic and lipogenic enzymes. ChREBP is expressed in major metabolic tissues and while we
have a basic understanding of ChREBP function in liver, in vivo genetic systems to study the
function of ChREBP in other tissues are lacking. In this study, we characterized the role of the
Drosophilahomolog of ChREBP, Mix interactor (Mio), in controlling fat accumulation in larvae
and adult flies. In Mio mutants, high sugar-induced lipogenic enzyme mRNA expression is
blunted and lowering Mio levels specifically in the fat body using RNA interference leads to a
lean phenotype. A lean phenotype is also observed when the gene bigmax, the fly homolog of
ChREBP’s binding partner MIx, is decreased in the larval fat body. Interestingly, depleting Mioin
the fat body results in decreased feeding providing a potential cause of the lowered triglycerides
observed in these animals. However, Mio does not seem to function as a general regulator of
hunger-induced behaviors as decreasing fat body Mio levels has no effect on sleep under fed or
starved conditions. Together, these data implicate a role for Mio in controlling fat accumulation in
Drosophila and suggests that it may act as a nutrient sensor in the fat body to coordinate feeding
behavior with nutrient availability.
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1. Introduction

After a meal, the oxidation of sugars and fats provides energy for basic cellular functions.
Excess calories that are not used for energy are stored mainly as glycogen and triglycerides.
This response was selected for over evolution as a means of preparing an organism for times
of scarce food sources. However, in today’s western society where food is abundant and
readily available, this ability of an animal to store surplus nutrients leads to excess fat
accumulation and metabolic diseases such as obesity and diabetes. This effect is pronounced
after a prolonged high sugar diet as these conditions lead to an acute increase in the activity
of enzymes necessary for fat synthesis, the chronic production of lipogenic enzymes, and the
concurrent synthesis and storage of fats [1].

A key regulator of this chronic response to high sugar intake and fat storage in mammals is
the transcription factor, carbohydrate response element binding protein (ChREBP)L. In
response to high glucose conditions, ChREBP translocates into the nucleus, where it
activates the expression of pyruvate kinase and many lipogenic enzymes, including fatty
acid synthase (FAS), acetyl-CoA carboxylase (ACC), and ATP citrate lyase (ATPCL),
ultimately leading to increased fat accumulation [2,3]. In order to fully activate transcription,
ChREBP must heterodimerize with another transcription factor called Max-like protein X
(MIXx) [4]. ChREBP is expressed most highly in liver and adipose tissue, but significant
expression is also observed in skeletal muscle, the intestine and kidney [5]. Conversely, Mix
has a relatively ubiquitous expression pattern [6]. While we have a basic understanding of
ChREBP function in the liver, /n vivo systems to study tissue-specific functions of ChREBP
are lacking.

Drosophila is an excellent model system for investigating the tissue-specific control of
metabolism [7]. Flies have specialized organ systems for nutrient uptake, storage, and
metabolism that are functionally analogous to mammalian systems. The Drosophila midgut
is the site of both digestion and nutrient uptake, while the fat body of the fly is the site of
glycogen and triglyceride storage [8]. Many important metabolic genes and pathways in
mammals are also highly conserved in flies (see table in [7]) and these genes can be
manipulated easily using the genetic tools available in the Drosophila system [9,10],
allowing the information identified to be applied to mammals.

The Drosophila genome contains a ChREBP-like gene named Mix interactor (Mio) (also
known as dmondo) and an MIx-like gene called bigmax[11,12]. However, very little
functional data exists for these gene products. Mio and bigmax are expressed throughout
embryogenesis and are enriched in the fat body and malpighian tubules ([12]; Fly Atlas).
Mio mRNA levels are also increased when larvae are fed 20% sucrose, a condition that also
leads to increased expression of fat synthesis enzymes [13], suggesting a role for Mioin
regulating high-sugar induced lipogenic gene expression. Therefore, we hypothesized that
Mio and bigmax are involved in regulating fat storage in the fly. In this study, we found that
the induction of lipogenic enzyme expression in response to high sugar is blocked in Mio
mutant animals. Consistent with this finding, knocking down Mio and bigmax in the fly fat
body leads to decreased fat storage. Further, overall food consumption is also blunted when
Mio expression is decreased, providing a potential explanation for the observed lean
phenotype. These data identify a novel role for Mioin the fat body to regulate the storage of
triglycerides and overall food consumption and further supports the use of Drosophilaas a
model system for understanding tissue-specific control of metabolism and behavior.

1The abbreviations used are: ChREBP, carbohydrate response element binding protein; FAS, fatty acid synthase; ACC, acetyl-CoA
carboxylase; ATPCL, ATP citrate lyase; MIx, Max-like protein X; Mio, MIx interactor; AED, after egg deposition; DAM, Drosophila
Activity Monitor; RNAI, RNA interference; UAS, upstream activating sequence.
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2. Materials and Methods

2.1 Fly Genetics

Flies were grown at 25°C on standard cornmeal-sugar-yeast medium unless otherwise
stated. The following fly strains used in this study were obtained from the Bloomington
Stock Center: UAS-GFP (#5194); UAS-bigmax-IR (#29325); Cg-Gal4 (#7011) and
Miok05106/CyO (#10562). The yolk-Gal4 and to-Gal4 lines have been previously published
[14,15]. The UAS-Mio-IR line (#52606), which knocks down Mio expression by producing
a hairpin RNA, was obtained from the Vienna Drosophila RNAI Center [16]. The UAS-
Mio9sRNA [ine was made by cloning positions 1772—2679 of Mio-RB into pSymp-UAST
[17] with subsequent P-element transformation performed by Duke University Model
Systems Genomics. Control animals were cultured in the same vials as the experimental
animals to account for crowding and other environmental conditions.

2.2 Triglyceride, Protein and DNA Measurements

Single wandering 3" instar larvae, single adult female, or two adult male flies were
homogenized in lysis buffer (140 mM NaCl, 50 mM Tris-HCI, pH 7.4, 0.1% Triton-X, 1X
protease inhibitor cocktail (Roche Diagnostics) as described previously [18]. Triglyceride
and protein concentrations were determined using the Stanbio Liquicolor (Fisher Scientific)
and BCA Protein Assay (ThermoScientific) kits, respectively, according to manufacturer’s
protocol. Total fat body DNA content was determined using the Quant-iT High Sensitivity
DNA assay kit (Invitrogen) according to manufacturer’s instructions after homogenizing 3
female fat bodies in lysis buffer.

2.3 Gene Expression Analysis

Larvae 40-43 hr after egg deposition (AED) were fed either yeast paste or 20% sucrose on
filter paper for 4 hr and then flash frozen with liquid nitrogen. Total RNA isolation, reverse
transcription, and quantitative PCR were performed as previously described [19]. Primer
sequences used for QPCR were: dFAS (sense 5" CTGGCTGAGCAAGATTGTGTG 3’ and
antisense 5" TCGCACAACCAGAGCGTAGTA 3”), dACC (sense 5
AGATGCAGAACGATGTCCGC 3’ and antisense 5 CTCTTTGTGAAGCAGCTCCG
3"), dATPCL (sense 5" CACGACAGATTGGTCCAAGCTC 3’ and antisense 5
CTTGCTCTTCACGTCGGCTAAC 3”) and rp49 (sense 5
GACGCTTCAAGGGACAGTATCTG 3’ and antisense 5 AAACGCGGTTCTGCATGAG
3).

2.4 Feeding Assay

Food consumption over a 24 hour period was measured by using a modified version of the
Capillary Feeder (CAFE) Assay as described previously [20,21]. Briefly, three adult flies
were placed in a vial with 1% agar as the only water source and 5% sucrose in a 5-p.l glass
micropipette (Fisher Scientific) as the sole food source. After 24 hours had elapsed, the
amount of liquid consumed by the flies was measured and was corrected for any evaporation
that occurred during the experiment.

2.5 Sleep Measurements

Flies were tested for starvation-induced sleep suppression as previously described [22].
Briefly, 3-5 day old female flies were anesthetized and loaded into glass tubes containing
standard fly food. Following 16—24 hr of acclimation, baseline activity was recorded using
the Drosophila Activity Monitor (DAM; Trikinetics, Waltham, MA) for 24 hr starting at
lights on. Flies were then transferred to tubes containing 1% agar to measure sleep during
starvation. Sleep was defined as 5 min of immobility as previously reported and analyzed

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 September 14.
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using the Drosophila Sleep Counting Macro [23]. Change in sleep during starvation was
calculated as ((% experimental-% baseline)/(% baseline))/100 as previously described [22].

3.1 Mio is essential for high sugar-induced expression of lipogenic enzymes

When fed high sugar diets, animals increase triglyceride production by increasing the
activity of certain lipogenic enzymes such as acetyl-CoA carboxylase (ACC), fatty acid
synthase (FAS), or ATP citrate lyase (ATPCL) [1]. In addition, under chronic high sugar
feeding, the expression of these same lipogenic enzymes is induced and ChREBP has been
implicated in this response [1,5]. Feeding 2"¥ instar Drosophila larvae a high sugar diet of
20% sucrose for only 4 hr leads to an increase in the mRNAs of some lipogenic genes. The
mechanisms controlling this induction, however, are not fully understood [13]. To test
whether Mio contributes to regulating this increase in lipogenic gene expression in response
to high sugar, we used a P-element insertion into the Mijo gene previously shown to be a
strong hypomorphic, loss of function Mioallele [11]. We fed these Mio mutant larvae a high
sugar diet (20% sucrose) for 4 hr and then performed quantitative PCR for the Drosophila
homologs of the lipogenic enzymes ACC, FAS and ATPCL. As expected, in control animals
fed high sugar, dACC, dFAS, and dATPCL mRNA levels were increased compared to
control animals fed yeast paste (Fig. 1; [13]). Interestingly, this increase in the expression of
key lipogenic enzymes was blunted in Mio mutant larvae fed high sugar (Fig. 1). These data
suggest that under high sugar conditions, Mio is necessary for the proper expression of
lipogenic enzymes.

3.2 Mio expression promotes triglyceride storage in Drosophila larvae and adults

Since high sugar-induced lipogenic gene expression was altered in MJio mutants, we
hypothesized that triglyceride storage would also be affected in these animals. However, we
were unable to measure triglycerides in the Mijo mutants as they die during the pupal stage
of development (data not shown; [11]). Therefore, in order to test whether Mio regulates
triglyceride storage, we performed experiments in which RNA interference (RNAI) was
used to decrease Mio expression specifically in the fat body (the fly liver and adipose tissue
equivalent). We expressed two different transgenes to inhibit Mio function, Mio%RNA angd
Mio-IR, as well as a transgene to decrease bigmax, in both wandering third instar larvae and
adults using the Gal4-upstream activating sequence (UAS) system. Cg-Gal4, yolk-Gal4, and
to-Gal4 drivers were used as they express highly in the larval, adult female, and adult male
fat bodies, respectively. Decreasing Mio and bigmax levels in the fat body of wandering
third instar larvae resulted in lowered triglyceride levels compared to controls (Fig. 2A). A
similar phenotype was observed in adults with fat body-specific Mio knockdown; however,
decreasing bigmax in the adult fat body had no effect on triglyceride accumulation (Fig. 2B
and 2C). These results implicate Mioand bigmax in regulating lipid storage in the fat body
of Drosophila.

3.3 Mio controls triglyceride levels by regulating the amount of fat per cell in the adult fat

body

Modulation of total triglyceride levels in an animal’s adipose tissue requires alterations in
the number of fat cells, the amount of fat per cell, or a combination of the two [24]. To
determine whether Mio regulates fat body triglycerides by affecting fat cell number or the
amount of fat per cell, we dissected fat bodies from animals with decreased Mio levels and
measured total DNA content, a measurement previously shown to correlate directly with cell
number [18]. While fat body-specific knockdown of Mio has no significant effect on DNA
levels (Fig. 3A), Mio knockdown reduces triglyceride/protein and triglyceride/DNA ratios
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(Fig. 3B), suggesting that Mio regulates fat levels by controlling the amount of fat per cell
rather than changing fat cell number.

3.4 Mio functions in the fat body to promote feeding

Nutrient stores and molecules that signal energy availability potently modulate hunger-
dependent behaviors including feeding and sleep [25]. To determine whether Mio functions
in the fat body to modulate feeding, we measured food consumption over a 24 hr period in
flies using the CAFE assay [21]. Fat body-specific knockdown of Mio using yolk-Gal4
resulted in reduced food consumption, suggesting that Mio acts in the fat body to promote
feeding (Fig. 4A). This result led us to question whether Mio generally promotes hunger-
dependent behaviors or specifically controls feeding. One such hunger-dependent behavior
is starvation-induced sleep suppression [26]. Flies with mutations in metabolic genes that
result in altered triglyceride levels have marked changes in overall sleep homeostasis, and
flies that are starved sleep less in order to forage for food [22,27]. To determine whether
Mio selectively controls feeding behavior or generally regulates hunger-dependent
behaviors, we tested whether knockdown of Mioin the fat body alters starvation-induced
sleep suppression. To do this, sleep was measured during 24 hr on food and then 24 hr on
starvation medium as previously described [22]. Flies with Mio knockdown in the fat body
suppressed sleep similarly to control flies, suggesting that Mio is not required for metabolic
regulation of sleep (Fig. 4B, C). Starvation-induced sleep suppression results from decreased
sleep bout number rather than shortened sleep bout length [25]. We, therefore, examined the
architecture of sleep in Mio knockdown flies and found that they suppress sleep by
decreasing sleep bout number similarly to controls, fortifying the notion that Mio does not
modulate starvation-induced sleep suppression (Fig. 4D, E). Taken together, these findings
suggest that Mio regulates feeding behavior but not metabolic regulation of sleep, indicating
that Mio specifically controls food consumption and does not act as a general regulator of
hunger-driven behaviors.

4. Discussion

In this study, we have shown that decreasing Mio levels specifically in the fat body led to
lower triglycerides in larvae and adult flies. This suggests that Mio plays a role in lipid
accumulation in these animals and supports the hypothesis that Mio acts to regulate fat
storage in Drosophila. These findings are in agreement with data from a study where
ChREBP knockout mice were found to have lower triglyceride levels in their adipose tissue
compared to wild type control mice [5]. ChREBP acts with the myc-family transcription
factor MIx to activate transcription [4]. We have shown that decreasing the expression of the
Drosophila homolog of MIx, bigmax;, in the larval fat body results in decreased triglycerides
(Fig. 2A), suggesting that Mio and bigmax may act together to control fat metabolism.
Further biochemical analysis of these two proteins is necessary to determine whether they
bind to each other in order to activate the transcription of target genes.

Previous studies have shown that a high sugar diet leads to changes in expression of multiple
genes involved in fat synthesis [13]. The factors involved in up-regulating the transcription
of these genes are, however, unknown. Mio is a likely regulator of the transcription of some
of these lipogenic genes as its mammalian homolog is regulated in response to high sugar
[3]. Data presented here showing that high sugar-induced lipogenic gene expression is
blunted in Mio mutants (Fig. 1) provides support for this hypothesis. However, the targets
described here are probably only a small subset of Mio-regulated genes, and further
experimentation is necessary in order to identify the full complement of genes that are
regulated by Mio.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 September 14.
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The Drosophila fat body has been implicated in the regulation of both feeding and sleep
[28]. Here, we show that decreased levels of Mio in the fat body led to decreased food
consumption, but not altered sleep. Mio knockdown flies were tested for sleep during fed
and starved states and did not differ from wildtype under either condition. These findings
raise the possibility that Mio selectively acts to regulate feeding behavior. Testing Mio-
deficient flies in additional hunger-dependent assays such as appetitive memory and
sucrose-yeast food choice would address this question [29,30].

The decreased feeding in Mio knockdown flies could be responsible for the decreased fat
per cell and overall lower triglyceride levels observed in these MJjo mutants. One question
from this study that remains unanswered is how Mio functions in the fat body to control
feeding. The findings that Mio expression in the fat body is necessary for normal feeding
suggests that Mio acts in the fat body as a sensor capable of detecting the status of the
body’s energy reserves and conveying that information to the brain to control feeding
patterns accordingly. An inherent ability of the fat body to release peptides into the
hemolymph of the fly could explain this proposed communication between these organs. It
is possible that Mio may activate the transcription of a factor secreted from the fat body that
acts as the messenger to the brain. In order to identify whether such a Mio-responsive factor
exists, the full complement of Mio target genes needs to be identified. It is also possible that
the fat body may be communicating with the brain through a direct neuronal connection. In
mammals, white adipose tissue is directly innervated by the sympathetic nervous system
[31]. This connection is thought to be a major stimulus for initiating the mobilization of lipid
stores. A similar connection between the fat body and the brain may be present in
Drosophila, but evidence supporting this claim is lacking.

In summary, the data presented in this study shows that Mio, the Drosophilahomolog of
mammalian ChREBP, functions in the fat body to promote both lipid storage as well as
feeding behavior. These data provide support for Mio acting as a nutrient sensor in the
Drosophila fat body to coordinate metabolism and behavior in response to changes in
nutrient abundance. This study also describes a genetic system for identifying and
understanding the genes and mechanisms involved in controlling feeding and metabolism
under high sugar conditions.
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Figurel. Mioisnecessary for proper expression of lipogenic enzymes under high sugar
conditions

Heterozygous (Miok?5106]+) and homozygous (Miok05106/ Mjgk05106) Mio mutant larvae 40—
43 hr AED were fed yeast paste (control) or 20% sucrose (high sugar) for 4 hr. Larvae were
collected, total RNA isolation was performed followed by quantitative RT-PCR for the
following genes: (A) Fatty acid synthase (dFAS), (B) Acetyl-CoA carboxylase (dJACC), and
(C) ATP citrate lyase (dAATPCL) genes. mMRNA levels of flies fed yeast were set to 1.0 and
mMRNA levels of flies fed 20% sucrose were then normalized to their appropriate yeast
control for each genotype. Each experiment was performed at least three times and the
values represent means + SEM. *, £<0.05 by unpaired Student’s ¢test comparing 20%
sucrose to the yeast control within each genotype.
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Figure 2. Mio expression in the fat body is necessary for normal triglyceride storagein
Drosophila larvae and adults

(A) Normalized triglyceride/protein ratios in Cg-Gal4>Mio%RNA Cg-Gal4>Mio-IR, and
Cg-Gal4>bigmax-IR wandering instar larvae compared to Cg-Gal4>GFP controls. (B)
Normalized triglyceride/protein ratios in yolk-Gal4>Mio%RNA yolk-Gal4>Mio-IR, and
yolk-Gal4>bigmax-IR 5-8 day old females compared to yolk-Gal4>GFP controls. (C)
Normalized triglyceride/protein ratios in to-Gal4>Mio9RNA  to-Gal4>Mio-IR, and to-
Gal4>bigmax-IR 5-8 day old males compared to to-Gal4>GFP controls. Each experiment
was performed at least three times and the values represent means + SEM. *, £<0.05 by
unpaired Student’s ¢test comparing each experimental genotype to its appropriate GFP
control.
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Figure 3. Mio regulates the amount of fat stored in each cell of the adult fat body

(A) Total DNA content of fat bodies dissected from 4- to 7-day-old adult yolk-
Gal4>Mio9sRNA females or yolk-Gal4>GFP controls. (B) Triglyceride/protein, triglyceride/
DNA, and protein/DNA ratios of fat bodies dissected from yolk-Gal4>Mio9RNA females or
yolk-Gal4>GFP controls. Each experiment was performed at least three times and the values
represent means = SEM. *, £<0.05 by unpaired Student’s #test.
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Figure4. Mio actsin thefat body to promote feeding

(A) Total food consumption was measured in the CAFE assay over 24 hrs in yolk-
Gal4>GFP, yolk-Gal4>Mio%RNA and yolk-Gal4>Mio-IR 5-8 day old females. Mio
knockdown in the fat body significantly reduced feeding compared to GFP controls. (B)
Flies were tested for sleep 24 hr on food and 24 hr on agar. Flies expressing Mio-IR and
Mio9sRNA sing yolk-Gal4 significantly reduced sleep during starvation similarly to yolk-
Gal4, UAS-Mio-IR and UAS-Mio%RNA controls. (C) Analysis of starvation-induced sleep
suppression revealed no significant differences between Mio knockdown flies (yolk-
Gal4>Mio-IR and yolk-Gal4>Mio9RNA) and yolk-Gal4, UAS-Mio-IR and UAS-MiodsRNA
controls. (D, E) yolk-Gal4, UAS-Mio-IR, UAS-Mio%RNA yolk-Gal4>Mio-IR, and yolk-
Gal4>Mio9sRNA a| displayed significantly reduced bout number (D), and no changes in
average bout length (E), indicating that Mio does not alter sleep architecture in fed or
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starved flies. Each experiment was performed at least two times and the values represent
means + SEM. *, £<0.05, ** £<0.01 by unpaired Student’s ftest.
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