Drosophila estrogen-related receptor
directs a transcriptional switch that
supports adult glycolysis and lipogenesis
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Metabolism and development must be closely coupled to meet the changing physiological needs of each stage in the
life cycle. The molecular mechanisms that link these pathways, however, remain poorly understood. Here we show
that the Drosophila estrogen-related receptor (dERR) directs a transcriptional switch in mid-pupae that promotes
glucose oxidation and lipogenesis in young adults. dERR mutant adults are viable but display reduced locomotor
activity, susceptibility to starvation, elevated glucose, and an almost complete lack of stored triglycerides. Molec-
ular profiling by RNA-seq, ChIP-seq, and metabolomics revealed that glycolytic and pentose phosphate pathway
genes are induced by dERR, and their reduced expression in mutants is accompanied by elevated glycolytic inter-
mediates, reduced TCA cycle intermediates, and reduced levels of long chain fatty acids. Unexpectedly, we found
that the central pathways of energy metabolism, including glycolysis, the tricarboxylic acid cycle, and electron
transport chain, are coordinately induced at the transcriptional level in mid-pupae and maintained into adulthood,
and this response is partially dependent on dERR, leading to the metabolic defects observed in mutants. Our data
support the model that dERR contributes to a transcriptional switch during pupal development that establishes the

metabolic state of the adult fly.
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Studies over the past century have demonstrated that me-
tabolism and development are closely intertwined. For ex-
ample, it has long been known that pyruvate and not
glucose is the primary energy source for the early mouse
zygote (Clough 1985). This state changes at the postim-
plantation stage when metabolism is characterized by
high rates of aerobic glycolysis and pentose phosphate
pathway activity. These signatures have been classically
associated with tumor metabolism and are ideally placed
to support the growth demands of early mammalian de-
velopment (Vander Heiden and DeBerardinis 2017). Over
the past decade, these correlative observations have
been confirmed and extended at the molecular level pro-
viding initial insights into the mechanisms that couple
development and metabolism (e.g., Miyazawa et al.
2017; Nagaraj et al. 2017). Most progress has been made
in characterizing elegant cell type-specific switches in
metabolic state, demonstrating that proliferating cells
are often highly glycolytic, with low levels of mitochon-
drial activity, while differentiated cells display increased
oxidative metabolism (Krejei and Tennessen 2017;
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Gandara and Wappner 2018; Miyazawa and Aulehla
2018). In contrast, relatively few studies have addressed
how changes in systemic physiology are coupled with dif-
ferent stages of development to meet the changing needs
of each stage in the life cycle.

Here we focus on the transcriptional regulation of
metabolism by ERR in Drosophila. The ERRs comprise
a subfamily of orphan nuclear receptors that act as tran-
scriptional activators (Huss et al. 2015; Misra et al.
2017; Xia et al. 2019). There are three mammalian ERR
paralogs: ERRa, ERRB, and ERRy. ERRp functions as a plu-
ripotency factor in stem cells and is required for the
growth of extraembryonic tissues as well as neuronal reg-
ulation of feeding behavior and systemic energy balance
(Huss et al. 2015). In contrast, extensive studies have de-
fined metabolic functions for ERRa and ERRy in multiple
tissues, including the liver, muscle, and adipose tissue
(Huss et al. 2015; Misra et al. 2017; Xia et al. 2019). These
have revealed central roles for these receptors in oxidative
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energy metabolism and mitochondrial function, in part
through their close association with the PGC-1a coactiva-
tor. Genetic studies of ERR family members, however,
have been complicated by their functional redundancy.
ERRa and ERRy are expressed widely in overlapping pat-
terns in the mouse (Bookout et al. 2006; Huss et al.
2015) and ERRy expression is elevated in the absence of
ERRe, indicating compensatory control (Liu et al. 2005;
Dufour et al. 2007). A recent study in brown adipose tissue
demonstrated the majority of the adaptive response to ad-
renergic stimulation is dependent on the combined func-
tions of these two ERR paralogs (Brown et al. 2018).
Similarly, ERRB and ERRy are expressed in overlapping
patterns in the mouse hindbrain and ERRy levels are ele-
vated in ERRB mutant neurons with downstream effects
on target gene expression (Byerly et al. 2013). A current
goal for the field is to dissect these redundant ERR activi-
ties through the use of double mutants.

Our studies are focused on functional analysis of the
single ERR ortholog in Drosophila, dERR, with the goal
of better understanding its ancestral functions in the ab-
sence of genetic redundancy. Our initial work showed
that dERR null mutants go through early development
normally but die as mid-second instar larvae with hyper-
glycemia and hypolipidemia (Tennessen et al. 2011).
GC/MS metabolomics revealed that wild-type larvae nor-
mally display aerobic glycolytic metabolism similar to
cancer cells, with abundant lactate and 2-hydroxygluta-
rate, and this progrowth metabolic profile is dependent
on dERR function (Tennessen et al. 2011; Li et al. 2017).
Interestingly, dERR establishes this metabolic state mid-
way through embryogenesis when it coordinately induces
genes that encode enzymes in glycolysis, the pentose
phosphate pathway (PPP), and lactate dehydrogenase
(Ldh) (Tennessen et al. 2011, 2014b). These observations
support the model that dERR links metabolism with
developmental progression by establishing a metabolic
state in late embryos that is optimized for the rapid and
massive growth that occurs during larval development.

Here we extend our functional analysis of dERR to the
adult fly when there is no developmental growth. Using
a conditional allele, we show that, similar to dERR mu-
tant larvae, mutant adults display reduced expression of
genes in the glycolytic and pentose phosphate pathways,
many of which appear to be directly induced by the re-
ceptor. In contrast to larvae, however, this results in re-
duced levels of citrate and downstream lipogenesis,
leading to an almost complete absence of stored triglyc-
erides in the adult fat body. Transcriptional profiling of
staged control and dERR mutant pupae and adults
revealed that this metabolic state is normally induced
during mid-pupal development and the glycolytic tran-
scriptional switch is disrupted in dERR mutants. We
conclude that dERR acts during pupal stages to con-
tribute to the physiological state of the adult fly by
up-regulating metabolic pathways that support glucose
oxidation and lipogenesis. This study provides insights
into the molecular mechanisms that allow the animal
to transition from an immobile pupa into a highly motile
and reproductively active adult fly.
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Results

dERR is required for normal adult locomotor activity,
longevity, and starvation resistance

We engineered a conditional dERR mutant allele using
CRISPR/Cas9 in order to bypass its early essential role
in larval development and study its functions in adults
(Fig. 1A). Two FRTs were inserted into the endogenous
dERR locus, flanking the majority of the protein-coding
region, along with a Pax3-DsRed reporter at the 3’ end
to identify recombinants (Supplemental Fig. S1). This con-
ditional allele was carried in combination with the JERR?
deletion allele and animals with and without a hsFLP
transgene were subjected to sequential heat treatments
as late third instar larvae and prepupae. This results in a
hsFLP-dependent loss of dERR genomic sequences be-
tween the FRTs as well as greatly reduced levels of
dERR mRNA in adults (Supplemental Fig. S2A-C). We
conclude that FRT-mediated excision of dERR coding se-
quences results in a strong loss-of-function for dERR.
From here on, we refer to these animals as dERR mutants,
with controls representing animals that carry the same
dERR allelic combination without the hsFLP transgene.

dERR mutant adults eclose at a normal rate indicating
that dERR exerts no essential functions during metamor-
phosis (Supplemental Fig. S2D). Mutant adults, however,
display a noticeable decrease in motility compared with
controls (Fig. 1C). In addition, dERR mutants have a sig-
nificantly shortened life span, with a median life span of
47 d compared with 77 d in controls (Fig. 1B). Interesting-
ly, dERR mutants are also sensitive to humid starvation,
with mutant animals dying at almost twice the rate as
controls (Fig. 1D).

dERR supports adult metabolic homeostasis

The decreased locomotor activity and sensitivity to star-
vation in dERR mutants raises the possibility that dERR
functions to maintain energy homeostasis in young
adults. To test this hypothesis, we assayed the major
forms of available and stored energy in controls and mu-
tants. Similar to our earlier study of dERR mutant larvae,
we found that glucose levels are increased while glycogen
levels are not significantly affected, although they appear
to be more variable in dERR mutants relative to controls
(Fig. 2A,B; Tennessen et al. 2011). Also similar to dERR
mutant larvae, triglyceride levels are reduced in mutant
adults; however, this effect is much more dramatic, in
some cases approaching the lower detection limit of the
assay (Fig. 2C). Interestingly, protein levels are also re-
duced in dERR mutants, suggesting that this may reflect
a compensatory response to the reduced levels of stored
energy (Fig. 2D). Consistent with dERR mutants undergo-
ing sustained energy depletion, ATP levels are lower in
these animals relative to controls (Supplemental Fig.
S2E). Staining with the lipophilic dye Oil Red O confirmed
our triglyceride assays, revealing greatly reduced lipid
stores in dissected abdomens as well as in isolated fat tis-
sue (Fig. 2E-H). Taken together, we conclude that dERR is
required for adult metabolic homeostasis, with a major
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Figure 1. dERR is required for maximal life
span, starvation resistance, and adult loco-
motor activity. (A) The genomic locus for
the dERR conditional allele is depicted
with the two FRT insertion sites (green box-
es) and the 3XPax3-dsRed marker gene (red).
The two isoforms for dERR are shown (ERR-
RA and ERR-RB), including protein-coding
sequences (blue boxes) and UTRs (gray box-
es). (B,D) Life span was scored for controls
(blue) and dERR mutants (red) on a normal
diet (B) or following water-only starvation
initiated on day 6 of adulthood (D). Median
life spans: controls: normal diet, 77 d (n=
76); water, 5 d (n=141); dERR mutants: nor-
mal diet, 47 d (n=140); water, 4 d (n=144).

200 bp
3

50
Days

100 control dERR ™

(C) Locomotor activity was measured as a
fraction of total vial height achieved for con-
trols (blue) and dERR mutants (red) using the

Days

RING assay. Animals were fed a normal diet and assayed on day 6 of adulthood. n =8 independent samples with 10 animals per sample.

(***) P<0.001; (**) P<0.01.

role for this receptor in maintaining appropriate levels of
stored triglycerides.

To gain a better understanding of when dERR mutants
become hypolipidemic, we assayed triglyceride levels in
staged animals during the first 10 days of adulthood (Fig.
21I). As expected, controls display an approximately ~two-
fold drop in triglyceride levels by day 3 and then remain
flat for the rest of the time course (Fig. 2I, blue line).
This is consistent with earlier studies showing that flies
normally eclose with significant amounts of persisting
larval lipids that are depleted during the first three days
of adulthood followed by de novo lipogenesis that main-
tains adult lipid stores (Aguila et al. 2007; Storelli et al.
2019). In contrast, dERR mutants display an approximate-
ly fivefold drop in triglycerides during the first 3 d of adult-
hood followed by almost undetectable lipid levels at days
7 and 10 (Fig. 21, red line). Interestingly, this rapid rate of
lipid depletion is similar to the kinetics of triglyceride
loss seen in control adults starved at eclosion, suggesting
that this arises from a block in adult lipogenesis (Storelli
et al. 2019). In addition, triglyceride levels are normal in
newly eclosed dERR mutants indicating that the observed
defects in lipid metabolism are adult-specific. Similar
adult-specific roles for dERR are evident in protein and
glucose homeostasis, with a gradual onset of the mutant
phenotypes during the first week of adulthood (Supple-
mental Fig. S2F,G).

The rapid decline in triglyceride levels seen in dERR
mutants raises the possibility that dERR is required for
de novo lipogenesis from dietary sugar (Musselman et al.
2011). To test this hypothesis, we assayed glucose and tri-
glyceride levels in controls and dERR mutants fed a low
(3%) and high (15%) sugar diet. As expected, control ani-
mals displayed diet-dependent increases in both glucose
and triglycerides (Fig. 2], K; Musselman et al. 2011). In con-
trast, dERR mutants showed a greater susceptibility to
diet-induced hyperglycemia and no change in triglyceride
levels in response to high dietary sugar (Fig. 2], K). Taken
together, these findings indicate that dERR mutants are

resistant to diet-induced obesity and unable to establish
triglyceride stores from excess dietary carbohydrate.

dERR regulates glycolytic gene expression in adults

To gain a molecular understanding of dERR function in
adults, we performed RNA-seq analysis on controls and
dERR mutants at day 6 of adulthood. RNA-seq analysis re-
vealed a significant change in 1004 transcripts, with 748
transcripts expressed at reduced levels and 256 transcripts
at elevated levels (Supplemental Table S1). We focused
our attention on the down-regulated gene set since these
are likely to represent direct targets of dERR due to its
role as a transcriptional activator (Huss et al. 2015; Misra
et al. 2017; Xia et al. 2019). GO analysis of these genes re-
vealed significant enrichment of metabolic processes,
with carbohydrate metabolism as a top category (Fig.
3A; Supplemental Tables S1, S2). Consistent with this, al-
most every gene encoding an enzyme in glycolysis is ex-
pressed at reduced levels in dERR mutants along with
many genes in the PPP (Fig. 3B). RT-qPCR was used to val-
idate the reduced expression of key targets in the glycolyt-
ic and pentose phosphate pathways, as well as the gene
encoding ATP citrate lyase, which converts cytoplasmic
citrate into acetyl CoA—the first step in lipogenesis (Fig.
3C). We also confirmed that Gpdh is expressed at reduced
levels in dERR mutants (Fig. 3C). The enzyme encoded by
this gene converts the glycolytic intermediate DHAP into
glycerol 3-phosphate, which is an important precursor for
triglyceride synthesis. Genes involved in both glycogen
synthesis and glycogenolysis are also reduced in dERR
mutants (Fig. 3C; Supplemental Table S1). These include
glycogen synthase and UDP-glucose pyrophosphorylase
(UGP) in glycogen synthesis and glycogen phosphorylase
(GlyP) and phosphoglucomutase (Pgm) in glycogenolysis,
all of which play central roles in these pathways. These
divergent effects on glycogen metabolism may contribute
to the increased variability in glycogen levels seen in
dERR mutants (Fig. 2B).
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Figure 2. dERR is required for adult metabolic homeostasis and establishing adult triglyceride stores. (A-D) Whole animal homogenates
from controls (blue) and dERR mutants (red) at day 6 of adulthood were analyzed for glucose (A), glycogen (B), triglyceride (C), and protein
(D) levels. Data is normalized to the controls. Animals were fed a normal diet; n=17-23 independent samples with five animals per sam-
ple. (E-H) Bright-field images of adult fat bodies from six day-old controls (E,G) and dERR mutants (F,H) stained with Oil Red O to detect
neutral lipids. Representative images show the dorsal fat body attached to the abdominal cuticle (E,F), or dissected dorsal fat bodies (G, H).
n=12 animals analyzed. Scale bar, 50 nm. (I) Triglyceride levels were measured from whole animal homogenates of controls (blue) and
dERR mutants (red) collected at 1, 3, 7, and 10 d of adulthood. Animals were fed a normal diet and all data is normalized to 1-d control
levels. n=6 independent samples with five animals per sample. Points indicate mean = SEM. (J,K) Whole animal homogenates from
6-d-old controls (blue) and dERR mutants (red) were analyzed for glucose and triglyceride levels following exposure to a 3% or 15% sugar
diet from days 2 to 6 of adulthood. Data were normalized to controls on a 3% sugar diet. n = 18 independent samples with five animals per
sample. (***) P<0.001; (**) P<0.01; (ns) P>0.05.

To identify potential direct transcriptional targets of supporting glycolytic and PPP gene expression in young
dERR, we performed chromatin immunoprecipitation fol- adults.
lowed by high-throughput sequencing (ChIP-seq). Analy- GC/MS metabolomic analysis of dERR mutants con-
sis of reads revealed 61 genes as high-confidence targets firmed and extended our understanding of its roles in car-
by selecting for dERR binding sites within 1 kb of the pro- bohydrate metabolism and lipogenesis. Consistent with a
moter and a Q-value < 0.05 (Supplemental Table S3). Inter- reduction in glycolysis, dERR mutants display increased
estingly, 11 of the 12 genes that encode glycolytic levels of glycolytic intermediates, including glucose-6-
enzymes had significant ChIP-seq peaks within 1 kb of phosphate, fructose-6-phosphate, 2-phosphoglycerate, and
the promoter defining them as possible direct targets of 3-phosphoglycerate, along with accumulations of glucose,
the receptor. Similar results were seen in a ChIP-seq anal- fructose, and mannitol (Fig. 4). In addition, pyruvate
ysis of dERR binding sites in S2 tissue culture cells, con- levels are reduced in dERR mutants, along with the six
firming that these represent targets for dERR regulation tricarboxylic acid (TCA) cycle intermediates that we de-
(Kovalenko et al. 2019). Of these, Pfk, Pgk, Tpi, Pglym78, tected: citrate, isocitrate, a-ketoglutarate, succinate, fu-
Gapdh?2, and Ald are within the top 15 genes in the data marate, and malate (Fig. 4). The amino acids alanine and
set, representing a higher frequency of dERR occupancy proline are also significantly reduced, likely reflecting
relative to other target loci (Fig. 3D; Supplemental Table their depletion by anaplerosis in an effort to replenish
S3). In addition, zwischenferment, which encodes glucose the TCA cycle. These results are consistent with the re-
6-phosphate dehydrogenase, the rate-limiting step in the duced levels of total protein in dERR mutants (Fig. 2D).
PPP, as well as transketolase, are possible direct targets In parallel, GC/MS analysis of fatty acid methyl esters
of dERR (Supplemental Tables S3, S4). In addition to its (FAMEs) revealed reduced levels of the major long chain
role in supporting nucleotide biosynthesis, this pathway fatty acids in dERR mutants: lauric acid, myrisitic acid,
is a critical source of NADPH for lipogenesis. Taken palmitic acid, and oleic acid (Fig. 4). Taken together
together, these studies define a central role for dERR in with the reduced levels of citrate, which is required for
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Figure 3. dERR directly maintains glycolytic gene
expression in adults. (A) Gene ontology (GO) enrich-
ment analysis of genes expressed at a significantly re-
duced level in dERR mutants relative to controls as
determined by RNA-seq. GO term analysis was per-
formed using the Biological Processes designation in
PANTHER GO-slim, and categories are listed in order
by FDR. (B) A schematic is shown depicting the glyco-
lytic pathway in Drosophila with the average fold-
change in transcript levels in dERR mutants as deter-
mined by RNA-seq (red). (C) RT-qPCR measurement
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tabolism, and glycogen metabolism in dERR
mutants relative to controls. mRNA values were nor-
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were calculated using the comparative Ct method.
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analysis performed on adult animals for dERR-3xFlag
genomic binding shows direct association with genes
involved in glycolysis. Data tracks display fragment
pileup from MACS2 (Y-axis) at four significantly
bound dERR target loci. The read accumulation histo-
gram (dark blue) is aligned to the isoforms of each
gene, with protein coding sequences (filled boxes), in-
trons (lines), and UTRs (open boxes) shown.

the first step in lipogenesis, and reduced expression of
ATP citrate lyase, our metabolomic analysis supports
the model that the block in glycolysis in dERR mutants
leads to reduced de novo lipogenesis, resulting in the dra-
matic effects we see on total stored lipids in adults.

dERR is required in the adult fat body to maintain
lipid stores

The fat body and intestine play central roles in Droso-
phila lipogenesis (Palm et al. 2012; Musselman et al.
2013). To determine whether dERR acts in these tissues
to maintain normal levels of stored lipid, we used the
GAL4/UAS system to direct RNAi against dERR in the
adult fat body or intestine and examined the effects on
whole-body glucose and triglyceride levels (Fig. 5A,B).
This study showed that fat body-specific loss of dERR
function recapitulates the major phenotypes seen in
our mutant studies, including hyperglycemia, hypolipi-
demia, and reduced levels of neutral lipids as demonstrat-
ed by Oil Red O staining (Fig. 5A-D). Similar effects were
observed using adult fat body-specific RNAi against Pfk,
which encodes the rate-limiting enzyme in glycolysis and
appears to be a direct target of dERR regulation (Fig. 5A,B;
Supplemental Table S4). In contrast, adult-specific disrup-
tion of dERR or Pfk function in the intestine had no signifi-
cant effects on glucose or triglyceride levels (Fig. 5A,B). We
conclude that dERR and glycolysis are required in the

adult fat body to maintain normal systemic levels of glu-
cose and triglycerides.

dERR directs a transcriptional switch in glycolytic gene
expression at the onset of adulthood

Our previous study of dERR function demonstrated that it
triggers a global switch in gene expression midway
through embryogenesis, establishing an aerobic glycolytic
metabolic state that supports larval growth (Tennessen
et al. 2011, 2014b). This glycolytic transcriptional pro-
gram is subsequently repressed at the end of larval devel-
opment, a few hours before metamorphosis (White et al.
1999). This raises the interesting possibility that dERR
might act again, at the onset of adulthood, to direct the co-
ordinated induction of glycolytic gene expression. Exami-
nation of modENCODE time course expression data in
wild-type animals supports this hypothesis, revealing a
coordinate increase in glycolytic transcripts in late pupae
and maintained expression into adulthood (Supplemental
Fig. S3; Graveley et al. 2011). To determine whether this
switch is dERR dependent, we performed an RNA-seq
time course analysis of controls and dERR mutants staged
at 1-d intervals during metamorphosis, day 1 adults, and
day 6 adults (Supplemental Table S5). Similar to the mod-
ENCODE data, control animals display coordinated gly-
colytic gene induction in 2- to 3-d-old pupae with an
expression peak in day 1 adults, followed by decreased
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idation. GC/MS metabolomic profiling of 6-d-old con-
trols (blue) and dERR mutants (red) raised to adulthood
on a normal diet (9% sugar) and transferred to a 15% sug-
ar diet at eclosion. n = 8-12 independent samples with 20
animals per sample. Metabolite data are from three inde-
pendent GC/MS experiments, with the exception of the
fatty acid measurements, which were performed in one
GC/MS experiment. Values were normalized to control
levels for each metabolite. (***) P<0.001; (**) P<0.01;
(ns) P>0.05.

Lipogenesis

Myrisitic acid
209 C14:0

v

ik

Palmitic acid
C16:0

Oleic acid

15, C18:1n9¢c

i

:.Z. Fuvﬂa'rate . y é
i / TCA cycle
°

=

Succinate @

1, Proline

1

S~

but sustained expression in day 6 adults (Fig. 6A, left pan-
el). In contrast, dERR mutants display delayed and re-
duced glycolytic gene expression in late pupae and early
adults, with lower expression at day 6 (Fig. 6A, right
panel). Examining the temporal profiles of individual gly-
colytic genes confirms this observation and shows that
Pyk is less affected, while Hex-C (encoding a homolog of
glucokinase) is unaffected by a loss of dERR (Fig. 6B).
We conclude that dERR is required in mid-pupae to direct
a switch in metabolism that supports adult glycolysis.

The onset of adulthood is accompanied by large-scale
switches in metabolic gene expression

The broad induction of glycolytic gene expression in mid-
pupae raises the possibility that other metabolic genes
might be coordinately regulated at this stage in develop-
ment. This would be similar to our earlier study of gene
expression in staged embryos, which showed that the
dERR-dependent glycolytic switch is part of a much wider
transcriptional response during mid-embryogenesis (Ten-
nessen et al. 2014b). As a first step toward determining
whether a similar global transcriptional transition is oc-
curring at the onset of adulthood, we used the Mfuzz pack-
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age in R to perform a clustering analysis of metabolic genes
(Supplemental Table S2) to identify those that display sim-
ilar temporal expression profiles in staged pupae and early
adults (Supplemental Table S5). We initially evaluated
cluster assignments using multiple cluster values ranging
from two to 16 and found that at values larger than four
most of the clusters resemble each other in their overall ex-
pression profiles as well as in their gene identities. Accord-
ingly, we focused our attention on four clusters that
represent distinct patterns of expression at the onset of
adulthood (Fig. 7A). Interestingly, the majority of metabol-
ic genes (66 %, 942 genes) had transcript expression profiles
that peaked after mid-pupariation, similar to the temporal
profiles of glycolytic gene induction (Fig. 7A,B, up 1 and up
2). As expected, these sets included genes involved in gly-
colysis, although genes involved in the PPP, pyruvate me-
tabolism, and fructose and mannose metabolism are also
in these up-regulated gene sets (Fig. 7B). Remarkably,
most genes involved in the TCA cycle and electron trans-
port are also up-regulated at the onset of adulthood, indi-
cating that transcriptional induction of oxidative
metabolism is coordinated with increased glycolysis at
this stage in development (Fig. 7B; Supplemental Figs.
S4, S5). The remaining 34% percent of metabolic genes
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Figure 5. dERR functions in the adult fat body to maintain lipid
stores. (A,B) Whole-animal homogenates were prepared from con-
trols (blue) or flies with adult-specific RNAi targeting dERR (red)
or Pfk (green)in either the fat body (cg-GAL4, Tub-GALS0™) or in-
testine (Myola-GAL4, Tub-GAL80™). These samples were ana-
lyzed for glucose (A) and triglyceride (B) levels. Animals were
maintained for the first 11 d of development at 18°C and subse-
quently transferred for the remainder of the experiment to 29°C.
Data were normalized to the controls. Animals were fed a normal
diet; n=9-29 independent samples with five animals per sample.
(***) P<0.001; (**) P<0.01; (ns) P>0.05. (C,D) Bright-field images
of adult fat bodies stained with Oil Red O to detect neutral lipids.
Samples were collected from 6-d-old controls (C) or animals with
adult-specific RNAI targeting dERR in the fat body (cg-GAL4,
Tub-GALS80") (D). Scale bar, 50 um.

(495 genes) displayed profiles of expression that peaked in
either early pupae or mid-pupal stages (Fig. 7A, down 1 and
down 2). These pupal down-regulated metabolic genes
act in several metabolic pathways including 20-hydrox-
yecdysone metabolism, tRNA synthesis, and pyrimidine
metabolism.

The observation that a majority of metabolic genes are
up-regulated in late pupae raises the question of how
broadly dERR might impact metabolism at this stage. To
determine this, we examined the temporal profiles of
gene expression for several metabolic categories in staged
controls and dERR mutants (Fig. 7C). As expected, the
dERR-dependent glycolytic switch can be readily identi-
fied using this approach (Fig. 7C). Indeed, 8 of the 12 genes
that act in glycolysis are expressed at reduced levels at all
time points examined in our RNA-seq analysis (Supple-
mental Table S5). In addition, we found that genes
involved in the pentose phosphate pathway are largely
up-regulated in young adults in a dERR-dependent manner
(Fig. 7C). Glycogenolysis and glycogen synthesis are also
affected at this stage. The average effect of the dERR muta-
tion on these gene sets, however, is relatively small
because only a few genes are expressed at significantly re-
duced levels in the mutant background, including glyco-
gen synthase, UGP, GlyP, and Pgm (Supplemental Table
S5). UGP, GlyP, and Pgm are also bound by dERR, suggest-
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ing that they are direct regulatory targets of the receptor
(Supplemental Table S3). Interestingly, although genes
that act in the TCA cycle and electron transport are glob-
ally up-regulated at the onset of adulthood, this response
occurs independently of dERR regulation. These wide-
spread switches in oxidative metabolic gene expression
are also readily apparent in the time course data from mod-
ENCODE (Supplemental Fig. S4). Our data thus indicate
that other temporal regulators must act together with
dERR at the onset of adulthood to direct the adult metabol-
ic transition toward glucose oxidation and lipogenesis in
Drosophila.

Discussion

Metabolism changes dramatically as animals progress
through development. How these systemic metabolic

A control dERR™

Gapdh2 I 15
Pgk 1
Gapdh1

Pglym78 o5

WPP P1 P2 P3 P4 (A1 A6 WPP P1 P2 P3 P4|A1 A6

eclosion eclosion

. Pfk Ald
0] - 7\

B Hex-C Pgi

Jre—,
PR ]

/
J
7

8 8
8

WP P1 P2 P B4 AT RS WPP B1 P2 F3 P4 A1AS  WPP P12 P P4 AT AS  WeP B1 P2 Po pé A1 A
Tpi Gapdh1 - Gapdh2 o Pgk

| 1/ Y\E

fi LE N 3m

()

]

WPP P1 P2 P3 P4 A1 AG  WPPP1 P2 P3 P4 A1 A6 WPPP1 P2 P3 P4 A1 AS  WPP P1 P2 P3 P4 A1 AG

Pglym78 Eno Pyk )

™ ,/ .

A ZA

WPP P1 P2 P3 P4 A1 AS WP P1 P2 P3 P4 A1 AS  WPPP1 P2 P3 P4 AT AS

Figure 6. dERR is required for the induction of glycolytic gene
expression in late pupae. (A) Heat maps of relative gene expression
are depicted for transcripts encoding central enzymes in glycoly-
sis from staged controls (left) and dERR mutants (right) using
RNA-seq data. Genes are ordered vertically by median expression
value over time. Eclosion is marked with a vertical line. (B) Expres-
sion plots through time are depicted for transcripts that encode
glycolytic enzymes in controls (blue) and dERR mutants (red).
Mean values at each time point are plotted to make the line,
with the gray border representing the standard error bounds using
aLOESS fitting. Expression levels are shown as transcripts per mil-
lion (TPM) normalized expression values to account for gene size
and total RNA in the sample. Animals were staged as: white pre-
pupae (WPP), day 1 pupae (P1), day 2 pupae (P2), day 3 pupae (P3),
day 4 pupae (P4), day 1 adult (A1), day 6 adult (A6). RNA-seq data
was derived from triplicate samples with 15 animals per sample.
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Figure 7. Coordinate transcriptional induction of metabolic
pathways in late pupae. (A) Soft-clustering analysis was per-
formed on transcripts from RNA-seq data for genes representing
the major metabolic pathways in Drosophila using the Mfuzz
package in R (Supplemental Table S2). FPKM normalized reads
were used to account for gene size, with number of clusters set
to four (up 1, up 2, down 1, and down 2). Temporal profiles with
low membership value (yellow, green) and high membership val-
ue (red, purple) are depicted. The number of genes assigned to a
given cluster is shown (n=) along with its percentage relative to
the total set of metabolic genes analyzed. The first day of adult-
hood is marked with a dashed line. (B) Table of metabolic path-
ways with highest representation in the up clusters. Metabolic
pathways are ordered vertically first by the percent total up, and
then by the total number of genes in that pathway, shown in pa-
rentheses. The distribution of genes for each pathway in the four
clusters is shown as a percentage of the total. Pathways in which
every gene is in the up clusters (100%) are separated by a line from
the top pathways where most genes are up (80%-95%). (C) Gene
expression plots through time are shown for RNA-seq data from
controls (blue) and dERR mutants (red) for six metabolic path-
ways: glycolysis, the pentose phosphate pathway (PPP), glycogen-
olysis, the electron transport chain (ETC), TCA cycle, and
glycogen synthesis (n=3 with 15 animals per sample). Mean ex-
pression values of the replicates of all genes at each time point
are plotted to make the line, and the gray border represents the
standard error bounds using a LOESS fitting. Expression levels
are shown as transcripts per million (TPM) normalized expression
values to account for gene size and total RNA in the sample. An-
imals were staged as white prepupae (WPP), day 1 pupae (P1), day
2 pupae (P2), day 3 pupae (P3), day 4 pupae (P4), day 1 adult (A1),
and day 6 adult (A6).
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states are coordinated with the life cycle, however, re-
mains unclear. Although some transitions can occur
slowly and thus could involve complex compensatory
and feedback regulation, other metabolic transitions oc-
cur within a period of a few hours or days and require a
more rapid and direct form of control. Here we show
that the onset of adulthood in Drosophila is accompanied
by a widespread switch in gene expression that occurs
midway through metamorphosis. This transition involves
the central pathways of energy metabolism, glycolysis,
the TCA cycle, and electron transport chain, and thus is
ideally designed to meet the increased energy demands
of adult motility. We show that the dERR nuclear receptor
is required for part of this transcriptional response, induc-
ing the expression of key genes in glycolysis, the PPP, and
lipogenesis. Below we describe this regulatory response in
more detail and propose a model for how dERR contrib-
utes to the pupal-to-adult metabolic transition.

dERR is required for glycolysis and lipogenesis in adults

We used CRISPR/Cas9 to generate a conditional dERR
mutant allele in order to facilitate functional studies dur-
ing later stages of development. Although widely used in
mice, conditional alleles are rarely implemented in Droso-
phila largely due to the ease of RNAI studies and clonal
analysis. Conditional alleles, however, provide an ideal
way to characterize organism-wide responses at any stage
of development as well as a genetic alternative to cell
type- and tissue-specific RNAi, which can be complicated
by partial knockdown and off-target effects.

dERR mutant adults eclose at a normal rate and with
normal metabolites (Fig. 2I; Supplemental Fig. S2D,F,G).
This implies that metamorphosis can proceed with basal
levels of glycolysis. This is perhaps not surprising given
that insects do not feed during pupal stages but instead
depend on stored energy and nutrients recycled from the
autophagic death of larval tissues. In addition, our time
course analysis of metabolic gene expression reveals an
unexpected role for dERR in enhancing glycolysis at pu-
parium formation (Fig. 6A). dERR mutants show a modest
but significant reduction in glycolytic transcripts during
early stages of metamorphosis, which in control animals
are already at relatively low levels. Interestingly, this cor-
relates with the transcriptional induction of ZERR mRNA
in apparent response to the late larval pulse of 20-hydrox-
yecdysone (Sullivan and Thummel 2003). Further studies
are required to determine the possible significance of this
regulatory connection with ecdysone signaling and roles
for glycolysis during early metamorphosis.

The accumulation of lipid in the newly formed adult fat
body appears to be entirely dependent on de novo lipogen-
esis, as reflected by the absence of triglycerides and neutral
lipids in adults starved at eclosion (Storelli et al. 2019). We
propose that this efficient conversion of dietary nutrients
into stored fat is regulated by dERR at the onset of adult-
hood. Several lines of evidence support this model. First,
dERR mutants rapidly become hypolipidemic, leading to
an almost complete absence of lipids by 1 wk of age (Fig.
21I), resembling the hypolipidemia seen in controls starved
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at eclosion (Storelli et al. 2019). In addition, unlike con-
trols, a high sugar diet has no effect on the low triglyceride
levels in dERR mutant adults (Fig. 2K). This is consistent
with the reduced expression of genes that encode glycolyt-
icenzymes (Fig. 3B,C), many of which appear to be directly
regulated by dERR (Supplemental Tables S3, S4). This
reduced rate of glycolysis leads to an accumulation of glu-
cose along with reduced downstream TCA cycle interme-
diates, including citrate, which is the key precursor for
lipogenesis (Fig. 4). In addition, ATP citrate lyase (ATPCL)
is expressed at reduced levels in dERR mutants (Fig. 3C).
This gene encodes the enzyme that converts cytoplasmic
citrate into the critical precursor for lipid synthesis, acetyl
CoA (Fig. 8). Lipogenesis is also dependent on NADPH,
which is largely derived from the PPP, another pathway
that appears to be under direct control by dERR (Fig. 3C;
Supplemental Tables S3, S4). In addition, Gpdh, which en-
codes a key enzyme that supports triglyceride biosynthe-
sis, is expressed at reduced levels in dERR mutants (Fig.
3C; Supplemental Table S1). Taken together, these effects
of dERR on glycolysis, the PPP, citrate levels, Gpdh expres-
sion, and ATPCL expression, can account for the reduced
levels of fatty acids seen in dERR mutants along with the
reduced levels of stored fat (Figs. 4, 8).

In addition to hypolipidemia, dERR mutant adults
rapidly develop hyperglycemia and hypoproteinemia
(Supplemental Fig. S2F,G). As mentioned above, the hy-
perglycemia is likely due, at least in part, to reduced gly-
colysis, which leads to an accumulation of glucose along
with fructose and mannitol (Fig. 4). Similarly, the reduced
protein levels seen in dERR mutants are consistent with
the fundamental block in energy metabolism in these an-
imals. It is likely that dERR mutants are breaking down
protein in order to compensate for the reduced entry of py-
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Figure 8. A model for dERR function in adult metabolism.
dERR directly induces genes in glycolysis and the pentose phos-
phate pathway (PPP), highlighted with gray boxes. The end prod-
uct of glycolysis, pyruvate, enters the TCA cycle to undergo
oxidative phosphorylation for ATP production. Relatively little
pyruvate is converted to lactate due to low levels of Ldh expres-
sion in adults. Cytoplasmic citrate, derived from the TCA cycle,
is converted into the critical precursor for lipogenesis, acetyl
CoA, by ATP citrate lyase (ATPCL), which is up-regulated by
dERR in adults. NADPH from the PPP provides the reducing
power for efficient lipogenesis, supporting the synthesis of fatty
acids, the precursor for stored triglycerides. Mitochondrial activ-
ity is independently up-regulated in adults by the dHNF4 nuclear
receptor.
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ruvate into the TCA cycle. This possibility is supported by
the major reductions in alanine and proline in dERR mu-
tants seen by metabolomic analysis (Fig. 4). In addition, a
shift from glucose oxidation to protein catabolism is a
hallmark of the starved state and thus could contribute
to the shortened life span and reduced motility seen in
dERR mutant adults (Fig. 1B,C). It is also interesting to
note that dERR mutant larvae do not display a reproduc-
ible effect on total protein levels. Consistent with this,
proline is only reduced about twofold in mutant larvae
and alanine levels are only slightly affected (Tennessen
et al. 2011). Similarly, citrate, isocitrate, and succinate
levels are all unaffected in dERR mutant larvae and signif-
icantly reduced in dERR mutant adults. These stage-spe-
cific differences appear to reflect a more significant
reduction in TCA cycle activity in mutant adults and
thus could explain why triglycerides are more severely af-
fected at this stage.

Previous studies have demonstrated that the adult fat
body is a critical tissue for de novo lipogenesis (DiAngelo
and Birnbaum 2009; Musselman et al. 2013). Our results
support this conclusion and show that dERR and glycoly-
sis are both required in this tissue for proper lipid accumu-
lation. Disruption of either dERR or Pfk in the adult fat
body leads to reduced levels of triglycerides and reduced
neutral lipids in adult fat tissue (Fig. 5). These phenotypes
are similar to the hypolipidemia seen in dERR mutants,
supporting the proposal that efficient glycolysis in the
adult fat body is required to maintain appropriate levels
of stored lipid. However, it is important to note that
dERR also has effects on multiple metabolic pathways
that act in tissues outside the fat body (Supplemental Ta-
ble S1). Further studies are required to dissect these activ-
ities and determine how they might contribute to adult
physiology and health.

Interestingly, roles for ERR in maintaining stored lipid
reserves appear to be conserved through evolution.
ERRa mutant mice appear normal and are fully viable
but display reduced body weight, reduced peripheral adi-
pose mass, and are resistant to diet-induced obesity (Luo
et al. 2003). More recent studies of ERRa mutant mice
have confirmed and extended these original observations
and also shown that pharmacological inhibition of ERRa«
leads to reduced body weight as well as reduced hepatic
lipid accumulation and reduced gonadal and inguinal fat
mass (Kim et al. 2013; B’Chir et al. 2018). To date, howev-
er, no studies have demonstrated a direct role for ERRa in
supporting normal glycolytic oxidation or lipogenesis and
thus it remains unclear whether the molecular mecha-
nisms that we describe here for dERR are conserved
through evolution. However, it is important to note that
glycolytic genes are expressed at reduced levels in ERRy
mutant hearts and ERRa is bound to almost every gene
in the glycolytic pathway in the mouse liver (Alaynick
et al. 2007; Charest-Marcotte et al. 2010). In addition,
dERR has been shown to support glycolytic Warburg me-
tabolism in cancer cells (Deblois and Giguere 2013). Fur-
ther studies are required to address possible roles for
mammalian ERR family members in supporting glucose
oxidation for energy production and lipogenesis.
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dERR and dHNF4 contribute to efficient glucose
oxidation in adults

Although our studies demonstrate that dERR is required to
establish adult lipid reserves, its central role in glycolysis
is also consistent with the high energetic demands of adult
motility. Indeed, at peak capacity, Drosophila flight sus-
tains remarkable mechanical power driven by highly effi-
cient energy production (Wigglesworth 1949; Lehmann
and Dickinson 1997). Adult flies must therefore maintain
high levels of pyruvate to fuel ATP synthesis through mi-
tochondrial oxidative phosphorylation. Unlike larvae,
which efficiently convert pyruvate into lactate to support
aerobic glycolysis, Ldh expression is relatively low during
pupal and adult development (Supplemental Fig. S3). In ad-
dition, previous studies from our lab have shown that the
dHNF4 nuclear receptor triggers a transcriptional switch
in newly emerged adults that supports mitochondrial
function and maximal ATP production (Barry and Thum-
mel 2016). We propose that it is the coordinated activities
of dERR and dHNF4 that establish the efficient energetic
state that characterizes adult life. dERR is required for a
transcriptional switch during mid-pupal stages that up-
regulates glycolysis along with other pathways. This is fol-
lowed by the induction of dHNF4 at the end of metamor-
phosis, activating downstream target genes that promote
mitochondrial oxidative metabolism (Barry and Thummel
2016). Taken together, these two nuclear receptors can di-
rect the efficient conversion of glucose into ATP, promot-
ing oxidative energy production. In addition, this nuclear
receptor mediated metabolic switch provides a molecular
context to understand the so-called “U-shaped curve” of
oxygen consumption that occurs during insect metamor-
phosis (Bodine and Orr 1925; Merkey et al. 2011). Studies
in multiple insect species have shown that their overall
metabolic rate drops at the onset of metamorphosis and in-
creases prior to adult eclosion, as represented by a U-
shaped curve of oxygen consumption. This profile corre-
lates with the relatively low levels of metabolic gene ex-
pression that we observed during metamorphosis. In
addition, our results support the proposal that dERR and
dHNF4, acting together at the onset of adulthood, end
the U-shaped curve of low metabolic rate during metamor-
phosis and establish the efficient physiological state that
sustains adult energetic needs (Fig. 8).

Interestingly, previous studies have shown that nuclear
receptors can cooperate to link developmental progres-
sion with metabolism. Both ERRy and PPARa contribute
to a postnatal change in fuel utilization in the mouse
heart, from primarily glucose during fetal stages to fatty
acids following birth (Lehman and Kelly 2002; Alaynick
et al. 2007). This switch in energy substrate preference al-
lows the newborn pup to effectively utilize dietary lipids
from maternal milk. Taken together with our studies of
dERR and dHNF4 in Drosophila, these studies in mam-
mals highlight the importance of nuclear receptors in cou-
pling developmental progression with metabolism and
raise the possibility that other metabolic switches may
be discovered through future studies of these transcrip-
tional regulators.
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Major metabolic pathways are coordinated with
developmental maturation

Transcriptional profiling of staged pupae and young adults
revealed that the central glycolytic genes are coordinately
induced during mid-pupal stages in a dERR-dependent
manner (Fig. 7; Supplemental Table S5). Unexpectedly,
we also found that most genes in the TCA cycle and
ETC are globally up-regulated in synchrony with this
switch (Supplemental Fig. S4). The transcription factors
that mediate this regulation, however, remain unknown.
Only a few genes in the TCA cycle and ETC display a
small change in their expression in dERR and dHNF4 mu-
tants (Supplemental Table S1; Barry and Thummel 2016).
Similarly, although dHNF4 plays an important role in sup-
porting adult mitochondrial activity, the global transcrip-
tional induction we observed in mid-pupae precedes the
dHNF4-regulated switch at the onset of adulthood (Barry
and Thummel 2016; Storelli et al. 2019). These observa-
tions highlight the importance of transcriptional switches
as a molecular mechanism that links developmental pro-
gression with changes in metabolic state, and raise the
question of what other regulators feed into these path-
ways. A number of transcription factors have been identi-
fied that play central roles in metabolism; however, most
of these, such as Myc, DHR38, Mondo, Sugarbabe, and
Cabut, regulate carbohydrate metabolism, with no clear
effect on the TCA cycle or ETC (Mattila and Hietakangas
2017). Further studies are required to identify the key reg-
ulator(s) that establish adult mitochondrial oxidative me-
tabolism. It will also be interesting to see whether studies
in vertebrates will continue to generalize the observations
we report here and provide further insights into the molec-
ular mechanisms that couple switches in metabolic state
with the changing demands of developmental progression
through the life cycle.

Materials and methods

Drosophila strains and media

Genetic studies of dERR in adults used a transheterozygous com-
bination of a dERR null allele (dERR?) (Tennessen et al. 2011) and
a conditional allele for dERR (described below). For most
experiments, control and experimental animals differed by the
presence or absence of a hsFLP transgene on the X chromosome
(y whsFLP12, BSC 1929) and were subjected to heat treatments
as described below. GAL4 lines used: cg-GAL4 (BSC 7011),
Myola-GAL4 (a gift from B. Edgar); both of which were combined
with Tub-GAL80® (BSC 7018) to provide temporal control.
RNAI lines: UAS-dERRENAI (TRiP 50686), UAS-PKRNAL (VDRC
105666), and UAS-RNAi control (VDRC 60100). Flies were main-
tained on a diet containing 8% yeast, 1% agar, 0.05% MgSQO,,
0.05% CaCl,, and either 3%, 9%, or 15% dietary sugar (2:1 ratio
of glucose to sucrose, percentages represent weight/final food vol-
ume). Tegosept (10 mL/L) and propionic acid (6 mL/L) were added
prior to pouring. Unless noted otherwise, 6-d-old males were used
for all studies, maintained at 25°C on a 9% sugar diet, and trans-
ferred to fresh food every 2-3 d. For RNAi experiments, embryos
maintained at 18°C were transferred to 29°C on day 11 after egg
lay (AEL). At eclosion, adults were maintained on fresh food every
2 d until collection.
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Generation of the dERR conditional allele

CRISPR-Cas9 technology was used to introduce two FRT se-
quences into the dERR locus (Gratz et al. 2014). We targeted a ge-
nomic region extending from nucleotides 8,182,007 to 8,186,262
on the left arm of the third chromosome. The sequence of this re-
gion is depicted in Supplemental Figure S1, with the FRT se-
quences highlighted in yellow and the 3xPax3-DsRed reporter
insertion in red font. The 3xPax3-DsRed reporter is positioned
such that it is transcribed off the opposite strand from dERR so
that it will not interfere with dERR transcript elongation. A plas-
mid carrying this sequence was injected into y’ M(vas-Cas9.RFP)
ZH-2A w8 embryos (Gratz et al. 2014) along with plasmids ex-
pressing the following guide RNAs: 5 guide GAAAATGATT
GATTAGATAGAGG and 3’ guide GCACTTTTAAAATACGA
TAGTGG. Integrants were selected based on DsRed expression
in the adult eye. Stocks were established from individual males
and sequenced to confirm the accurate integration of both FRT
sequences. The efficient FLP-mediated excision of the interven-
ing sequences was assayed by genomic PCR as well as RT-qPCR
analysis of dERR mRNA levels (Supplemental Fig. S2A-C). Un-
less otherwise stated, 24- to 40-h egg lays were allowed to develop
until 5-6 d AEL and then subjected to two sequential 1-h heat
pulses at 37°C separated by 24 h at 25°C. Adults that eclosed by
day 11 AEL were used for experiments. For the time course
RNA-seq data in Figures 6 and 7, the same method was followed
except that 24-h egg lays were used and animals were subjected to
heat treatment at days 4-5 AEL.

Locomotor assay

Locomotor activity was measured using the RING assay (Gar-
gano et al. 2005). Ten flies (n =8 vials) were transferred to a vial
and allowed to recover for 24 h. The next day, animals were as-
sayed for height achieved four seconds after being tapped to the
bottom of an empty vial. The procedure was repeated five times
at 30-sec intervals and the average height of all flies over all trials
was scored per vial.

Life span studies and humid starvation

Flies were maintained on a 9% sugar diet and adults were allowed
to mature and mate for 3 d. For life span analysis, 10 males/
vial were selected and transferred to fresh food every 2-5
d. Lethality was assayed at the time of transfer. For humid starva-
tion, 10 males/vial were selected on day 6 of adulthood and trans-
ferred to vials in which a dense weave cellulose acetate stopper
(Flug; Genesee Scientific 49-101) was pushed to the bottom of
the vial and water was added to saturation. Animals were
maintained at 25°C and transferred to fresh vials every 2-3
d. Lethality was scored daily.

Metabolite assays

Metabolite assays were performed as described with minor mod-
ifications (Tennessen et al. 2014a). Briefly, samples of five ani-
mals were homogenized and glucose and glycogen levels were
determined using a hexokinase assay kit (Sigma GAHK20) and
amyloglucosidase (Sigma A1602-25MG). Whole-body triglycer-
ide levels were determined using triglyceride reagent (Sigma
T2449-10ML) and free glycerol reagent (Sigma F6428-40ML). Pro-
tein levels were determined using a Bradford assay (Bio-Rad
5000006). Metabolites levels were calculated using a standard
curve. Glucose, glycogen and triglyceride levels were not normal-
ized to protein due to the depletion of protein in dERR mutants.
ATP assays were performed on day 6 adult males as described
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(Tennessen et al. 2014a). ATP levels were analyzed using a lumi-
nescence assay kit (Molecular Probes ATP kit A22066).

Oil Red O stains

Qil Red O stains were performed as described (Tennessen et al.
2014a; Storelli et al. 2019) with the modification of incubation
for 45 min at 60°C in the 0.5% Oil Red O/propylene glycol solu-
tion. Samples were observed by bright-field microscopy, and pic-
tures were taken with a Zeiss Axioskop Plus microscope
equipped with an Infinity 3 Lumenera camera and the Infinity
Analyze software. Independent stains were performed twice on
sets of six cuticles (n=12), with representative images shown in
each figure.

RNA-seq

For RN A-seq data from 6-d-old dERR mutants (Fig. 3; Supplemen-
tal Table S1), hsFLP; ERR®™/ERR® animals were either not
heat treated (controls) or heat-treated (dERR mutants) on days
5and 6 AEL, and RN A was isolated from samples of 20 6-d-old flies
using TriPure reagent (Roche). Samples were pooled in triplicate
(60 flies/sample) and further purified using RNeasy columns (Qia-
gen) with DNase treatment. Three independent control and
mutant samples were submitted for sequencing. RNA quality
was analyzed using an Agilent Bioanalyzer RNA 6000. Poly(A)-se-
lected RNAs from each biological replicate were assembled into
barcoded libraries and pooled into a single-flow cell lane for Illu-
mina HighSeq2000 50-cycle single-read sequencing, which pro-
duced 15 million to 17 million reads per sample. Standard
replicate RNA-seq analysis was performed using USeq and DESeq
analysis packages with alignment to the Drosophila mela-
nogaster dm3 genome assembly. Transcripts meeting a cutoff of
padj<0.001 were considered as differentially expressed genes,
identifying 1004 genes (Supplemental Table S1). RNA quality
control, library preparation, sequencing, and data analysis were
performed at the University of Utah High-Throughput Genomics
and Bioinformatics Core Facilities. RN'A-seq data from this study
can be accessed at NCBI GEO (accession no. GSE144762).

For the time-course RNA-seq analysis (Figs. 6, 7; Supplemental
Table S5), control ERR®°™/ERR? animals and hsFLP; ERR°™/
ERR? experimental animals were heat treated in parallel as third
instar larvae on days 4 and 5 AEL. Animals were selected as white
prepupae, allowed to develop, and frozen in liquid nitrogen at the
following time points: white prepupae (WPP), day 1 pupae (P1),
day 2 pupae (P2), day 3 pupae (P3), day 4 pupae (P4), day 1 adult
males (Al), and day 6 adult males (A6). RNA was isolated from
triplicate samples with 10 animals per sample using the Direct-
zol RNA Miniprep kit (Zymo Research), including DNase treat-
ment. RNA quality was analyzed using an Agilent Bioanalyzer
RNA 6000. Poly(A)-selected RN As from each biological replicate
were assembled into barcoded libraries and pooled into a single-
flow cell lane for Illumina NovaSeq 2 x 50-bp sequencing 100 mil-
lion read pairs, which produced 5.2 million to 8.6 million reads
per sample. Optical duplicates were removed with clumpify,
adapter trimming was performed with cutadapt (version 1.16),
and alignment was done using STAR (version 2.7.0f). Transcript
expression was quantified with RSEM v1.3.1 (Li and Dewey
2011) following alignment to the dmé genome (Ensembl release
96) with STAR v2.7.0f (Dobin et al. 2013). Differential gene ex-
pression modeling with DESeq2 v1.22.2 (Love et al. 2014) tested
for the effects of genotype at each time point using a genotype x
time interaction design. Specifically, at each time, mutant versus
control were compared and differences (log, fold-changes differ-
ent from zero) were reported and controlled with a Benjamini-
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Hochberg FDR of 0.001. The log, fold changes were reduced to
zero with ashr methodology (Stephens 2017). Transcripts meet-
ing a cutoff of padj<0.001 were considered as differentially ex-
pressed genes. Temporal line graphs (Figs. 6B, 7C) were
generated using the R package ggplot2 (Wickham 2016). Mfuzz
(Kumar and Futschik 2007) was used to perform soft clustering
analysis of the temporal patterns of RNA-seq data (Figs. 6A, 7).
GO term analysis was conducted using PANTHER (http
://pantherdb.org) by performing the “Statistical overrepresenta-
tion test” with “PANTHER GO-slim Biological Process” on the
list of significantly reduced transcripts in dERR mutants. RNA-
seq data from this study can be accessed at NCBI GEO (accession
no. GSE144764).

RT-qPCR

RNA was extracted from samples of 10-15 males using the Di-
rect-zol RNA Miniprep kit (Zymo Research). Reverse transcrip-
tion was performed on 1 pg of RNA using the high-capacity
cDNA reverse transcription kit (Thermo Fisher 4368814) with
random primers. cDNA was used as a template for RT-qPCR us-
ing an Applied Biosystems QuantStudio 3 system. PowerUp
SYBR Green master mix (Thermo Fisher Scientific A25742) was
used for RT-qPCR reactions. mRNA fold changes were calculated
using the comparative Ct method (Schmittgen and Livak 2008).
Transcript levels were normalized to rpI32. All RT-qPCR experi-
ments included three technical replicates, three to five indepen-
dent samples, and 10-15 animals per sample. Primer sequences
are listed in Supplemental Table S6 and have an efficiency be-
tween 90% and 110%.

ChIP-seq

ChIP-seq was performed using dERR?/dERR? mutants that carry
a BAC genomic rescue construct spanning the dERR locus with
an in-frame fusion of the coding sequence for a 3XFlag tag imme-
diately upstream of the stop codon. The BAC construct was engi-
neered using BAC CH322-54A09, which carries a 20,644-bp
genomic fragment including dERR (Venken et al. 2009). Bacterial
recombineering was used to insert the 3XFlag coding sequence at
the 3’ end of the dERR coding region, along with two FRTs that
can be used to remove dERR coding sequences and the 3’ Flag
tag in response to hsFLP expression. The BAC construct was in-
serted into the VK22 attP landing site on the second chromosome
and maintained as a homozygous stock. ChIP-seq was performed
on four samples each of 6-d-old w!!*® controls and w'!!8; dERR-
3XFlag-BACV®?2, JERR'/dERR? adults essentially as described
(Barry and Thummel 2016) using Flag antibodies (Sigma F1804,
M2 monoclonal). Barcoded libraries were generated by the Uni-
versity of Utah High-Throughput Genomics Core Facility and se-
quenced in a single-flow lane for Illumina HighSeq2000 50-cycle
single-read sequencing. Data analysis was performed by the Bio-
informatics Core at the University of Utah School of Medicine us-
ing model-based analysis for ChIP-seq 2.0 (MACS2) (Zhang et al.
2008) with a threshold Q-value of 0.05. Peaks were annotated
with the R ChIPseeker package, and nearest neighboring genes
were compiled using USeq FindNeighboringGenes with UCSC
dm3 EnsGenes gene tables. ChIP-seq data from this study can
be accessed at NCBI GEO (accession no. GSE144763).

GC/MS metabolomic analysis

Animals were reared on a 9% sugar diet until eclosion, after
which they were maintained on a 15% sugar diet for 6 d prior
to collection. Twenty adult males per sample were snap-frozen
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in liquid nitrogen and prepared for analysis by gas chromatogra-
phy-mass spectrometry (GC/MS) as described (Tennessen et al.
2014a). GC/MS data are presented from three independent exper-
iments, each consisting of three to four biological replicates per
condition. FAMES GC/MS samples were run in one experiment
with 12 replicates per condition to detect fatty acids. Sample
preparation and GC/MS analysis were performed by the Metabo-
lomics Core Research Facility at the University of Utah School of
Medicine.

Statistics

Graphical representation and statistical analysis of most data
(Figs. 1-5; Supplemental Figs. S2, S3) were performed using
GraphPad Prism 6 software. Life span data are presented as
Kaplan-Meier survival plots with a log-rank Mantel-Cox test for
statistical comparison of survival plots. For box and whisker
plots, the boxes extend from the 25th to 75th percentiles, the hor-
izontal line represents the median, and the error bars represent
the minimum and maximum data points. Statistical comparisons
were performed using a two-sample t-test with a Welch’s correc-
tion for unequal variance (Figs. 1C, 2A-D,], 4; Supplemental Fig.
S2A,B,D,E), or a one-way ANOVA followed by Tukey’s multiple
comparisons test (Figs. 2], K, 5A,B; Supplemental Fig. S2F,G). Stat-
istical analysis of RNA-seq and ChIP-seq data is described above.
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