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Studies of Cancer Metabolism using 
Drosophila as a Model System
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Quiescent Cell Tumor Cell

Tumor cells use aerobic glycolysis to 
generate energy
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Quiescent Cell Tumor Cell

Tumor cells use aerobic glycolysis to 
generate energy and biomass

Biomass

Glycolysis fuels oxidative metabolism
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Aerobic glycolysis supports biosynthesis

Aerobic glycolysis supports biosynthesis
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Aerobic glycolysis supports biosynthesis

Aerobic glycolysis supports biosynthesis
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Aerobic glycolysis supports biosynthesis

NAD+

NADH

Studies in Drosophila predict metabolic 
gene function in humans

• Metabolic regulators such as insulin, 
Tor, and myc are conserved in flies

• Analogous tissues regulate systemic 
metabolic processes

• Used to model diabetes, obesity, and 
heart failure

• Studies in Drosophila have predicted 
the function of mammalian homologs
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Drosophila larvae undergo rapid growth

dev growth maturation adult

Aerobic glycolysis supports 
Drosophila larval growth

dev growth maturation adult
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The Drosophila Estrogen-Related Receptor 
promotes aerobic glycolysis

dev growth maturation adult

dERR

DBD LBD

Nuclear receptors are key metabolic regulators
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Estrogen-Related Receptors regulate 
metabolic function

• Mammalian ERRs are key metabolic regulators

• Promote fat metabolism and mitochondrial biogenesis

• Functional redundancy limits efficacy of genetic studies

dev growth maturation adult

dERR mutants die during larval development

dERR mutant 
lethal phase
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dERR mutants are energy starved 
and hyperglycemic
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Genomic and metabolomic analysis 
of dERR mutants
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dERR mutants do not use sugar to 
generate energy

dERR mutants display reduced expression of 
genes in the glycolytic pathway 

Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7
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dERR mutants display reduced expression of 
genes in the glycolytic pathway 

Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7

dERR directly regulates genes in the 
glycolytic pathway

Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7

Predicted enzyme Gene Fold-Change ERR binding site(s)

Hexokinase CG3001 (HexA) -1.7 -913 aGAAGGTCA
-128 TGAAGGTCA

Phosphoglucose isomerase CG8251 (Pgi) -5.2 +871 gtAAGGTCA
+908 ctgAGGTCA

+1560 TGAAGGTCA

Phosphofructokinase CG4001 (Pfk) -6.9 +1420 TGAAGGTCA 

Aldolase CG6058 (Ald) -3.5 -636 aGgAGGTCA
+541 catAGGTCA
+852 cCAAcGTCA

Triosephosphateisomerase CG2171 (Tpi) -3.1 -678 cGAAGGTCA

Glyceraldehyde phosphate 
dehydrogenase

CG8893 (Gapdh2) -3.1 -847 aaAAGGTCA
-489 TagAGGTCA
-192 TatAGGTCA

Phosphoglycerate kinase CG3127 (Pgk) -3.7 +16 gCAAGGTCA

Phosphoglycerate mutase CG1721 (Pglym78) -3.8 -209 aaAAGGTCA
+103 TgtAGGTCA
+448 aCtAGGTCA

Enolase CG17654 (Eno) -1.9 +1450 cgAAGGTCA
+2316 aTaAGGTCA
+2334 TagAGGTCA

Pyruvate kinase CG7070 (Pyk) -1.7 -434   gtcAGGTCA
+1002 TCAAGGTCA
+2234 cGAAGGTCA
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Phosphofructokinase

dERR ChIP

Mock IP

Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7

dERR binds to a canonical site in Pfk

Phosphofructokinase
Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7

dERR binds to a canonical site in Pfk
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Phosphofructokinase

The dERR binding site in Pfk is conserved 
across species

dERR mutants display reduced expression of 
genes in the glycolytic pathway 

Glycolysis

HexA
Pgi
Pfk
Ald
Tpi
Gapdh2
Pgk
Pglym78
Eno
Pyk

‐1.7
‐5.2
‐6.9
‐3.5
‐3.1
‐3.1
‐3.7
‐3.8
‐1.9
‐1.7
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dERR is required for normal Pentose 
Phosphate Pathway Expression

G6pdh
Rpi
Tal
Pgd

‐3.1
‐3.8
‐3.1
‐1.8

Pentose
Phosphate
Pathway



Lactate production is impaired in dERR mutants

Ldh -6.9
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Lactate production is impaired in dERR mutants

Ldh -6.9





Proline is depleted in dERR mutants
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Proline is depleted in dERR mutants






dERR mutant phenotypes suggest that 
Drosophila larvae use aerobic glycolysis

dERR
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dERR mutant phenotypes suggest that 
Drosophila larvae use aerobic glycolysis

dERR

Drosophila increase ~200-fold in mass 
during larval development

dev growth maturation adult



7/11/2018

18

Genes that encode glycolytic enzymes are 
coordinately induced during embryogenesis

hrs after egg lay

embryo L1

control

Ldh

control

embryo L1

The glycolytic transcriptional program is 
not properly induced in dERR mutants

dERR –

embryo L1

Ldh
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1. dERR establishes the metabolic state 
that supports juvenile growth

2. dERR directs a metabolic program 
related to the Warburg Effect during
normal development

3. Mammalian ERR may contribute to
cancer progression

dERR

Conclusions

Human ERRs promote the Warburg Effect
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NAD+

NADH

NADH

NAD+

LDH

What is the role of LDH is promoting larval growth?

Ldh mutants fail to produce lactate

NAD+

NADH LDH
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Pyruvate levels are elevated in Ldh mutants

NAD+

NADH LDH

Ldh mutants fail to regenerate NAD+

NAD+

NADH LDH
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Ldh mutants die near the end of larval growth

Ldhmutant
lethal phase
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Ldh mutants grow at a normal rate

Ldhmutant
lethal phase
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Ldh mutants die near the end of larval growth

Ldhmutant
lethal phase

dERR mutant 
lethal phase

(No aerobic glycolysis)

Macromolecule biosynthesis is largely normal 
in Ldh mutants

Ldhmutants exhibit a modest increase in glycogen.
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The Ldh mutant phenotype is reminiscent of 
Glycogen Storage Disease Type XI

Metabolomic analysis of Ldh mutants

Ldhmutants display the expected changes in lactate, pyruvate, and 2HG.
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Metabolomic analysis of Ldh mutants

Relatively few metabolites changed in response to loss of LDH activity

Ldh mutants exhibit increased Glycerol-3-
phosphate production

Ldhmutants also display increased G3P.
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Table 2. Metabolic Genes that are significantly misregulated in Ldh mutants

Gene Name Function Fold Change

Dot UDP‐glucuronosyl/UDP‐glucosyltransferase 3.7

Gpdh Glycerol‐3‐phosphate dehydrogenase 3.6

Ucp4B Uncoupling protein 4B 3.3

CG34345 Oxoglutarate/iron‐dependent dioxygenase 3.2

Orct Solute Carrier Family 2.7

CG11208 2‐hydroxyacyl‐CoA lyase 2.7

Cyp6d5 Cytochrome P450 2.5

CG8008 Solute Carrier Family 2.4

MFS16 Solute Carrier Family 37A2  2.3

CG13248 Solute Carrier Family 7A4 2.3

PH4alphaMP prolyl‐4‐hydroxylase‐alpha MP 2.1

Cyp12a5 Cytochrome P450 -2.2
CG2065 short chain dehydrogenase -2.5
Gpi1 N‐acetylglucosaminyl transferase -2.5
ImpL3 Lactate Dehydrogenase -3.7
Sodh‐2 Sorbitol dehydrogenase‐2 -4.9

Ldh mutants exhibit increased GPDH expression

LDHA inhibition in pancreatic cancer cells also results in 
elevated G3P synthesis
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LDH and G3P link in tumors in vitro and in vivo

Boudreau A, Metabolic plasticity underpins innate and acquired resistance to LDHA inhibition. Nat Chem Biol. 2016 Aug 1. doi: 10.1038/nchembio.2143

In vitro LDHA inhibition: In vivo LDH inhibition:

Glycerol 3-phosphate production could 
compensate for loss of LDH

NAD+

NADH

NADH

NAD+

NAD+

LDHGPDHNADH
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GPDH CRISPR deletions successfully made in the III and IV exon

JAMT012 JAMT013

II Chromosome:

CRISPR A10 deletion of 19 JaMT012 TCAAGGGCTTCGACAAGGCCGAGGGCGGCGG

CRISPR B26 deletion of 2 JaMT012 TCAAGGGCTTCGACAAGGCCGAGGGCGGCGG

CRISPR B18 deletion of 7 JaMT013 GCCGATCTGATCACGACGTGTTACGgtaagtg

GCCGATCTGATCACGACGTGTTACGgtaagtgTCAAGGGCTTCGACAAGGCCGAGGGCGGCGG

GPDH CRISPR mutants exhibit significant decreases in 
glycerol‐3‐phosphate accumulation

DHAP

**p=7.06E-06
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GPDH is required to maintain larval redox balance

Gpdhmutants grow at a normal rate



7/11/2018

30

Functional significance of GPDH when LDH is mutated

Glycerol 3-
Phosphate

Lactate

NAD+

NADH

NAD+

NADH GPDH
LDH

*Expect lethality if GPDH is compensating for LDH loss by regenerating NAD+

WT

500 µm
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LDH-/- Gpdh-/-
WT

500 µm

LDH-/- Gpdh-/-

Gpdh-/- ; LDH-/-

WT

500 µm
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Gpdh; Ldh double mutants exhibit a synthetic 
lethal phenotype

Ldhmutant
lethal phase

dERR mutant 
lethal phase

(No aerobic glycolysis)

Gpdh; Ldh double mutant
lethal phase

The relationship between LDH and GPDH was 
observed in tumors nearly 60 years ago

Cancer Research (1960) 20:85‐91
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• LDH inhibition in both humans 
and flies produces a similar 
metabolic profile

• LDH and GPDH act redundantly 
during Drosophila larval 
development

• Inhibition of a single enzyme has 
no effect on growth

• Both LDH and GPDH must be 
inhibited to disrupt aerobic 
glycolysis

Support
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