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Summary

Metabolism must be coordinated with development to provide the appropriate energetic needs for
each stage in the life cycle. Little is know, however, about how this temporal control is achieved.
Here we show that the Drosophila ortholog of the Estrogen-Related Receptor (ERR) family of
nuclear receptors directs a critical metabolic transition during development. dERR mutants die as
larvae with low ATP levels and elevated levels of circulating sugars. The expression of active
dERR protein in mid-embryogenesis triggers a coordinate switch in gene expression that drives a
metabolic program normally associated with proliferating cells, supporting the dramatic growth
that occurs during larval development. This study shows that dERR plays a central role in
carbohydrate metabolism, demonstrates that a proliferative metabolic program is used in normal
developmental growth, and provides a molecular context to understand the close association
between mammalian ERR family members and cancer.
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Introduction

Metabolism must be tightly coupled with developmental progression, with distinct metabolic
programs supporting the nutritional and energetic requirements of each stage in the life
cycle. Relatively few studies, however, have addressed the molecular mechanisms that
provide this temporal coordination. One of the best characterized metabolic transitions
occurs in the developing mammalian heart and is represented by a switch in substrate
utilization from glucose and lactate metabolism during fetal stages to postnatal dependence
on fatty acid oxidation (Lehman and Kelly, 2002). This switch is accompanied by the
coordinate induction of genes involved in mitochondrial 3-oxidation and oxidative
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metabolism and mediated by the nuclear receptors PPARa and ERRy (Lehman and Kelly,
2002; Alaynick et al., 2007). Interestingly, this process reverts in pathological forms of
cardiac hypertrophy, demonstrating that metabolic transitions can be associated with
disease. In addition, the nutritional status of early developmental stages can have a profound
effect on later metabolic health (Symonds et al., 2009). One of the most dramatic
manifestations of this interplay between nutrition and development is the impact of
childhood obesity on the incidence of type 2 diabetes and obesity in adults. Obesity also
impacts the timing of sexual maturation, linking a metabolic state to a key developmental
transition (Ong, 2010). In spite of this important interplay between nutrition, metabolism,
and development, little is understood about how these pathways are integrated.

Nuclear receptors are a specialized family of ligand-regulated transcription factors that play
central roles in controlling development, growth, and metabolism (Chawla et al., 2001).
They are defined by a conserved zinc finger DNA-binding domain and a C-terminal ligand-
binding domain (LBD) that can impart multiple regulatory functions. One subfamily of these
receptors are the Estrogen-Related Receptors (ERRs), represented by three paralogs in
mammals, ERRa, ERRp, and ERRy. Although some synthetic estrogen analogs can suppress
the constitutive transcriptional activity of these receptors, they have no known naturally-
occurring ligands (Busch et al., 2004; Willy et al., 2004; Chao et al., 2006). Genetic studies
in mice have demonstrated roles for ERR family members in mitochondrial biogenesis,
oxidative phosphorylation, and lipid metabolism (for review, see Tremblay and Giguere,
2007). Consistent with these functions, ERRa mutant mice are lean and resistant to diet-
induced obesity (Luo et al., 2003). In addition, ERRa and ERRY are essential for proper
cardiac metabolism. ERRa is required for energy production in response to cardiac stress
(Huss et al., 2007), while ERRYy directs a metabolic switch that allows the postnatal heart to
metabolize fatty acids (Alaynick et al., 2007). Recent studies, however, suggest that ERRs
play a broader role in metabolic homeostasis (Ao et al., 2008; Charest-Marcotte et al., 2010;
Eichner et al., 2010). Moreover, all three mammalian ERRs are associated with cancer
progression. ERRa is necessary for the normal growth of estrogen receptor-negative breast
cancer tumor grafts (Stein et al., 2008), and elevated ERRo. expression is associated with
aggressive forms of breast cancer (Ariazi et al., 2002). In contrast, ERR inhibits the
progression of prostate cancer and increased expression of ERRYy is correlated with a
favorable clinical prognosis for breast cancer (Ariazi et al., 2002; Yu et al., 2008). These
observations suggest that ERR family members coordinate cell growth and proliferation
with metabolism. The molecular basis for this relationship, however, remains unclear.

Here we present a functional study of the Drosophila ERR ortholog, dERR. The presence of
only a single ERR gene in flies eliminates the potential genetic redundancy between multiple
members of the ERR subfamily, allowing us to determine its key ancestral functions. We
show that dERR is an essential regulator of carbohydrate metabolism during larval stages.
dERR mutants die during the second larval instar with abnormally high levels of circulating
sugar and diminished concentrations of ATP and triacylglycerides (TAG). These metabolic
defects result from decreased expression of genes involved in glycolysis, the pentose
phosphate pathway, and other aspects of carbohydrate metabolism. These genes are
coordinately induced midway through embryogenesis, in apparent direct response to the
expression of activated dERR protein. Interestingly, this dERR-regulated metabolic state is
ideally suited to promote larval growth by converting dietary carbohydrates into biomass,
and is strikingly reminiscent of the Warburg effect. Our studies reveal that an ERR family
member coordinates metabolism with growth, indicate that a proliferative metabolic
program is used in the context of normal development, and suggests that mammalian ERRs
are associated with cancer through their ability to promote the Warburg effect.
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Results

dERR is an essential metabolic regulator

In an effort to examine dERR function, we generated two loss-of-function alleles at this
locus (Figure 1A). Animals that carry a transheterozygous combination of these mutations,
dERRY/ERR?, progress normally through embryogenesis and first instar development, but
die abruptly during the later half of the second larval instar, with no apparent morphological
defects (Figure S1A). dERR mutants, however, are severely metabolically compromised,
with a two-fold decrease in ATP levels relative to control second instar larvae (Figure 1B).
Despite these decreased levels of ATP, dERR mutants have elevated concentrations of the
circulating sugar trehalose and normal glycogen concentrations, suggesting that they are
unable to access their carbohydrate stores for energy production (Figures 1C and 1D). The
high trehalose levels can be rescued by expressing wild-type dERR under the control of a
ubiquitous GAL4 driver, indicating that the phenotype is due to a specific loss of dERR
function (Figure S1B). TAG levels are also decreased in dERR mutants, suggesting that
these animals have either increased fat catabolism or decreased TAG synthesis (Figure 1E).
Similar metabolic defects are seen when comparing dERRY/dERR? and dERRY/
Df(3L)Exel6112 mutants with dERRY/+ heterozygous controls, demonstrating that they do
not arise from changes in genetic background and that dERR? represents a null allele for the
locus (Figure S1C-E).

Genes involved in carbohydrate metabolism are down-regulated in dERR mutants

Microarray analysis was used to examine the molecular basis for the metabolic defects in
dERR mutants. A total of 906 genes are misregulated >1.5 fold in dERR mutant second
instar larvae relative to controls. GOstat analysis of this data set revealed that there are few
statistically significant gene ontology classes among the 572 up-regulated genes. In contrast,
the top 26 GO categories for the 334 down-regulated genes all represent different aspects of
carbohydrate metabolism (Figure 2A and data not shown). Notably, these include almost the
entire glycolytic pathway, with genes that encode enzymes at every step in glycolysis being
significantly down-regulated in dERR mutants (Figure 2B). Northern blot hybridization was
used to validate these changes in gene expression, demonstrating highly reduced transcript
levels (Figure S2A). Interestingly, the Drosophila ortholog of Phosphofructokinase (Pfk),
which encodes the rate-limiting enzyme in glycolysis, is the fifth most down-regulated gene
in dERR mutants and the most highly affected gene in the glycolytic pathway (Table S1).
These observations suggest that the elevated levels of trehalose in dERR mutants are due, at
least in part, to decreased glycolytic flux. Consistent with this hypothesis, a mutation that
eliminates Pfk expression results in a 48% increase in trehalose levels, demonstrating that a
block in glycolysis can partially phenocopy the elevated trehalose levels observed in dERR
mutants (Figure 2C and Figure S2). In addition, although expression of Pfk alone does not
rescue the high trehalose levels in dERR mutants, expression of both Pgi and Pfk under the
control of a ubiquitous GALA4 driver is sufficient to fully rescue this phenotype (Figure 2D).
Moreover, ubiquitous expression of Pgi and Pfk in a dERR mutant background allows 8% of
the animals to complete larval development and pupariate (compared with 1% of dERR
mutant controls; p<0.01), suggesting that the lethality of dERR mutants is due, at least in
part, to the reduced expression of these two enzymes. The reduced levels of TAG and ATP,
however, are not rescued in these animals, suggesting that these phenotypes arise from
defects in other pathways (Figure S2E and data not shown)

The higher levels of trehalose seen in dERR mutants relative to Pfk mutants suggests that
dERR plays important roles in other aspects of carbohydrate metabolism. At least one of
these functions appears to be the Pentose Phosphate Pathway (PPP), where seven of the nine
genes that encode PPP enzymes are down-regulated in the dERR mutant (Figure 2A and
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Tables S1,S2). The PPP is essential for growth and energy storage, using glucose-6-
phosphate to synthesize ribose-5-phosphate for nucleotide production, and generating
NADPH for fatty acid synthesis and other biosynthetic reactions. ImpL3, which encodes
lactate dehydrogenase (Ldh), is also significantly affected in dERR mutants, representing the
seventh most highly down-regulated gene (Table S1, S2). This enzyme converts pyruvate to
lactate, regenerating NAD+ for use by the glycolytic pathway.

Metabolomic analysis of dERR mutants

In order to characterize how these changes in gene expression might impact global
metabolism, small molecule GC/MS analysis was used to compare the metabolic profiles of
w1118 and CantonS controls with dERRY/dERR? and dERRY/Df(3L)Exel6112 mutant second
instar larvae. This metabolomic approach revealed that dERR mutants possess increased
concentrations of glucose-6-phosphate, sorbitol, mannose-6-phosphate, and three
unidentified carbohydrates, consistent with their inability to metabolize sugars (Figure 3A,
Table S3). In contrast, oleic acid, stearic acid, and palmitic acid levels remained unchanged
in mutant larvae, suggesting that fat metabolism is normal in dERR mutants and that the
observed decrease in TAG levels are secondary to the carbohydrate defects (Table S3).

A number of metabolites downstream from glycolysis are also significantly reduced in
mutant larvae. dERR mutants exhibit a 80-95% decrease in lactate, which confirms that
there is decreased flux through the glycolytic pathway and suggests that wild-type larvae
produce a relatively large amount of lactate (Figure 3B and Table S3). Some TCA
intermediates are also reduced in dERR mutants, with no reproducible changes in citrate,
isocitrate, or succinate levels, but a more than 90% reduction in a-ketoglutarate levels and a
more than 60% reduction in fumarate and malate levels (Figure 3C and Table S3). These
effects suggest that the TCA cycle is cataplerotically depleted in dERR mutants, with a
major effect on a-ketoglutarate, which contributes to amino acid and purine biosynthesis.

Most amino acids, such as methionine, are relatively unaffected in dERR mutants (Figure
3D, Table S3). Interestingly, proline is the only amino acid that is reproducibly and
significantly depleted in these animals. Glutamine and alanine levels are also somewhat
depleted, but not consistently, or to the same extent as the effects on proline (Figure 3D,
Table S3). Aspartate is the only amino acid that is consistently elevated in our analysis
(Figure 3D). Taken together with the depleted malate levels and reduced glycolytic flux in
the dERR mutants, this increase in aspartate concentration may be indicative of a decrease in
the activity of the malate-aspartate shuttle due to low substrate availability.

dERR temporally coordinates the expression of glycolytic enzymes

Previous studies have shown that genes involved in glycolysis are up-regulated at the end of
embryogenesis, and that the encoded enzymes become active just prior to the onset of larval
development (Wright and Shaw, 1970; Madhavan et al., 1972; Sun et al., 1988; Shaw-Lee et
al., 1991; Roselli-Rehfuss et al., 1992; Shaw-Lee et al., 1992; Currie and Sullivan, 19943;
Currie and Sullivan, 1994b; Abu-Shumays and Fristrom, 1997). The observation that these
genes are dependent on dERR function raises the possibility that this receptor coordinates
their expression at the end of embryogenesis, directing a metabolic switch that promotes
carbohydrate metabolism. To test this hypothesis, we examined the temporal expression
patterns of six dERR target genes during embryogenesis and early larval development in
control and dERR mutant animals (Figure 4A and B). Five of these genes encode glycolytic
enzymes, Pgi (phosphoglucose isomerase), Pfk, Tpi (triose phosphate isomerase), Gapdh2
(glyceraldehyde 3-phosphate dehydrogenase), Pglym78 (phosphoglycerate mutase), and
ImpL3. Interestingly, these genes are coordinately induced at 10-14 hours after egg laying
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and reach maximal levels of expression just prior to larval hatching (Figure 4A). In addition,
this metabolic switch is severely disrupted in dERR mutants (Figure 4B).

Nearly every gene that encodes a glycolytic enzyme lies near a predicted dERR binding site,
suggesting that are directly regulated by the receptor (Table S4). This includes Pfk, which
has a canonical dERR binding site in the fourth intron that is conserved across Drosophila
species (Figure S2B and S3A, Table S4). This sequence is bound by dERR in an
electrophoretic mobility shift assay, and the interaction can be efficiently competed with an
excess of unlabeled wild-type binding site, but not an oligonucleotide that carries a 2 bp
mutation in the core binding sequence (Figure S3B). dERR is also bound to the Pfk site in
vivo, as demonstrated by chromatin immunoprecipitation, suggesting that it represents a
functional regulatory interaction (Figure S3C). To test this possibility, we examined the
activity of a multimerized version of the Pfk dERR binding site placed upstream from a lacZ
reporter gene. The temporal pattern of lacZ mRNA accumulation in transgenic embryos
parallels that of the endogenous zygotic Pfk transcript, and this expression is almost
completely abolished in a dERR mutant background (Figure 4C). Taken together, these
results demonstrate that dERR can directly regulate glycolytic gene expression and that
dERR binding is necessary and sufficient to coordinately induce these genes during mid-
embryogenesis.

dERR expression and activation is dynamically regulated during mid-embryogenesis

The coordinate induction of dERR target genes in 10-14 hour embryos raises the question of
how this timing is achieved. dERR transcripts are present throughout embryonic
development, indicating that either dERR protein levels and/or dERR activity is temporally
regulated (Sullivan and Thummel, 2003). To detect dERR protein, we established a
transformant line that carries a 3.3 kb genomic fragment spanning the dERR locus, with
GFP inserted after the translation start site (dERR-GFP). This dERR-GFP reporter construct
accurately reflects the activity of the native locus, as it is expressed throughout
embryogenesis in the same manner as endogenous dERR, rescues the lethality of dERR?
mutants, and restores the normal temporal expression pattern of Pgi, Pfk, and Pglym78 in
mutant embryos (Figure S4A). In spite of constant dERR-GFP mRNA expression, however,
no GFP fluorescence is evident during the first 12 hours after egg laying (AEL) in dERR-
GFP, dERR! embryos (Figure 5A), and dERR-GFP protein is not detectable on a western
blot during this time (Figure S4B). Rather, GFP fluorescence is detectable and dERR-GFP
protein begins to accumulate at 12-16 hours AEL (Figure 5 and Figure S4B), in synchrony
with the coordinate induction of dERR target genes (Figure 4A). Expression appears to be
most abundant in the muscle and epidermis (Figure 5B). This timing is consistent with the
appearance of activated dERR LBD, as determined using the hs-GAL4-dERR; UAS-GFP
ligand sensor (Palanker et al., 2006). We confirmed this result with a second hs-GAL4-
dERR; UAS-lacZ reporter strain, which displayed minimal GAL4-dERR LBD activity
during the first 12 hrs of embryogenesis and became highly active in the muscle and
epidermis by 12 hours AEL (Figure S5). We conclude that dERR is post-transcriptionally
regulated and that the accumulation of activated dERR protein is the primary factor that
drives the timing of dERR regulatory functions during embryogenesis.

dERR regulates carbohydrate metabolism in peripherial tissues

The dERR expression and activation patterns suggest that it regulates metabolism in
peripheral tissues that use glucose for growth, ATP generation, and energy storage. In order
to test this possibility, a series of tissue-specific GAL4 drivers were used to express a wild-
type UAS-dERR rescue construct in a dERR mutant background. As described above,
ubiquitous expression of dERR using the da-GAL4 driver restores normal trehalose levels in
mutant animals (Figure 6). Similarly, specific UAS-dERR expression in the fat body (CG-
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GALA4 or r4-GAL4), muscle (dmef2-GAL4), or epidermis (A58-GAL4), significantly rescues
trehalose levels in the mutant (Figure 6 and data not shown). In contrast, expression of dERR
in the midgut (mex-GAL4), insulin-producing cells (IPCs) (dilp2-GAL4), prothoracic gland
(phm-GALA4), corpora cardiaca (akh-GAL4), or Malphigian tubules (C42-GAL4), has no
effect on the high trehalose levels (Figure 6 and data not shown).

Consistent with dERR regulating carbohydrate metabolism by promoting transcription of
glycolytic genes, expression of the UAS-dERR rescue construct by the da-GAL4 driver
partially restores expression of Pgi, Pfk, and ImpL3 in a dERR mutant background (Figure
6). Similarly, Pgi, Pfk, and ImpL3 mRNA levels are restored in mutant animals when wild-
type dERR is specifically expressed in the muscle or epidermis, but not in the midgut or
IPCs (Figure 6). dERR, however, appears to promote a distinct metabolic program in the fat
body, with expression of wild-type dERR in this tissue having only minor effects on Pgi
expression. Instead, fat body-specific expression of wild-type dERR leads to abnormally
high levels of Pgd mRNA, suggesting that a role for dERR in the fat body is to shuttle
carbohydrates through the PPP (Figure 6). Finally, dERR may also exert a unique function in
the midgut in regulating lactate metabolism. Although midgut-specific expression of wild-
type dERR in mutant animals did not rescue the high trehalose phenotype or restore
expression of Pgi or Pfk, it did restore partial expression of ImpL3. Interestingly, however,
the ability of tissue-specific UAS-dERR expression to rescue the high trehalose levels or
metabolic transcriptional defects in dERR mutants does not correlate with its effects on
viability. Expression of UAS-dERR in the fat body of dERR mutants does not restore larval
viability, and only 20% of mutant animals that express dERR in muscle are able to complete
larval development (Figure S6). In contrast, 57% of mutants survive to form pupae when
UAS-dERR is expressed using the ubiquitous da-GAL4 driver (Figure S6). These results
suggest that of the lethality of dERR mutants arises from a loss of gene function in multiple
tissues.

Discussion

Drosophila larval development is characterized by a ~200-fold increase in body mass. This
period of dramatic growth requires the efficient conversion of dietary nutrients into cellular
building blocks, such as amino acids, fatty acids, and nucleotides. The metabolic basis that
supports juvenile growth, however, has not been defined. The studies described here support
the model that Drosophila larval growth depends on a form of aerobic glycolysis that is
similar to the Warburg effect, and that this metabolic program is established as a mid-
embryonic transcriptional switch in response to activated dERR protein.

dERR regulates a metabolic program associated with cell proliferation

Our microarray study of dERR mutant larvae revealed a profound and widespread effect on
genes that control carbohydrate metabolism, including highly reduced expression of almost
all genes in glycolysis and the PPP (Figure 2A, 2B, and Table S1). This is consistent with
the ~2-fold increase in trehalose seen in dERR mutants, along with highly reduced levels of
ATP (Figure 1B and 1C). Mutation of the rate-limiting step in glycolysis, Pfk, results in
elevated trehalose levels, similar to the dERR mutant, and ectopic expression of Pgi and Pfk
in dERR mutants is sufficient to rescue this phenotype (Figure 2C and 2D). These studies
demonstrate an essential role for dERR in carbohydrate catabolism during larval stages.

Metabolic profiling confirms these observations, showing significant accumulation of a
number of sugars, including glucose-6-phosphate, the first intermediate in the glycolytic
pathway (Figure 3 and Table S3). This study, however, also reveals changes in the levels of
a number of other key metabolites, providing a broader understanding of dERR function.
Lactate is almost completely absent in dERR mutants, consistent with lactate dehydrogenase
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being one of the most highly down-regulated genes in these animals. Levels of a-
ketoglutarate, malate, and other late-stage TCA cycle intermediates are also significantly
reduced in dERR mutant larvae, along with depletion of several amino acids, of which the
most significant and reproducible is proline.

Interestingly, when taken together with the widespread effects of dERR on glycolysis and
the PPP, these changes in metabolite levels are consistent with a form of aerobic glycolysis
that is normally associated with cell proliferation (Wang et al., 1976; Vander Heiden et al.,
2009). In the context of cancer, this metabolic signature is referred to as the Warburg effect
(Warburg et al., 1928). The increase in carbohydrate metabolism is not designed to produce
ATP, but rather promotes the synthesis of amino acids, lipids, and nucleotides, thereby
supporting cellular proliferation. Both highly proliferative cells and Drosophila larvae shunt
large quantities of glucose through the PPP, allowing them to generate ribose-5-phosphate
for nucleotide synthesis and NADPH for fatty acid synthesis and other biosynthetic
reactions (Geer et al., 1979; Eisenreich et al., 2004; Vander Heiden et al., 2009). Inadequate
acetyl-CoA production from glycolysis in dERR mutants and reduced NADPH generation
via the PPP likely results in decreased fatty acid synthesis, accounting for the reduced TAG
levels in these animals (Figure 1E). In support of this hypothesis, TAG levels are reduced by
32% in animals that carry a loss-of-function mutation in glucose-6-phosphate
dehydrogenase, which encodes a rate-limiting step in the PPP (data not shown, p<0.05).
Moreover, mutations in PPP enzymes significantly decrease the rate of carbohydrate-
dependent fatty acid synthesis in larvae (Geer et al., 1979). Similarly, elevated Ldh activity,
which is a hallmark of cancer metabolism, is present in normal Drosophila larvae, which
display elevated expression of the Drosophila ortholog of Ldh and high levels of Ldh
enzyme activity (Warburg, 1956; Rechsteiner, 1970; Abu-Shumays and Fristrom, 1997).
This enzyme converts pyruvate into lactate, preventing pyruvate from entering the
mitochondria and generating NAD™ to promote maximal glycolytic flux. As a result of this
diversion of pyruvate away from energy production, the TCA cycle in proliferating cells
becomes dependent on amino acids derived from glutamic acid. Large amounts of glutamine
are consumed by these cells to anaplerotically maintain the concentration of TCA
intermediates. In an analogous manner, Drosophila larval metabolism appears to rely
heavily on proline, which is significantly reduced in dERR mutants. Many insects use
proline to generate energy and anaplerotically replenish the TCA cycle in the same way that
proliferating yeast and cancer cells rely on glutamine (Sacktor, 1967; Arrese and Soulages,
2010). Taken together, these observations support the model that dERR establishes a
metabolic state that is related to cellular proliferation, and that this function is essential for
larval viability and growth.

Our studies also provide initial insights into the tissue-specific metabolic programs regulated
by dERR during larval stages. When dERR is expressed in only the muscle or epidermis, it
promotes transcription of the core glycolytic pathway (Figure 6). In contrast, specific
expression of dERR in the fat body up-regulates Pgd, which encodes an essential enzyme in
the PPP that is induced by sugar consumption (Cochrane et al., 1983). These results are
consistent with the metabolic requirements of these different tissues. The dramatic
expansion of the epidermis during larval growth, along with its production of cuticle,
requires efficient glucose catabolism, as does the muscle to provide larval movement. In
contrast, the fat body is one of the principle sites where sugar is processed by the PPP
(Cochrane et al., 1983), and efficient lipid storage requires PPP activity (Geer et al., 1979).
These observations indicate that dERR promotes appropriate tissue-specific metabolic
programs during larval development.
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dERR triggers a mid-embryonic metabolic switch that supports larval growth

A role for dERR in directing a metabolic state normally associated with cell proliferation
provides a new context to understand how Drosophila larvae undergo their remarkable 200-
fold increase in mass during the four days of larval development. It has long been known
that many glycolytic enzymes are induced at the onset of larval development, and that the
PPP and Ldh are highly active at this stage (Wright and Shaw, 1970; Madhavan et al., 1972;
Cochrane et al., 1983; Sun et al., 1988; Shaw-Lee et al., 1991; Roselli-Rehfuss et al., 1992;
Shaw-Lee et al., 1992; Currie and Sullivan, 1994a; Currie and Sullivan, 1994b; Abu-
Shumays and Fristrom, 1997). No evidence, however, has tied these pathways together. Our
results suggest that dERR directs a coordinated metabolic program that supports the unusual
growth that occurs during this stage. Although yeast use a similar mechanism to support
their proliferation, this is the first description of the use of this metabolic state to promote
normal developmental growth (Diaz-Ruiz et al., 2009). Our studies of the dERR-regulated
transcriptional program also reveal that this metabolic state is established by a coordinate
switch in gene expression during mid-embryogenesis (Figure 4A and 4B). Accumulation of
active dERR protein in 12-18 hr embryos directly induces Pfk transcription and, likely,
other key dERR target genes (Figures 5, S3 and S4). This transcriptional switch, in turn,
establishes the metabolic requirements for the next stage in development. The timing of the
accumulation of active dERR protein could be regulated at a number of levels including
post-translational modifications, ligand binding, and/or cofactor recruitment. Further studies
are needed to define the mechanisms that regulate this response. It is interesting to note that
the use of aerobic glycolysis to support developmental growth may not be restricted to
Drosophila larval stages. Many animals undergo exponential growth during embryonic and
fetal stages of development. It will be interesting to determine if similar metabolic states are
associated with early growth in other organisms.

Implications for mammalian ERR function

Studies of mammalian ERR family members have largely focused on their roles in
mitochondrial biogenesis and oxidative phosphorylation (for review, see Tremblay and
Giguere, 2007). Our microarray study of RNA isolated from dERR mutant larvae, however,
identified very few genes associated with B-oxidation, the TCA cycle, or the electron
transport chain (Tables S1 and S2). Although genes involved in oxidoreductase activity are
up-regulated in dERR mutants (Figure 2A), most encode cytochrome P450s with unknown
functions. Similarly, a number of genes encoding mitochondrial ribosomal proteins are
expressed at reduced levels in dERR mutants, although these effects are relatively minor (<
1.5-fold). dERR mutant larvae have normal mitochondrial genome number and
mitochondrial morphology, demonstrating no detectable effect on mitochondrial biogenesis
(data not shown). These observations are consistent with a primary function for dERR in
biomass production during larval stages, rather than energy generation and oxidative
phosphorylation. Rather, we speculate that dERR may play a more central role in
mitochondrial function during adult stages, when the fly is highly dependent on oxidative
metabolism to support its increased mobility.

Conversely, several recent studies have expanded our understanding of the metabolic
functions of mammalian ERR family members to include those controlled by dERR. ERRYy
regulates glycolytic gene expression in the heart, ERRa is bound to the extended promoters
of genes involved in glycolysis and the TCA cycle, and ERRy regulates several genes in
these pathways (Alaynick et al., 2007; Charest-Marcotte et al., 2010; Eichner et al., 2010).
Similarly, ERRa is required for the up-regulation of genes encoding glycolytic enzymes
when cells are raised under hypoxic conditions (Ao et al., 2008). Our studies of dERR
define carbohydrate metabolism as a key ancestral function for this nuclear receptor
subclass, aspects of which have been conserved through evolution to mammals.
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Our work also provides a new context to understand roles for mammalian ERR family
members in cancer progression. Many studies have demonstrated a close association
between ERR receptors and cancer (Ariazi et al., 2002; Stein et al., 2008; Yu et al., 2008).
The molecular basis for this association, however, remains unclear, likely due to the
functional redundancy and crosstalk between mammalian ERR paralogs. A recent paper has
provided an initial step in this direction, showing that the miR-378* microRNA, which
promotes the Warburg effect in BT-474 cancer cells, down-regulates ERRyexpression in this
context (Eichner et al., 2010).Our studies of the single Drosophila ERR family member
raise the important possibility that mammalian ERRs control the dramatic cellular
proliferation associated with cancer through their ability to promote the Warburg effect.

Experimental Procedures

Fly stocks

Flies were maintained on standard Bloomington Stock Center medium with malt at 25°C.
All larvae were raised on yeast paste at 25°C. The dERR mutant alleles were generated by
ends-in homologous recombination using standard methods (Maggert, 2008). See
Supplemental Experimental Procedures for a detailed description. To generate the UAS-
dERR transgenic line, the dERR-A isoform was reverse transcribed and amplified from total
RNA using the oligonucleotides 5'-gcaactgaataaccgatggtcg-3’ and 5'-
cctaagactatatttgcacctttgc-3'. The resulting cDNA was inserted into the pUAST vector and
confirmed by DNA sequencing. The Pfk-lacZ reporter construct was generated by inserting
oligonucleotides containing tandem repeats of the Pfk dERR-binding site (5'-
cctgaaggtcaccttg-3’) between the EcoRI/Kpnl sites and Sacll/BamHI sites in the pH-Pelican
vector. The dERR-GFP genomic rescue construct was generated by inserting the GFP
coding region within the second exon of dERR, immediately after the start codon in dERR-A
(see Supplemental Experimental Procedures for a detailed description). The UAS-Pgi and
UAS-Pfk constructs were generated by amplifying the corresponding cDNAs (DGRC) using
the oligonucleotides pairs (Pgi) 5’-gcggcecgcatggecggeccacttectee-3’ and 5'-
gcggccgcttattacttccaattggetttgatg-3' or (Pfk) 5'-gcggcecgcatgcattcaataaaatttcgagtatttace-3' and
5'-gcggecgcttattaggcgacggegteagtgtcac-3’, and inserting the resulting PCR products into
pUAST. All constructs were used for standard P-element-mediated germline transformation
and maintained in a w1118 background. See Supplemental Experimental Procedures for a
description of the GALA4 drivers used for tissue-specific rescue. Df(3L)Exel6112, which is a
molecularly-defined deficiency that removes the entire dERR locus, was obtained from the
Bloomington Stock Center.

Metabolic Analysis

Samples used for metabolic analyses were collected from independent matings on at least
three different days and consisted of extracts prepared from twenty-five staged mid-second
instar larvae. Metabolite levels from each sample were combined to determine the average
concentration and standard error, except for the GC/MS analysis, in which the three
experiments were analyzed separately. Measurements of ATP, glycogen, and TAG were
performed as described and normalized to total soluble protein (Palanker et al., 2009; Wang
et al., 2010). For trehalose assays, 25 larvae were homogenized in trehalase buffer (5 mM
Tris pH 6.6, 137 mM NaCl, 2.7 mM KCI) and immediately incubated at 70°C for 5 minutes.
Twenty pl of homogenate was incubated with either 20 ul of trehalase buffer or 20 pl of
trehalase buffer + 0.06 pl of porcine trehalase (Sigma, T8778-1UN) for ~12 hours at 37°C,
after which the samples were centrifuged at maximum speed for 3 minutes. Thirty pl of
sample was transferred to a 96 well plate and incubated with 100 pl of glucose reagent
(Sigma). The plate was incubated at 37°C for 30 min, after which the reaction was stopped
by adding 100 pl of 12 N H,SO,4 and the color intensity was measured using a BioTek
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Synergy HT microplate reader at 540 nm. Glucose and glucose plus trehalose amounts were
determined using a standard curve, and the amount of trehalose alone was determined by
subtracting the amount of glucose from the amount of glucose plus trehalose. GC/MS
analysis was performed at the University of Utah Metabolomics Core Facility, as described
(Wang et al., 2010).

EMSAs were preformed essentially as described (Horner et al., 1995). The oligonucleotide
containing the wild-type dERR binding site in Pfk consisted of the sequence 5'-
GGCGTCTCTGGCCTGAAGGTCACCTTGAAA-3' and the oligonucleotide in which the
dERR binding site was mutated contained the sequence 5'-
GGCGTCTCTGGCCTGAAGTACACCTTGAAA-3', which carries a 2 bp change in the
AGGTCA core binding site. Chromatin immunoprecipitation of dERR-GFP was performed
as described (Sieber and Thummel, 2009), using a mouse anti-GFP antibody (MBL) to
immunoprecipitate dERR-GFP.

Developmental Northern Blots

Staged embryos and larvae were collected as described (Sullivan and Thummel, 2003).
Approximately 250 dERRY/dERR? embryos were hand-sorted for each timepoint. RNA was
extracted using TriPure isolation reagent (Sigma) and northern blot analysis was conducted
essentially as described (Karim and Thummel, 1991).

Microarray Analysis

Microarray analysis was performed in triplicate on independent RNA samples isolated from
w1118 or dERRY/2 mid-second instar larvae. Total RNA was extracted using TriPure (Roche)
followed by purification with RNAeasy columns (Qiagen). Probe labeling, hybridization to
Affymetrix GeneChip® Drosophila Genome 2.0 Arrays, and scanning were performed by
the University of Maryland Biotechnology Institute Microarray Core facility. Raw data were
normalized using RMA (Bolstad et al., 2003; Irizarry et al., 2003) and analyzed using SAM,
imposing a 1.5-fold cutoff and False Discovery Rate of <1.643% (Tusher et al., 2001).
Microarray data can be accessed at the GEO website (http://www.ncbi.nlm.nih.gov/geo/)
(accession number GSE23336).

Statistical Analyses

Statistical significance was calculated using an unpaired two-tailed Student’s t-test with
unequal variance. All quantitative data are reported as the mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. dERR mutants exhibit metabolic defects

(A) A schematic representation of the dERR locus is depicted along with the flanking genes
atg18 and CG7979. The dERR! lesions are shown, including an 84 bp deletion that removes
the exon 2 splice acceptor (A) and point mutations in exons 2 and 3 (*). The dERR? deletion
removes the entire dERR coding region and portions of the neighboring genes. The arrows at
the 3’ end of atg18 indicate that it extends beyond what is depicted. (B—E) w1118 control and
dERRY/dERR? mutants (dERR™) were collected as mid-second instar larvae and whole
animal homogenates were analyzed for concentrations of (B) ATP, (C) trehalose, (D)
glycogen, or (E) TAG. Amounts of ATP, glycogen, and TAG were normalized to soluble
protein levels. Mutant animals contain lower levels of (A) ATP (p <1 x 1074 and (E) TAG
(p < .001), but have higher concentrations of (C) trehalose (p < 1 x 10~18) and normal levels
of (D) glycogen (p = 0.44). n>20 independently collected samples per value with 25 animals
per sample. Error bars are £ S.E.
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Figure 2. Genes involved in carbohydrate metabolism are down-regulated in dERR mutants
(A) Gene ontology (GO) analysis of the 572 up-regulated and 334 down-regulated genes in
dERRY/dERR? mutant animals relative to w1118 controls. The top GO categories for each
gene set are listed in order of significance along with the number of genes affected in that
category, the total number of genes in that category (in parentheses), and the statistical
significance of the match. (B) A diagram of glycolysis is depicted that displays the
glycolytic genes that are down-regulated in dERR mutants followed by their fold-change in
expression from the microarray. (C) Trehalose was measured in extracts from Pfk06339/+
(Control) and Pfk06339%/Df(2R)BSC303 (Pfk ~) mid-second instar larvae, revealing elevated
levels in Pfk mutants. (D) Trehalose concentrations were determined for dERR%/+, da-GAL4
controls (grey box), dERRY/dERR?; da-GAL4 mutants (black box), and UAS-Pgi; dERRY/
dERR?, UAS-Pfk, da-GAL4 animals (white box). Trehalose levels are rescued when both
transgenes are expressed using the ubiquitous da-GAL4 driver.
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Figure 3. dERR mutants display changes in the levels of specific metabolites

GC/MS was used to compare the relative levels of small metabolites in CantonS (blue) and
w1118 (green) controls with dERRY/dERR? (orange) and dERRY/Df(3L)Exel6112 (red)
mutant second instar larvae. dERR mutants exhibit (A) elevated levels of glucose-6-
phosphate, mannose-6-phosphate, and sorbital, along with (B) diminished concentrations of
lactate. (C) The relative amounts of citrate, isocitrate, and succinate are similar among the
four strains, while a-ketoglutarate, fumarate, and malate levels are decreased in mutant
larvae. (D) Methionine levels are normal in mutant animals, while proline concentrations are
significantly lower. Glutamine and alanine levels appear to be slightly decreased in mutant
strains, and aspartate is the only amino acid that is elevated in dERR mutants. All data are
graphically represented as a box plot, with the box representing the lower and upper
quartiles, the horizontal line representing the median, and the bars representing the
minimum and maximum data points. n = 6 samples collected from independent populations
with 25 larvae per sample (See Table S3 for p values). Similar results were observed in two
additional independent experiments (Table S3).
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Figure 4. dERR is required for the coordinate induction of glycolytic gene expression during
mid-embryonic development

(A-B) Total RNA from staged (A) w1118 control and (B) dERRY/dERR? mutant embryos,
first instar larvae (L1), and second instar larvae (L2) was analyzed by northern blot
hybridization to detect the expression of transcripts encoding glycolytic enzymes. (A)
Glycolytic genes are coordinately induced during mid-embryogenesis in control animals, but
(B) not in dERR mutants. A sample of RNA from 24-28 hr w1118 first instar larvae (Ctrl)
was included on the blot of dERR mutant RNA to facilitate comparisons between control
and dERR mutant animals. (C) The temporal expression pattern of a lacZ reporter construct
that carries a multimerized dERR binding site from the Pfk locus was analyzed by northern
blot hybridization in staged w1118 control or dERR! mutant larvae to detect the expression of
lacZ or Pfk mRNA. The reporter is expressed in synchrony with zygotic Pfk expression in
control animals and is dependent on dERR function. Hybridization to detect rp49 mRNA is
included as a control for loading and transfer.
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12-18 hrs

Figure 5. dERR protein accumulation is temporally regulated during embryonic development
Staged dERR! mutant embryos that carry a dERR-GFP rescue transgene were visualized by
confocal microscopy to detect GFP fluorescence. (A) No GFP was detected between 6-12
hrs after egg laying (AEL), while (B) dERR-GFP accumulates in the nuclei of several cell
types, including the muscle and epidermis, between 12-18 hrs AEL.
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Figure 6. dERR functions in peripheral tissues to control carbohydrate metabolism
Mid-second instar larvae of five genotypes were tested for trehalose levels or the expression
of specific dERR target genes: dERRY/+; UAS-dERR controls (white boxes), dERRY/ERR?;
UAS-dERR mutants (black boxes), dERR?/+; GAL4 controls (blue boxes), dERRY/dERR?;
GAL4 mutants (red boxes), or rescued dERRY/dERR?; UAS-dERR, GAL4 animals (grey
boxes). Six GAL4 transgenes were used to drive UAS-dERR expression: da-GAL4 (Ubq,
ubiquitous expression), r4-GAL4 (fat body), dmef2-GAL4 (muscle), A58-GAL4 (Epi,
epidermis), mex-GAL4 (midgut), and dilp2-GAL4 (IPCs, Insulin-Producing Cells). Total
RNA was analyzed by northern blot hybridization to detect UAS-dERR expression, three
genes involved in glycolysis (Pgi, Pfk, and ImpL3), and a gene in the pentose phosphate
pathway (Pgd). Hybridization to detect rp49 mRNA was used as a control for loading and
transfer. The apparent reduced level of mex>dERR relative to AS8>dERR is an artifact of
the blot hybridization. These levels of expression are comparable. In contrast, the low level
of dilp2>dERR expression likely reflects the small number of cells that express the dilp2
driver.
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