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Abstract 

Gliomas are tumors of the central nervous system for which improvements in 

treatment are critically needed.  Mutations in IDH1 and IDH2, which encode the 

cytosolic and mitochondrial NADP+-dependent isocitrate dehydrogenases, respectively, 

are frequent in gliomas.  Here, we summarize recent literature concerning gliomas, the 

normal cellular functions of IDH1/2, the epidemiology of IDH1/2 mutations, and the 

understanding of the function of IDH1/2 mutations in cancer.   We then show in vitro 

using liquid chromatography-mass spectrometry that a function of many IDH1/2 

mutations is to produce 2-hydroxyglutarate.  Next, we use a mass spectrometry based 

platform to characterize metabolic changes in a glioma cell line expressing IDH1/2 

mutants and show that the IDH mutants are associated with lowered N-acetylated 

amino acids both in this cell line model and in primary tumor tissue.  Finally, we 

develop and characterize a Drosophila melanogaster (fruit fly) model of IDH1/2-mutated 

cancer by expressing the mutated Drosophila homolog of IDH1 in fly tissues using the 

UAS-Gal4 binary expression system.  These results delineate downstream molecular 

players that likely play a role in IDH1/2-mutated cancer and provide a model organism 

for interrogation of genetic networks that interact with IDH1/2 mutation.  These findings 

refine our understanding of glioma pathogenesis and may inform the design of new 

glioma therapies. 
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1. Introduction to this dissertation, to the isocitrate 
dehydrogenases (IDH1 and IDH2), and to their mutations 
in cancer 

1.1 Permissions and collaborative work 

This dissertation contains new and novel writing and figures as well as figures 

and excerpts of the text of published articles.  The excerpts and figures from published 

works were reproduced with permission as described in Appendix A.  Where the 

publisher does not require explicit permission, excerpts and figures were reproduced in 

accordance with the policy of the journal or publisher as described in Appendix A.  The 

work detailed in this dissertation was performed primarily by the candidate, although in 

many cases the work was aided by collaborators, for instance by performing analyses or 

by providing biological samples as described in the Acknowledgements.   

1.2 Overview of introduction 

Dysregulation of metabolism is a common phenomenon in cancer cells. The 

NADP(+)-dependent isocitrate dehydrogenases 1 and 2 (IDH1 and IDH2) function at a 

crossroads of cellular metabolism in lipid synthesis, cellular defense against oxidative 

stress, oxidative respiration, and oxygen-sensing signal transduction. We review the 

normal functions of the encoded enzymes, frequent mutations of IDH1 and IDH2 

recently found in human cancers, and possible roles for the mutated enzymes in human 

disease. IDH1 and IDH2 mutations occur frequently in some types of World Health 

Organization grades II-IV gliomas and in acute myeloid leukemias with normal 
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karyotype. IDH1 and IDH2 mutations are remarkably specific to codons that encode 

conserved functionally important arginines in the active site of each enzyme. To date, 

all IDH1 mutations have been identified at the Arg132 codon. Mutations in IDH2 have 

been identified at the Arg140 codon, as well as at Arg172, which is aligned 

with IDH1 Arg132. IDH1 and IDH2 mutations are usually heterozygous in cancer, and 

they appear to confer a neomorphic enzyme activity for the enzymes to catalyze the 

production of D-2-hydroxyglutarate. Study of alterations in these metabolic enzymes 

may provide insights into the metabolism of cancer cells and uncover novel avenues for 

development of anticancer therapeutics.   

1.3  Normal Functions of IDH1 and IDH2 

Isocitrate dehydrogenases (IDHs) catalyze the oxidative decarboxylation of 

isocitrate to α-ketoglutarate and reduce NAD(P)+ to NAD(P)H.  This process involves 

oxidation of isocitrate to oxalosuccinate, with NAD(P)H as the electron acceptor, 

followed by decarboxylation of oxalosuccinate to form α-ketoglutarate.  Humans and 

other eukaryotes have both NAD+- and NADP+-dependent IDHs.  NAD+-dependent 

IDH, or IDH3, is a multisubunit enzyme that is localized to the mitochondrial matrix 

and is classically thought to play a central role in aerobic energy production in the 

tricarboxylic acid (TCA) cycle.  IDH1 and IDH2 are  NADP+-dependent, share 

considerable sequence similarity (70% identity in humans), and are unrelated to IDH3.  

Importantly, IDH1 and IDH2 catalyze reversible reactions and have no known allosteric 
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modifiers, whereas the reaction catalyzed by IDH3 is irreversible and allosterically 

regulated by a variety of positive (calcium, ADP, and citrate) and negative (ATP, 

NADH, and NADPH) effectors (Gabriel et al., 1986).  In this dissertation, we use IDH to 

refer to both IDH1 and IDH2, but not IDH3.   

IDH1 is highly expressed in the mammalian liver and moderately expressed in 

other tissues (Jennings et al., 1994).  It contains a C-terminal tripeptide peroxisome 

targeting signal 1 sequence (Nekrutenko et al., 1998) and localizes to varying extents to 

the cytoplasm and peroxisome of yeast and mammalian cells (Geisbrecht and Gould 

1999; Henke et al., 1998; Yoshihara et al., 2001).  IDH2 contains an N-terminal 

mitochondrial signal peptide and localizes to the mitochondria (Nekrutenko et al., 1998).  

It is highly expressed in mammalian heart, muscle, and activated lymphocytes and 

moderately expressed elsewhere (Jennings et al., 1994; Luo et al., 1996). 

1.3.1 Structure and Mechanism of Regulation 

Early studies of IDH structure were performed on bacterial homologs of human 

IDH (Dean and Koshland 1990; Dean and Koshland 1993; Dean et al., 1989; Hurley et al., 

"Regulation of an Enzyme by Phosphorylation at the Active Site" 1990; Hurley et al., 

"Regulation of Isocitrate Dehydrogenase by Phosphorylation Involves No Long-Range 

Conformational Change in the Free Enzyme" 1990; Hurley et al., 1989).  Ceccarelli et al. 

solved the crystal structure of porcine IDH2 (Ceccarelli et al., 2002).  Xu et al. reported 

the crystal structure of human IDH1 (Xu et al., 2004).  Bacterial homologs of IDH, as well 
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as porcine IDH2 and human IDH1, function as homodimers (Ceccarelli et al., 2002; Dean 

and Koshland 1993; Xu et al., 2004).  Each homolog comprises a large domain, a clasp 

domain, and a small domain.  In human IDH1, the large domain is made up of residues 

1-103 and 286-414; the clasp encompasses residues 137-185; and the small domain 

consists of residues 104-136 and 186-285.  IDH homodimers contain two asymmetric 

active sites, with each active site made up of a cleft formed by the large and small 

domains of one IDH1 molecule and the small domain of the other IDH1 molecule in the 

dimer.  The active sites are exposed to solvent and are accessible to the substrate and 

cofactor.  The clasp functions to hold the two subunits together to form this active site 

(Xu et al., 2004).  Human IDH1 transitions between an inactive open, an inactive semi-

open, and a catalytically-active closed conformation.  In the inactive open conformation, 

Asp279 occupies the position where the isocitrate substrate normally forms hydrogen 

bonds with Ser94 (Figure 1).  This steric hindrance by Asp279 to isocitrate binding is 

relieved in the active closed conformation. 
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Figure 1: Structure of IDH1 in closed conformation 

Structure of both molecules of the isocitrate dehydrogenase 1 (IDH1) dimer in 

the active closed conformation.  The crystal structure of IDH1 is shown in ribbon 

format  (PDBID:1T0L) (Xu et al., 2004).  The dimer contains two active sites, each of 

which contains a NADP-binding site and a metal ion-binding site.  One active site is 

shown in the closed conformation, with the substrate isocitrate in dark blue and the 

cofactor NADP in red.  Mutations that alter Arg132 (yellow) to histidine, cysteine, or 

other amino acids are associated with human gliomas and other cancers.  This residue 

forms three hydrogen bonds with the isocitrate substrate (dark blue).  Ser94 (orange) 

also forms one hydrogen bond with the isocitrate substrate.  In the inactive, open 

conformation (not shown), Asp279 (cyan) contacts Ser94 and sterically hinders 

isocitrate binding.  To transition to the active closed conformation shown here, 

Asp279 must swing away from Ser94 to relieve this steric hindrance.  During this 

transition, Asp279 contacts Arg132 (Xu et al., 2004), suggesting that Arg132 plays a role 

in the transition between inactive and active enzyme conformations.  Displayed 

image was created with UCSF Chimera software version 1.3 (Pettersen et al., 2004) and 

reproduced with permission from (Reitman and Yan 2010). 
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1.3.2 Roles in Normal Cellular Metabolism 

IDH1 and IDH2 play prominent yet distinctive roles in cellular metabolism 

(Figure 2)_ENREF_17 , with IDH1 involved in lipid metabolism and glucose sensing, 

and IDH2 involved in the regulation of oxidative respiration.  In yeast, IDH1 aids in the 

beta-oxidation of polyunsaturated fatty acids within the peroxisome by providing 

NADPH, a cofactor for 2,4-dienoyl CoA reductase (van Roermund et al., 1998).  In higher 

eukaryotes, polyunsaturated fatty acid oxidation also occurs in mitochondria, and, 

because of this localization, likely utilizes NADPH supplied by IDH2.  NADPH 

generated by IDH1 also contributes to the cellular defense against reactive oxygen 

species (ROS) generated during lipid oxidation and other processes (Minard and 

McAlister-Henn 1999).  In mammalian hepatocytes, IDH1 provides NADPH for 

peroxisomal fat and cholesterol synthesis, and its expression is regulated and activated 

by sterol regulatory element binding proteins 1a and 2 (Shechter et al., 2003).   
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Figure 2: Normal functions of IDH1 and IDH2 
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Figure 2 (continued): Functions of IDH1 and IDH2 in the normal cell. 

A, Isocitrate dehydrogenase 1 (IDH1) and IDH2 catalyze the reversible 

conversion of isocitrate to α-ketoglutarate (α-KG) and NADP+ to NADPH.  IDH1 is 

located in the cytosol and the peroxisome (Geisbrecht and Gould 1999; Henke et al., 

1998; Yoshihara et al., 2001).  IDH2 is located in the mitochondria and may function as 

the major catalyst of the isocitrate to α-ketoglutarate reaction in the TCA cycle in 

some tissues (Hartong et al., 2008).  IDH3 is also located in the mitochondria and 

catalyzes the irreversible conversion of isocitrate to α-ketoglutarate and NAD+ to 

NADH.   B,  A mitochondrial isocitrate/α-ketoglutarate cycle has been proposed by 

Sazanov and Jackson (Sazanov and Jackson 1994).  In some tissues, flux through IDH2 

proceeds in reverse, with α-ketoglutarate converted to isocitrate and NADPH 

converted to NADP+ (Comte et al., 2002).   IDH3 converts isocitrate back to α-

ketoglutarate, and NAD+ to NADH.  H+-transhydrogenase (H+-TH) completes this 

cycle by transferring electrons from NADH to NADPH (Sazanov and Jackson 1994).   

The transhydrogenase reaction is coupled to the transport of protons down their 

electrochemical potential gradient into the mitochondrial matrix (Sazanov and 

Jackson 1994).  This cycle has the net effect of dissipating the electrochemical 

potential gradient across the inner mitochondrial membrane and producing heat.  

IDH2 also reduces the net flux from isocitrate to α-ketoglutarate (Sazanov and 

Jackson 1994).  Because of this effect, allosteric modifiers of IDH3 (ATP, Ca2+, citrate, 

ATP, NADH, and NADPH) have a larger relative impact on net flux from isocitrate to 

α-ketoglutarate for the tricarboxylic acid (TCA) cycle.  DH =  dehydrogenase; mal = 

malate; α-KG = α-ketoglutarate.  Reproduced with permission from (Reitman and Yan 

2010). 
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IDH1 plays a crucial role in cellular glucose sensing.  In mammalian pancreatic 

islets, knockdown of IDH1 results in impairment of glucose-stimulated insulin secretion 

and an increase in lactate production (Ronnebaum et al., 2006).  In addition, knockdown 

or inhibition of the mitochondrial citrate/isocitrate carrier impairs glucose-stimulated 

insulin secretion and promotes glucose incorporation into fatty acids and glucose-

induced increases in NADPH/NADP+ (Joseph et al., 2006).  Together, these results point 

to a central role for IDH1 in glucose sensing, and IDH1 has been proposed to function in 

a novel anaplerotic pyruvate cycle that mediates this process (Joseph et al., 2006).  In this 

cycle, glucose-derived pyruvate enters the TCA cycle through pyruvate carboxylase, is 

converted to isocitrate, and exits the mitochondria via the citrate/isocitrate carrier.  IDH1 

converts this isocitrate to α-ketoglutarate, producing NADPH.  α-ketoglutarate and/or 

NADPH promote insulin secretion, possibly by modulating α-ketoglutarate 

hydroxylases or voltage gated potassium channels, respectively; α-ketoglutarate may be 

cycled back to pyruvate through a pathway that remains to be elucidated.  The role for 

IDH1 in cellular metabolism is evidenced by the phenotype of transgenic mice 

overexpressing IDH1, which exhibit fatty liver, hyperlipidemia, and obesity (Koh et al., 

2004).  The IDH1 overexpression phenotype is especially consistent with overactive 

glucose-stimulated insulin secretion, as expected for an enzyme with a role in this 

pathway. 
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IDH2 plays a key role in TCA cycle regulation in multiple tissues.  Analysis of 

families with retinitis pigmentosa has determined that some of these families are 

homozygous for a defective IDH3 subunit allele (Hartong et al., 2008).  Because these 

individuals have no obvious pathology outside the retina, it has been proposed that 

IDH1 or IDH2, or both, may function to convert isocitrate to α-ketoglutarate for the TCA 

cycle in non-retinal tissues.  In contrast to this idea, the IDH2 reaction has been shown to 

proceed in reverse in mammalian heart and liver, catalyzing the conversion of α-

ketoglutarate and NADPH to isocitrate and NADP+ (Comte et al., 2002).  A recent study 

in glioma cells supports this role for IDH2 by showing that siRNA knockdown of IDH2, 

but not IDH3, results in lowered conversion of glutamine to citrate, a process that would 

require this reverse flux (Ward et al., ).  An isocitrate/α-ketoglutarate cycle has been 

proposed in which IDH2 proceeds in this reverse direction, and IDH3 converts isocitrate 

back to α-ketoglutarate.  This cycle is completed by the transfer of electrons from NADH 

to NADPH by H+-transhydrogenase, which is driven by the proton electrochemical 

gradient of the inner mitochondrial membrane.  The isocitrate/α-ketoglutarate cycle 

dissipates this gradient, generating heat, which provides tight control of flux through 

the TCA cycle by the allosteric regulators of IDH3 (Ca2+, ADP/ATP, citrate, and 

NAD(P)H) and by the state of the inner mitochondrial membrane (Sazanov and Jackson 

1994).   It is difficult to reconcile a reverse flux through IDH2 with the idea that IDH2 

can rescue the forward flux of IDH3.  Perhaps in retinitis pigmentosa, flux through IDH2 
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in tissues like the heart and liver is forced into the forward direction, but this unnatural 

metabolic state results in apparent pathology only in the retina.  

The evidence points to a central role for the isocitrate to α-ketoglutarate reaction 

in the cell.  At this crossroads, allosteric regulators of IDH3 and the mitochondrial 

membrane electrochemical gradient modulate overall TCA cycle flux; metabolites may 

exit the mitochondria and provide cellular machinery with information on glucose 

status; and metabolites may continue through the TCA cycle or cycle back to pyruvate 

through an anaplerotic pathway.  

1.3.3 Response to Cellular Insults 

In mammalian cells, IDH activity increases in response to a variety of oxidative 

insults, but activity of other TCA cycle enzymes, including α-ketoglutarate 

dehydrogenase and IDH3, decreases (Mailloux et al., 2007), suggesting that these 

enzymes play a role in the cellular response to such insults, in addition to their roles in 

normal cellular metabolism.  Both enzymes can produce NADPH, a reducing equivalent 

essential for the reduction of glutathione by glutathione reductase and for the activity of 

the thioredoxin system [for a review, see (Nakamura 2005)], both of which confer 

cellular protection against oxidative damage.  Additionally, α-ketoglutarate serves as a 

potent antioxidant, and both IDH1 and IDH2 activity can modulate the availability of 

this compound, which can be exchanged for malate across the inner mitochondrial 

membrane.  Although glucose-6-phosphate dehydrogenase is classically thought to 
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provide NADPH for reductive processes in cells, the IDHs have increasingly been 

implicated as the major source for this reduced compound (Winkler et al., 1986).  

Because the inner mitochondrial membrane is impermeable to NADPH, IDH2 may serve 

as the source for this antioxidant to protect against mitochondrial-specific stressors, such 

as ROS produced by the respiratory electron transport chain.  This process would 

require flux through IDH2 to proceed in the forward direction, which may occur in 

tissues other than the liver and heart, or generally under conditions of stress. 

Park et al. have confirmed the role of IDH1 and IDH2 as protectors against 

various insults (Lee et al., 2002).  They have shown that IDH1 or IDH2 deficiency leads to 

increased lipid peroxidation, oxidative DNA damage, intracellular peroxide generation, 

and decreased survival after oxidant exposure, and that overexpression of either IDH 

confers protection from these effects (Lee et al., 2002).  These findings suggest that IDH2 

can modulate processes originally associated with IDH1 activity and does so via 

production of α-ketoglutarate in the mitochondria, followed by localization to the 

cytosol.  Cellular IDH1 levels are associated  with protection from apoptosis after 

exposure to ROS (Lee et al., 2009) or singlet oxygen species (Kim et al., 2007) and with 

protection from cell death following UVB-induced phototoxicity (Jo et al., 2002).  IDH2 

protects against apoptosis following heat shock (Shin et al., 2008), treatment with tumor 

necrosis factor-α (Kil et al., 2007), exposure to high glucose (Shin et al., 2004), or exposure 

to ionizing radiation (Lee et al., 2007).  Both IDH1 and IDH2 have been shown to be 
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induced by and to protect against gamma irradiation (Lee et al., 2004).  It has been 

reported that IDH1 and IDH2 activity varies according to age in several tissues from ad 

libitum-fed rats but not in tissues from diet-restricted rats (Kil et al., "Modulation of 

Nadp(+)-Dependent Isocitrate Dehydrogenase in Aging" 2004) and that IDH1 expression 

decreases over time in the brains of aging mice (S. Yang et al., 2008).   

Although IDH1 and IDH2 play a crucial role in the defense against oxidative 

stress, they are inactivated by oxidation.  Lipid peroxidation products (Yang et al., 2004), 

singlet oxygen (Kim et al., 2004), hypochlorous acid (Park et al., 2008), ROS (Lee et al., 

2001), nitric oxide (Yang et al., 2002), and peroxynitrite (E. S. Yang et al., 2008), all 

inactivate the enzymes.  This process is likely mediated by modifications including 

glutathionylation in the presence of high levels of oxidized glutathione (Shin et al., 2009), 

S-nitrosylation in the presence of reactive nitrogen species (Lee et al., 2003; Yang et al., 

2002), and nonenzymatic glycation in the presence of high glucose levels, as 

demonstrated in diabetic human and rat tissue (Kil et al., "Glycation-Induced 

Inactivation of Nadp(+)-Dependent Isocitrate Dehydrogenase: Implications for Diabetes 

and Aging" 2004).  It has been suggested that other antioxidant enzymes may protect the 

IDHs from oxidative inactivation and that cells respond to such inactivation with de 

novo IDH protein synthesis (Batinic-Haberle and Benov 2008). 
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1.4 Mutations in Human Cancer 

IDH1 Arg132 mutations were discovered in a genome-wide mutation analysis of 

22 human World Health Organization grade IV glioblastomas (Parsons et al., 2008).  Two 

genetically distinct classes of glioblastomas exist: primary glioblastomas, which arise de 

novo, and secondary glioblastomas, which progress from the less malignant grade II 

diffuse astrocytomas and grade III anaplastic astrocytomas.  In addition, grade II well-

differentiated oligodendrogliomas are gliomas that can progress to grade III anaplastic 

oligodendrogliomas, and the mixed grade II oligoastrocytomas can progress to grade III 

anaplastic oligoastrocytomas and grade IV secondary glioblastomas [for a review, see 

(Louis 2006)].  Subsequent analyses revealed that mutations in IDH1 Arg132 are in fact 

common (50-94%) in grade II and III gliomas and secondary glioblastomas and also 

occur less frequently in primary glioblastomas and other cancers (Table 1)("Table 1 

Mutation Frequency").  In addition, IDH1 Arg132 mutations have been identified in 

acute myeloid leukemia (AML), and rare cases have been reported in B-acute lymphoid 

leukemia, prostate cancer, and colorectal cancer (Table 1).  IDH1 mutations were 

identified in 7% of AML patients in one large study (Table 1) (Mardis et al., 2009), but 

not in two others (Table 1) (Kang et al., 2009; Yan et al., "Idh1 and Idh2 Mutations in 

Gliomas" 2009).  Most AMLs with IDH1 mutations are cytogenetically normal (Mardis et 

al., 2009).  The cytogenetic status of patients in the two AML studies that did not find 

IDH1 mutations (Kang et al., 2009; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009) 
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was not reported, but a difference in the AML cytogenetic subtype distribution between 

studies could explain the different findings. 



 

16 

 

Table 1: Frequency of  IDH1 and IDH2 mutations in human cancers 

Cancer % IDH1* % IDH2* 

Gliomas 

Diffuse astrocytoma  (grade II) 59–88 0.9 

Anaplastic   astrocytoma  (grade III) 50–78 0.9 

Secondary glioblastoma   (grade IV) 73–88  

Primary glioblastoma  (grade IV) 3–16  

Pediatric glioblastoma  (grade IV) 0–7  

Oligodendroglioma (grade IV) 68–82 2.3 

Anaplastic oligodendroglioma (grade III) 49–86 3.4 

Oligoastrocytoma (grade II) 50–94 1.3 

Anaplastic oligoastrocytoma (grade III) 43–78 3.4 

Other Cancers 

Primitive neuroectodermal  tumor  10  

Acute myeloid leukemia 0–8 0-15 

B-acute   lymphoblastic leukemia 2  

Prostate cancer 3  

*See (Reitman and Yan 2010) for references and study sizes. 
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In cancer, the vast majority of IDH1 mutations are heterozygous with a wild-type 

allele.  In gliomas, most IDH1 mutations (89.3%, Table 2) were G395A (R132H), whereas 

a slight majority of AMLs contain C394T (R132C) mutations (Table 2) (Balss et al., 2008; 

Hartmann et al., 2009; Ichimura et al., 2009; Kang et al., 2009; Mardis et al., 2009; Sanson et 

al., 2009; Sjoblom et al., 2006; Watanabe et al., "Idh1 Mutations Are Early Events in the 

Development of Astrocytomas and Oligodendrogliomas" 2009; Yan et al., "Idh1 and Idh2 

Mutations in Gliomas" 2009).  Mutations in IDH2 at Arg172, the exact analog of Arg132 

in IDH1, have also been found in grade II and III gliomas and in AMLs (Tables 1, 2) 

(Green and Beer ; Gross et al., ; Hartmann et al., 2009; Ward et al., ; Yan et al., "Idh1 and 

Idh2 Mutations in Gliomas" 2009).  Also, mutations in Arg140 of IDH2 have been found 

in AMLs (Table 2) (Green and Beer ; Ward et al., ), but not in gliomas (Yan et al., "Idh1 

and Idh2 Mutations in Gliomas" 2009).  The analogous residue to IDH2 Arg140 in IDH1, 

Arg100, has not been reported to be mutated in cancer at this time, and recurring 

somatic mutations in other residues of IDH1 or IDH2, or in IDH3, have not been 

identified in cancer.  Because few cell lines have been derived from grades II and III 

gliomas and karyotypically normal AMLs, it is not surprising that no cell lines have 

been reported to contain IDH mutations at this time.   
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Table 2: Relative frequency of IDH1/2 mutations in gliomas and AMLs 

Gene Codon 

Amino acid 

substitution % in gliomas* No. of patients † 

IDH1 CGT>CAT R132H  89.3% 12 

IDH1 CGT>TGT R132C  3.9% 17 

IDH1 CGT>AGT R132S  1.5% 1 

IDH1 CGT>GGT R132G  1.3% 4 

IDH1 CGT>CTT R132L  0.3%   

IDH2 CGA>CAA R140Q 0% 7 

IDH2 AGG>AAG R172K  2.7% 2 

IDH2 AGG>ATG R172M  0.8%   

IDH2 AGG>TGG R172W 0.7%   

*From an analysis of 1,010 grade II and III gliomas.  Percentages reflect 

portion of total IDH1 and/or IDH2 mutated tumors in this study (Hartmann 

et al., 2009).   

†From analysis of a total of 367 patients from (Green and Beer ; Gross et al., ; 

Mardis et al., 2009), and Table 1 of (Ward et al., ).  Percentage not reported 

due to low number of patients.  
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1.5 Epidemiology and Association with Other Genetic Changes 

IDH-mutated cancers are associated with younger age at diagnosis in most 

glioma tumor types (Balss et al., 2008; Ichimura et al., 2009; Watanabe et al., "Idh1 

Mutations Are Early Events in the Development of Astrocytomas and 

Oligodendrogliomas" 2009; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009), but 

not in AML (Mardis et al., 2009).  However, they are rare in glioma patients aged 18 or 

younger (De Carli et al., 2009; Hartmann et al., 2009; Reitman and Yan 2009).  Glioma 

patients with IDH mutations survive longer than patients with wild-type IDH (Ichimura 

et al., 2009; Parsons et al., 2008; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009), 

and multivariable analyses have shown IDH1 mutation status to be an independent 

positive prognostic factor for glioblastomas (Nobusawa et al., 2009; Sanson et al., 2009).  

Differences in survival or age at diagnosis are not seen between AML patients with and 

without IDH1 mutations (Mardis et al., 2009) .   

Tumor protein p53 (TP53) mutations are common in grade II and III astrocytomas 

and in secondary glioblastomas.  In some studies, IDH mutations have been found to 

associate with TP53 mutations (Ichimura et al., 2009; Watanabe et al., "Idh1 Mutations 

Are Early Events in the Development of Astrocytomas and Oligodendrogliomas" 2009; 

Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009), although other studies did not 

find a statistically significant association (Balss et al., 2008; Sanson et al., 2009).  Biopsies 
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taken at different times from astrocytoma patients demonstrate that IDH mutation 

occurs before TP53 mutation (Watanabe et al., "Idh1 Mutations Are Early Events in the 

Development of Astrocytomas and Oligodendrogliomas" 2009).  In addition, patients 

with germline TP53 mutations, which predispose to grade II–IV astrocytomas, had 

tumors that contained somatic IDH1-R132C mutations (Watanabe et al., "Selective 

Acquisition of Idh1 R132c Mutations in Astrocytomas Associated with Li-Fraumeni 

Syndrome" 2009).  Loss of chromosome arms 1p and 19q is commonly observed in 

oligodendroglial tumors and is frequently observed in IDH-mutated but not IDH-wild-

type oligodendroglial tumors (Ichimura et al., 2009; Yan et al., "Idh1 and Idh2 Mutations 

in Gliomas" 2009).  IDH mutations are inversely associated with many of the hallmark 

genetic changes of primary glioblastomas, such as epidermal growth factor receptor  

amplification, cyclin dependent kinase inhibitor 2A or 2B deletion, and phosphatase and 

tensin homolog mutations (Ichimura et al., 2009; Yan et al., "Idh1 and Idh2 Mutations in 

Gliomas" 2009). 

IDH mutations do not increase in frequency in the progression to higher grade 

gliomas (Table 1) and occur before other genetic changes, leading to the suggestion that 

these mutations arise at some point in the transition from a normal cell to a clinically 

evident tumor (Balss et al., 2008; Ichimura et al., 2009; Ohgaki and Kleihues 2009; 

Watanabe et al., "Idh1 Mutations Are Early Events in the Development of Astrocytomas 

and Oligodendrogliomas" 2009; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009).  
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This suggestion has led to refinement of the genetic model for the formation and 

progression of different glioma subtypes (Ichimura et al., 2009; Ohgaki and Kleihues 

2009).  Common genetic changes associated with different glioma subtypes and the 

hypothesis that grade II gliomas arise from an IDH-mutated population of cells are 

integrated into the model shown in (Figure 3).  
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Figure 3: Common genetic alterations in glioma tumorigenesis and 

progression.  
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Figure 3 (continued): Common genetic alterations in glioma tumorigenesis and 

progression.   

Grade II gliomas include well-differentiated oligodendrogliomas (O), 

oligoastrocytomas (OA), and diffuse  astrocytomas (A) (Louis et al., 2007).  All three 

types of tumors undergo two sequential genetic alterations for tumorigenesis: first, a 

mutation in isocitrate dehydrogenase 1 (IDH1) or IDH2, and second, homozygous 

deletion of chromosome arms 1p and 19q or tumor protein p53 (TP53) mutation.  The 

IDH mutation event occurs at some point in the transformation from the glioma cell 

of origin to a glioma cell.  The second genetic event contributes to the 

histopathological and clinical phenotype of the resulting tumor.  For example, 

oligodendrogliomas usually contain 1p and 19q loss, whereas astrocytomas have TP53 

mutations.  The oligoastrocytomas can contain either genetic alteration.  Grade II 

tumors can progress to grade III anaplastic oligodendrogliomas (AO), anaplastic 

oligoastrocytomas (AOA), and anaplastic astrocytomas (AA), as well as to grade IV 

secondary glioblastomas (sGBM) and secondary glioblastomas with oligodendroglial 

component (sGBMO) (Louis et al., 2007).  Grade I pilocytic astrocytomas (PA) and 

grade IV primary GBMs (prGBM) arise de novo (Louis et al., 2007), do not frequently 

contain IDH mutations, and contain other alterations that are rare in the IDH 

mutation-containing tumors (Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009).  

It is not known whether these tumors arise from the same cell type.  HD = 

homozygous deletion.  Reproduced with permission from (Reitman and Yan 2010).
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1.6 Functional Properties of IDH Mutants 

Arg132 of IDH1 is aligned with Arg172 of IDH2, and this arginine is conserved 

in all known homologs of IDH in other species (Nekrutenko et al., 1998).  Uniquely, 

among all residues involved in isocitrate binding, Arg132 forms three hydrogen bonds 

with the α- and β-carboxyl of the isocitrate substrate (Zhao et al., 2009).  Arg132, as well 

as Gln277, contact Asp279 in the transitional semi-open state of IDH1 (Xu et al., 2004).  

Arg132 may therefore be important in the transition from the open state, in which 

Asp279 sterically hinders isocitrate binding by contacting Ser94, to the active closed state 

(Figure 1).  Consistent with the importance of Arg132 in this transition, the X-ray 

structure of IDH1-R132H appears to favor the closed state compared with the structure 

of IDH1-WT, indicating that alteration of Arg132 changes the equilibrium between the 

open and closed states (Dang et al., 2009).   Extrapolating from IDH1, one can expect 

Arg172 of IDH2 to also play a role in the transition between conformations of this 

enzyme (Ceccarelli et al., 2002; Xu et al., 2004).  Notably, Arg140 of IDH2, which is 

mutated in AML, also forms hydrogen bonds with the β-carboxyl of the isocitrate 

substrate (Ward et al., ). In addition, Arg140 is adjacent to Arg172 in the active site of 

IDH2 (Ward et al., ), and these two residues may both function in the transition between 

the open and closed states of IDH2.  Early research showed that purified rat IDH1-

R132E is essentially inactive (Jennings et al., 1997). In another study, a porcine mutant 
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analogous to human IDH2-R172Q displayed two-fold reduced specific activity and a 

100-fold increased Km for isocitrate (Soundar et al., 2000).  Following their discovery in 

gliomas, the enzymatic activities, as measured by production of NADPH, of IDH1-

R132H, -R132S, -R132C, -R132G, and of IDH2-R172G, R172K, and R172M  were found to 

be greatly reduced compared with wild-type in lysates of cells overexpressing these 

enzymes (Ichimura et al., 2009; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009).  

Furthermore, the Km for isocitrate of purified IDH1-R132H, -R132C, and –R132S were 

increased by more than 50-fold (Zhao et al., 2009).   

1.6.1 Oncogenes or Tumor Suppressors? 

Since the discovery of IDH mutations, their function in cancer has puzzled cancer 

geneticists.  The inactivation of proteins that protect the cell is at first reminiscent of a 

tumor suppressor, such as TP53.  However, no homozygous deletions or other 

inactivating alterations of IDH1 or IDH2 have been reported in cancer, as is observed for 

classical tumor suppressors.  Furthermore, the heterozygous nature and specificity of the 

IDH mutations evokes activating “hotspots” in oncogenes such as v-raf murine sarcoma 

viral oncogene homolog B1 (BRAF), v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

(KRAS), and phosphoinositide-3-kinase, catalytic, alpha polypeptide (PIK3CA) and has led to 

the proposal that such mutations result in gain of function (Parsons et al., 2008).  A gain 

of similar function for IDH1 and IDH2 would also help to explain why mutations in 

either gene appear to provide cancer cells with a similar selective advantage.  For 
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example, mutations could alter yet undescribed normal IDH interactions with other 

molecules in the cell, disrupt normal covalent modifications of the enzymes, or lead to 

depletion or replenishment of other compounds by acquisition of new enzymatic 

activity.   

1.6.2 Dominant Negative Activity 

One possible function of IDH mutations is dominant inhibition of the wild-type 

copy of the enzyme.  Zhao and colleagues showed that IDH1-WT and IDH1-R132H can 

form a heterodimer that exhibits 4% of the activity of the IDH1-WT homodimer.  The 

wild-type homodimer displays a sigmoidal curve of cooperative binding to isocitrate, 

whereas the heterodimer exhibits a hyperbolic curve with a higher Km for isocitrate, 

indicating that the heterodimer loses both affinity and cooperativity for the substrate 

(Zhao et al., 2009).  Although the purified wild-type:mutant heterodimer has reduced 

activity in vitro, the extent to which this heterodimer forms in vivo is unclear.  To exert 

dominant negative activity in vivo, a substantial fraction of IDH1 molecules would need 

to exist as heterodimers.  For this to happen, the binding between IDH1-R132H and 

IDH1-WT molecules would have to outcompete the binding between IDH1-WT and 

other IDH1-WT molecules, as well as the binding between IDH1-R132H and other 

IDH1-R132H molecules.  This has not been demonstrated, nor has it been shown that 

IDH1-R132H molecules can lower the isocitrate dehydrogenase activity of cells 

containing IDH1-WT.  Also, dominant negative activity may be harmful to cancer cells, 
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because knockdown of IDH1 or IDH2 slows the growth of glioma cells (Ward et al., ).  

Given the protective role for IDH1 and IDH2 in the cell, the lack of other inactivating 

genetic alterations observed for IDH1 or IDH2 in cancer, and the lack of evidence that 

dominant negative activity occurs in vivo, it seems unlikely that dominant negative 

activity is a major function of the IDH mutations in cancer. 

1.6.3 Neomorphic Enzyme Activity 

Recently, unbiased metabolite profiling revealed that expression of IDH1-R132H 

in glioma cells leads to production of 2-hydroxyglutarate (Dang et al., 2009).  Further 

study revealed that IDH1 Arg132 and IDH2 Arg172 mutants reduce α-ketoglutarate to 

D-2-hydroxyglutarate while converting NADPH to NADP+ (Dang et al., 2009; Gross et al., 

; Ward et al., ).   In addition, cancer tissue samples containing IDH1 Arg132, IDH2 

Arg140, or IDH2 Arg172 mutations have more than one hundred-fold higher 

concentrations of this metabolite than cancers with wild-type copies of these genes 

(Dang et al., 2009; Gross et al., ; Ward et al., ).   Mutation of IDH1 Arg132 appears to favor 

the active, closed state of the enzyme, increasing its affinity for NADPH, which may 

promote reduction of α-ketoglutarate to D-2-hydroxyglutarate under low concentrations 

of NADPH (Dang et al., 2009).  The mutation also results in reorganization of the enzyme 

active site in a way that apparently favors reduction of α-ketoglutarate to D-2-

hydroxyglutarate rather than oxidative decarboxylation of isocitrate to α-ketoglutarate 

or the reverse reductive carboxylation of α-ketoglutarate to isocitrate (Dang et al., 2009).   
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The fact that neomorphic enzyme activity is a shared feature of the IDH1 and 

IDH2 mutations points to the importance of this activity in cancer, which has led to 

speculation that D-2-hydroxyglutarate acts as an oncometabolite (Dang et al., 2009).   D-

2-hydroxyglutarate is normally present at low levels in human tissues.  It is thought to 

be normally produced by a hydroxylacid-oxoacid transhydrogenase (HOT) which 

converts α-ketoglutarate and 3-hydroxybutanoate to acetoacetate and D-2-

hydroxyglutarate(Struys et al., 2005).  Normally, the D-2-hydroxyglutaric acid 

dehydrogenase enzyme encoded by the D2HGDH gene metabolizes D-2-

hydroxyglutarate back to α-ketoglutarate presumably by using FADH as an oxidizing 

agent.  D-2-hydroxyglutarate has been noted to inhibit electron transport—related 

complexes in the inner mitochondrial membrane, such as the Complex V proton-

pumping ATPase, and to deregulate NMDA receptor signaling activity(Kolker et al., 

2002).  Additional studies of the normal role of D-2-hydroxyglutarate in cellular 

metabolism are needed to better understand this metabolite. 
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Data from studies of individuals with inborn errors of metabolism that 

deregulate 2-hydroxyglutarate call into question the importance of 2-hydroxyglutarate 

in tumorigenesis.  Individuals with L-2-hydroxyglutaric aciduria, a genetic metabolic 

defect leading to accumulation of L-2-hydroxyglutarate, the enantiomer of D-2-

hydroxyglutarate, appear to have a higher risk of developing malignant brain tumors 

(Haliloglu et al., 2008).  However, patients with D-2-hydroxyglutaric aciduria, in which 

D-2-hydroxyglutarate accumulates due to a genetic defect (Kranendijk et al., "Evidence 

for Genetic Heterogeneity in D-2-Hydroxyglutaric Aciduria"), are not known to have an 

increased risk for developing brain tumors.  Although D- and L-2-hydroxyglutarate are 

mirror images of each other, they may have quite different biological functions, because 

patients with D- and L-2-hydroxyglutaric aciduria have distinct clinical symptoms and 

because different enzymes function on each enantiomer (Kranendijk et al., "Evidence for 

Genetic Heterogeneity in D-2-Hydroxyglutaric Aciduria" ; Struys et al., 2007).  It is also 

important to consider that this neomorphic enzyme activity may alter flux through α-

ketoglutarate, NADP+, or NADPH in ways that benefit cancer cells (Reitman et al., "Idh1 

and Idh2: Not Your Typical Oncogenes"). 

1.6.4 Aberrant Glucose Sensing 

What might a change in IDH activity achieve for cancer cells?  A possible 

selective advantage for cancer cells could stem from the role of IDH1 in glucose sensing.  

IDH1 has been shown to participate in a glucose sensing pathway in pancreatic islets 
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(Ronnebaum et al., 2006) and may communicate the presence of high glucose to 

downstream members of this pathway by raising NADPH levels.  A similar pathway 

may be intact in other tissue types.  Rather than stimulating insulin secretion, as in islet 

cells, this pathway may regulate nutrient satiety or cellular differentiation based on 

nutrient availability in other cell types.  For example, cells that detect high levels of 

glucose would signal, via high NADPH levels, to stop taking up high levels of nutrients, 

or to differentiate.  IDH1 and IDH2 mutants consume NADPH as they convert a-

ketoglutarate to 2-hydroxyglutarate (Dang et al., 2009; Gross et al., ; Ward et al., ), and 

IDH1-mutated tissues have lower NADP+-dependent isocitrate dehydrogenase activity 

(Bleeker et al., ).  In cells with IDH1 mutations, this may lead to low cytosolic NADPH 

levels, which would aberrantly signal a low nutrient status to downstream players in the 

glucose sensing pathway.  The cell may then compensate for perceived low nutrient 

status by increasing cellular nutrient consumption or by blocking cellular differentiation.  

Increased nutrient consumption is a hallmark of cancer and may give cancer cells a 

selective growth advantage.  Both glioma and AML cells have been characterized as 

relatively undifferentiated (Ward et al., ), and blocking differentiation may benefit cancer 

cells by allowing them to continue to self-renew and accumulate advantageous genetic 

alterations.  However, whether a glucose sensing pathway involving IDH1 and NADPH 

functions in the cell lineages that give rise to gliomas and AMLs, which downstream 

players function in this pathway, and what effect IDH mutations have on cellular 
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NADPH levels, have yet to be elucidated.  Moreover, the inner mitochondrial membrane 

is impermeable to NADPH, and it is unknown whether a putative depletion of NADPH 

in the mitochondria by IDH2 mutants would lead to depletion of cytosolic NADPH. 

1.6.5 Hypoxia Signal Transduction 

Overexpression of IDH1-R132H in mammalian cells increases the stability of 

hypoxia inducible factor 1α (HIF-1α) (Figure 4) (Zhao et al., 2009).  HIF-1α is a 

transcription factor with targets that modulate apoptosis, cell survival, and 

angiogenesis, and its increased expression has been implicated in other cancer types 

with frequent loss-of-function mutations in TCA cycle enzymes.  One proposed 

mechanism for IDH mutant-mediated stabilization of HIF-1α is by inhibition of prolyl 

hydroxylases.  Prolyl hydroxylases use α-ketoglutarate as a substrate for a reaction that 

normally targets HIF-1α for degradation.  IDH mutants could lead to lower cellular α-

ketoglutarate levels by consuming this compound, which may lead to prolyl 

hydroxylase inactivation.  Alternatively, 2-hydroxyglutarate produced by IDH mutants 

has been thought to competitively inhibit prolyl hydroxylases by occupying the α-

ketoglutarate binding site on these enzymes (Figure 4) (Frezza et al., ).  However, grade 

II and 3 gliomas do not demonstrate angiogenesis, as would be expected for tumors that 

activate this hypoxia signaling pathway (King et al., 2006).  Finally, increased expression 

of HIF-1 target genes is not found in AMLs (Mardis et al., 2009), which calls into 

question the idea that HIF-1α stabilization is a major function of the IDH mutations. 
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Figure 4: Model for activation of HIF-1 by IDH1 mutations.   

Hypoxia inducible factor 1α (HIF-1α) is hydroxylated by HIF prolyl 

hydroxylase (PHD), which targets HIF-1α for ubiquitylation by von Hippel Lindau 

protein (vHL) and subsequent proteasomal degradation.  PHDs require O2 and α-

ketoglutarate (α-KG) as substrates (King et al., 2006).  When stabilized, HIF-1α 

dimerizes with HIF-1β and activates transcription of targets such as solute carrier 

family 2 member 1 (SLC2A1) and vascular endothelial growth factor (VEGF) (King et 

al., 2006).  IDH1-WT converts isocitrate to α-ketoglutarate, and IDH1-R132H converts 

α-ketoglutarate to 2-hydroxyglutarate.  By consuming α-ketoglutarate, IDH1-R132H 

may lower the availability of this substrate, which would decrease PHD activity and 

lead to HIF-1α stabilization.  Also, based on its structural similarity to α-

ketoglutarate, 2-hydroxyglutarate has been hypothesized to competitively inhibit 

PHD activity by occupying PHD α-ketoglutarate binding sites (Frezza et al., ). Ub = 

ubiquitin.  Reproduced with permission from (Reitman and Yan 2010). 
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1.6.6 Mutagenic Program 

 IDH1 and IDH2 mutations could also contribute to tumorigenesis and 

cancer progression through increased mutagenesis (Ichimura et al., 2009).  Loss of a 

wild-type IDH1 or IDH2 allele, combined with a new enzyme activity that consumes 

NADPH and α-ketoglutarate, could lead to depletion of these two compounds that 

normally help to defend the cell against oxidative stress.   This could lead to 

mutagenesis as ROS interact with the genome.  Alternatively, 2-hydroxyglutarate itself 

may act as a mutagen through an as-yet unknown mechanism.  Grade II and III 

astrocytomas and secondary glioblastomas frequently contain IDH mutations and later 

develop missense mutations in TP53 and other genes (Balss et al., 2008; Hartmann et al., 

2009; Parsons et al., 2008; Sanson et al., 2009; Watanabe et al., "Idh1 Mutations Are Early 

Events in the Development of Astrocytomas and Oligodendrogliomas" 2009; Yan et al., 

"Idh1 and Idh2 Mutations in Gliomas" 2009), supporting the idea that early IDH 

mutations could promote later, advantageous mutations that underlie the formation and 

progression of these cancers.   

1.7 Future directions  

The functional significance of IDH mutations in human cancer remains, to a large 

extent, a mystery.  IDH mutations generally associate with specific gene expression 

signatures (Ducray et al., 2009), and determination of the gene expression environment 

in mutated and nonmutated tumors of specific tumor types may provide insight into the 
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mechanism of IDH-mutated gliomagenesis.  Such studies may clarify the functional role 

of the mutations and possibly offer information to help guide glioma management in the 

clinic.  Determining whether IDH status is an independent prognostic factor for any of 

the tumor types that contain these mutations may guide clinical management of a lethal 

group of cancers.   One study has already taken advantage of the remarkable sensitivity 

and specificity of IDH1 mutations for diffuse astrocytomas to distinguish these lesions 

from pilocytic astrocytomas, which do not frequently contain IDH1 mutations 

(Korshunov et al., 2009).  This could be useful in cases for which scant material is 

available for histopathological analysis.  Analysis of 2-hydroxyglutarate levels may also 

simplify the diagnosis and management of glioma and AML patients, especially if this 

compound is also elevated in cerebrospinal fluid, serum, or urine of patients (Reitman et 

al., "Idh1 and Idh2: Not Your Typical Oncogenes").  Furthermore, the IDHs operate at a 

metabolic crossroads.  It will be crucial to understand whether and how IDH mutations 

alter tumor cell metabolic profiles, lipid biosynthesis, the defense against oxidative 

stress, oxidative respiration, and hypoxia signal transduction in cancer.   

Long-term research will require the use of mammalian tissue and model 

organisms and may uncover the basis for tumor-type specificity of IDH mutations and 

the specific timing of mutation acquisition during the progression from a cell of origin to 

a cancer cell.  As prevalent and specific alterations, IDH mutants are possible targets for 

molecular therapies.  Given the tumor-specificity of metabolic enzyme mutations and 
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the striking difference between the cellular metabolism of cancer and normal cells, 

metabolic enzymes may prove to be fruitful targets for anticancer therapies (Thompson 

2009).  In addition, a clear understanding of the mechanism of IDH-mutated 

carcinogenesis may reveal exciting new targets for cancer treatment. 
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2. Biochemical studies of isocitrate dehydrogenase 
mutations 

2.1 Rationale for biochemical studies of IDH1 and IDH2 

Heterozygous point mutations in IDH1 and IDH2 occur in a significant portion 

of human cancers.  Affected cancer types include gliomas of intermediate malignant 

grade (73-94%) (Parsons et al., 2008; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 

2009) and acute myeloid leukemias (AMLs, 16-22%) (Green and Beer ; Gross et al., ; 

Mardis et al., 2009; Ward et al., ), and cases of IDH1 mutations have been reported in 

prostate cancer (Kang et al., 2009), acute lymphoblastic leukemia, B type (Kang et al., 

2009), colorectal cancer (Sjoblom et al., 2006), and melanoma (Lopez et al., 2010).  The 

IDH1 mutations observed in cancer tissue are specific for Arg132, a residue in the 

enzyme active site.  R132H is the most common IDH1 substitution in gliomas, followed 

by R132C, R132S, R132L, and R132G.  IDH2 is homologous to IDH1, and IDH2 

mutations in glioma are specific for R172, the residue that is analogous to IDH1 R132.  

R172K, R172M, and R172G are the IDH2 substitions observed in gliomas.  The IDH2 

R172 mutations are rarer than the IDH1 R132 mutations in gliomas, and mutations in 

either gene are mutually exclusive in cancer (for reviews, see (Reitman and Yan 2010; 

Yan et al., "Mutant Metabolic Enzymes Are at the Origin of Gliomas" 2009)).  The 

frequent observation of heterozygous hotspot mutations in IDH1 and IDH2 suggests 

that they are proto-oncogenes that are activated by these mutations in cancer.  In line 
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with this, two different molecular gains-of-function have been demonstrated for several 

of the mutated forms of IDH1 and IDH2. 

The first proposed function for IDH mutants is dominant negative inhibition of 

WT IDH enzymes.  IDH1 R132 and IDH2 R172 mutations inactivate the normal NADP+-

IDH activity of IDH1 and IDH2 to convert isocitrate to α-ketoglutarate (Ichimura et al., 

2009; Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009).  Furthermore, IDH1-R132H 

can bind to IDH1-WT, and the resulting WT:mutant heterodimer has markedly lowered 

isocitrate dehydrogenase activity at physiological isocitrate concentrations (<80µM) 

compared to WT:WT homodimers in vitro (Zhao et al., 2009).   

Since the IDH mutations observed in cancer are heterozygous, it has been 

speculated that IDH1 and IDH2 mutants bind the remaining IDH1-WT or IDH2-WT 

molecules in cells and exert a dominant negative function.  However, it is unclear 

whether binding to IDH1-WT or IDH2-WT is shared by all of the glioma-derived IDH 

mutants, or whether IDH mutants actually bind a significant portion of IDH1-WT or 

IDH2-WT molecules to exert this dominant negative function in cells.  In one study, 

tumor tissue from glioblastomas with IDH1 R132 mutations had 38% lower NADP+-IDH 

activity on average than tissue from glioblastomas without IDH mutations (Bleeker et al., 

2010).  However, it is unclear whether this lowered activity reflects the loss of activity 

from the mutated IDH1 allele, or if it also reflects dominant negative lowering of the 

activity from the remaining WT IDH1 allele or the WT IDH2.  The second proposed 
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function for IDH mutants is that they gain the neomorphic activity to reduce α-

ketoglutarate to 2HG (Dang et al., 2009; Gross et al., 2010; Ward et al., 2010).  However, 

this has not been demonstrated for all of the recurrent IDH mutants, nor has it been 

determined whether IDH2-mutated gliomas contain elevated 2HG levels.   

The relative importance of either dominant negative activity or 2HG-producing 

catalytic activity for the IDH1 and IDH2 mutants in cancer is unclear, and the 

mechanism by which either of these gained functions may contribute to cancer 

pathogenesis remains unknown.  Examining the relevance of these two molecular 

functions has the potential to identify therapeutic targets for cancer treatment, and to 

inform future studies on the mechanism of cancer pathogenesis for IDH-mutated cancer 

cells.  To resolve this issue, we focus on identifying shared functions for the IDH 

mutations in cancer, and ruling out functions that are not shared, for a panel of eight 

glioma-derived IDH mutants.  We reasoned that functions of the IDH mutants that are 

important in cancer will be shared between all eight mutants, and that functions that are 

not required for cancer pathogenesis may not be shared.  We show that binding to, and 

dominant negative inhibition of, IDH1-WT or IDH2-WT is not a shared feature of the 

glioma-derived IDH mutants, but that 2HG production and accumulation in tumors is a 

common feature of these mutants. 
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2.2 Materials and methods for biochemical studies of IDH1 and 
IDH2 

2.2.1 Ethics Statement and Patient Samples 

Glioma samples were obtained from The Preston Robert Tisch Brain Tumor 

Center Biorepository at Duke University and their study was approved by the Duke 

Institutional Review Board.  Written informed consent was obtained for banking and 

analysis of tissue samples from all patients involved in this study.  No animal work was 

conducted in this study.  Samples were analyzed previously for tumor type and IDH 

mutation status (Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009).   

2.2.2 Transfection 

Human oligodendroglioma (HOG) cells were described previously (Post and 

Dawson), and 293T cells were obtained from ATCC (Manassas, VA).  pCMV6-Entry-

IDH vectors (OriGene, Rockville, MD) were used to overexpress IDH cDNAs with C-

terminal FLAG-MYC epitopes.  pEGFP-N1 (Clontech, Mountain View, CA) was used to 

express IDH1 cDNAs with N-terminal EGFP.  For transfection, 5×106 cells were plated in 

a 75 cm2 flask 24h before transfection with 20µg (unless otherwise indicated) of plasmid 

DNA using 50µl Lipofectamine 2000 (Invitrogen, Carlsbad, CA).   Stable HOG cell lines 

containing IDH1 shRNA or control were constructed by transfecting HOG cells with 

pSuperRetro vector (OligoEngine, Seattle, WA) containing IDH1-specific hairpin or a 

scrambled sequence.  Clones were selected with 500µg/ml G418 (Gibco/Invitrogen, 

Carlsbad, CA) for 3 weeks and expanded after single cell dilution.   



 

40 

2.2.3 Immunoblot and immunoprecipitation 

For immunoblots, anti-Myc (TA100010, OriGene) was used at 1:1000 dilution, 

anti-Flag (1:1000, TA100011, OriGene) at 1:1000 dilution, anti-IDHC (IDH1), N-20 

(sc49996, Santa Cruz Biotechnology, Santa Cruz, CA) at 1:300 dilution, anti-IDH2, W16 

(sc-55668, Santa Cruz Biotechnology) at 1:100 dilution.  Anti-GAPDH (FL-335) (sc25778, 

Santa Cruz Biotechnology) at 1:10,000 dilution was used as a loading control for lysates.  

For immunoprecipitation, 50µl of anti-FLAG M2 affinity resin (A2220, Sigma, St. Louis, 

MO) was rinsed 3x10min with 1mL 0.2% Triton-X100 PBS.  1ml of cells were lysed 48h 

post-transfection in 0.2% Triton-X100 PBS.  This lysate was added to the resin, rotated at 

4oC overnight, and then centrifuged at 10,000rpm, 4oC for 1min.  The pellet was washed 

by resuspension in 1ml 50mM Tris HCl, 150mM NaCl, pH 7.4 and re-centrifuged 6x for 

IDH1 and 3x for IDH2.  80µl 2x SDS 5% β-mercaptoethanol loading buffer was added to 

the pellet, incubated at 100oC for 5min, and loaded on SDS-PAGE.  Intensity of bands in 

immunoblots were quantified using ImageJ (v1.43, available at http://rsbweb.nih.gov/ij/, 

developed by Wayne Rasband, National Institutes of Health, Bethesda, MD) to 

determine the level of knockdown of IDH1 protein by shRNA expression. 

2.2.4 Isocitrate dehydrogenase activity assays 

Cells were harvested 48h post-transfection and homogenized in 0.02% Triton-

X100 PBS.  This was sonicated 3x 20s and protein concentration was quantified.  For 

Figures 2B and C, reactions were performed using a final 200µl reaction volume 
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containing 10µg cell lysate, 33mM Tris-Cl pH 7.5, 2mM MnCl2, 107µM NADP+ , 40µM 

isocitrate (Ds-threo-isocitrate, monopotassium salt, Sigma) at room temperature.  The 

reaction mix without isocitrate was first prepared in a 180µl volume, checked on the 

spectrophotometer to confirm that there was no activity, and then started by adding 

20µl of 400µM isocitrate.  Reaction progress was monitored by A340nm for 1h using a 

PolarSTAR Optima (BMG Labtech, Offenburg, Germany).  To titrate the concentration of 

isocitrate (Figure 2D), a more sensitive, single-channel spectrophotometer (UV-2501PC, 

Shimadzu, Kyoto, Japan) was used to quantify low levels of activity.  These reactions 

were performed as described above, except 1ml total reaction mix was used, 20µg lysate 

was used, 100µl of 10x concentrated isocitrate was added to start the reaction, and the 

reaction was monitored for 1 min.  Reactions were performed in triplicate.  A no lysate 

control was run along with each experiment, which confirmed that activity was specific 

to reaction mixes that contain lysate (not shown).  NADPH production was calculated 

using an NADPH extinction coefficient of 6.2x103 M-1 cm-1. 

2.2.5 2HG analysis 

Quantification of 2-HG in media/tissues was performed by LC-negative 

electrospray ionization-MS/MS as published previously (Struys et al., 2004) with 

modifications to accommodate different sample matrices. A racemic mixture of 2HG-d4 

was prepared by mixing 1 mg α-ketoglutarate-d6 (Sigma/Isotec) with 1 mg NaBH4 

(Sigma) in 0.2 mL anhydrous MeOH (Sigma) followed by 30min incubation at 60oC.  
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Media above cells was collected 0, 24, and 48h after transfection.  Lysates were 

collected 48 hours after transfection.  To 20µL of media or lysate, 2µL of 65µg/mL of 

each 2HG-d4 enantiomer (internal standard) in water was added and the mixture dried 

by vacuum centrifuge (50oC, 15min).  Dry residue was treated with 50mg/mL freshly 

prepared diacetyl-L-tartaric anhydride (Sigma) in dichloromethane/glacial acetic acid 

(4/1 by volume) and heated (75oC 30 min). After drying (50oC, 15 min) the residue was 

dissolved in 100µL LC mobile phase A (see below) for analysis. For patient glioma tissue 

samples, 20mg tissue, 200µL deionized water, 1mL chloroform, and a 4 mm ceramic 

bead were vigorously mixed for 45s at speed 4 in a Fast-Prep 120 (Thermo-Savant, 

Waltham, MA). After centrifugation (5min, 16,100g), 200µL of aqueous (upper) layer 

was transferred to a 1.5mL glass vial and dried (50oC, 60min), derivatized, and 

reconstituted for LC-MS/MS analysis as described above in case of media above the cells.   

An Agilent 1200 series HPLC (Santa Clara, CA) was used for liquid 

chromatography (LC) and a Sciex/Applied Biosystems API 3200 QTrap (Carlsbad, CA) 

was used for triple quadrupole mass spectrometry (MS/MS). Mobile phase A: water, 3% 

acetonitrile, 280µL ammonium hydroxide (~25 %), pH adjusted to 3.6 by formic acid 

(~98%). Mobile phase B: methanol. Analytical column: Kinetex C18, 150×4.6mm, 2.6µm, 

and SafeGuard C18 4x3mm guard-column from Phenomenex (Torrance, CA). Column 

temperature: 45 oC. Elution gradient at 1 mL/min flow rate: 0-1min 0% B, 1-2min 0-100% 

B, 2-3.5min 100%B, 3.5-4min 100-0% B, 4-10min 0% B. Injection volume: 10µL. Q1/Q3 
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(m/z) transitions monitored: 363/147 (2HG) and 367/151 (2HG-d4).  To calibrate, 0, 0.16, 

0.54, 1.8, 6, and 20 µg/ml pure (R)-2-hydroxyglutarate (Sigma) was prepared. These 

samples were analyzed alongside experimental samples and accuracy acceptance criteria 

was 85% for each but the lowest level (0.16µg/mL, 80%). In the case of glioma tissue 

samples, quantification was done by using the signal resulting from the known 

concentration of 2HG-d4 internal standard added to the sample prior to the sample 

processing and analysis.  A two-tailed Student’s t test assuming equal variances was 

used to test for a significant difference in mean 2HG concentration between groups of 

samples. 

2.3 Results for biochemical studies 

2.3.1 IDH mutants do not dominantly lower cellular IDH activity 

Purified IDH1-R132H:WT heterodimers have a lowered isocitrate dehydrogenase 

reaction rate compared to IDH1-WT:WT homodimers at low isocitrate concentration 

(Zhao et al., 2009).  Based on this, IDH1 and IDH2 mutants have been proposed to inhibit 

the activity of the wild-type IDH1 or IDH2 allele in cancer cells in a dominant-negative 

fashion.  However, it is unknown whether IDH1-R132H or other IDH1 and IDH2 

mutants can lower the activity of wild-type IDH1 or IDH2 in cells.  Previous studies of 

the effect of IDH1 and IDH2 mutant overexpression on endogenous isocitrate 

dehydrogenase activity in cell lysates have been carried out at relatively high substrate 

concentrations (400µM or 1.3 mM) (Ichimura et al., 2009; Yan et al., "Idh1 and Idh2 
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Mutations in Gliomas" 2009).  At these high concentrations, mutant:WT heterodimers 

have a similar reaction rate to WT:WT homodimers (Zhao et al., 2009).  Thus, in these 

studies, any dominant negative activity exerted by mutant enzymes on the wild-type 

endogenous proteins would be masked.  

Both IDH1 and IDH2 have NADP+-dependent isocitrate dehydrogenase (NADP+-

IDH) activity, and no other mammalian enzymes have this activity.  Because of this, 

assays of NADP+-IDH activity on whole cell lysates reflect the combined activity of 

IDH1 and IDH2.   To provide information on the proportion of NADP+-IDH activity 

contributed by IDH1 and by IDH2 in cells, we stably transfected HOG cells with IDH1 

shRNA or scrambled shRNA.  IDH1 expression was reduced by 90 percent in the IDH1 

shRNA cells, and the NADP+-IDH activity was reduced by nearly half, indicating that 

IDH1 accounts for nearly half of cellular NADP+-IDH activity (Figure 5A).  The 

remaining activity in IDH1 knockdown cells may be supplied by the residual IDH1 

enzyme and by IDH2. 

To determine whether IDH1 and IDH2 mutants can dominantly inhibit the 

activity of endogenous IDH1 and IDH2 enzymes, we assayed NADP+-IDH activity of 

lysates of HOG cells overexpressing IDH1-WT, IDH2-WT, or cancer-derived IDH1 R132 

and IDH2 R172 mutants in the presence of 40µM isocitrate.  Importantly, FLAG-MYC-

tagged IDH1-WT and IDH2-WT have previously been shown to have their native 

enzyme activity in this setting (Yan et al., "Idh1 and Idh2 Mutations in Gliomas" 2009), 
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indicating that dimerization and enzymatic activity are not affected by this epitope tag.   

40µM isocitrate closely mimics the concentration of this metabolite in cells (Albe et al., 

1990).  Additionally, purified IDH1 R132H:WT heterodimers have a significantly lower 

reaction rate than WT:WT homodimers at this substrate concentration (Zhao et al., 2009).  

We therefore reasoned that any inhibition of endogenous wild-type IDH1 or IDH2 by 

transgenic IDH1 or IDH2 mutants would be apparent at this substrate concentration.  As 

expected, overexpession of IDH1-WT or IDH2-WT greatly increased the total NADP+-

IDH reaction rate at 40µM isocitrate (Figure 5B).  However, transgenic IDH1 R132 and 

IDH2 R172 mutants had little effect on this activity (Figure 4B), showing that they do not 

dominant-negatively inhibit IDH1-WT or IDH2-WT in this system.  To validate this 

finding and expand it to non-cancer cells, we repeated this experiment in 293T cells and 

found similar results (Figure 5C). 

To test whether overexpression of cancer-derived mutants of IDH1 or IDH2 

could reduce total cellular NADP+-IDH activity at other concentrations of isocitrate at 

which mutant:WT heterodimers have lowered activity, we also assayed the total cellular 

NADP+-IDH activity of the 293T cells expressing IDH1-R132H or IDH2-R172K described 

above over a range of 0 to 80 µM isocitrate.  These mutants did not lower the overall 

NADP+-IDH activity compared to vector alone at any of the substrate concentrations we 

assayed (Figure 5D).  These data indicate that homologous expression of IDH mutants 

does not interfere with normal, endogenous IDH1-WT or IDH2-WT.   
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Figure 5: Overexpression of IDH1 R132 and IDH2 R172 mutants does not 

reduce cellular NADP+-IDH activity.   
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Figure 5 (continued): Overexpression of IDH1 R132 and IDH2 R172 mutants 

does not reduce cellular NADP+-IDH activity.   

Total NADP+-IDH reaction rate, which consists of the combined rates of IDH1 

and IDH2, was measured in lysates by measuring the rate of conversion of NADP+ to 

NADPH in the presence of isocitrate.   A, Lysates of stable, clonal HOG cell lines 

containing an shRNA sequence targeted against IDH1 have lowered NADP+-IDH 

activity compared to a sister cell line expressing scrambled RNA from the same vector 

(V).  B, HOG cells were transfected with a vector control, IDH1-WT, an IDH1 R132 

mutant, IDH2-WT, or an IDH2 R172 mutant, lysates were collected after 48 h, and 

total cellular NADP+-IDH reaction rate at 40μM isocitrate was assayed.  C, The 

experiment in B was repeated with 293T cells.  D, 293T lysates transfected with vector 

control, IDH1-R132H, or IDH2-R172K from C were assayed for NADP+-IDH reaction 

rate at 0 to 80μM isocitrate.  Reproduced from (Jin et al., 2011) in accordance with 

publisher policy. 



 

48 

 

2.3.2 IDH mutants produce 2HG, which accumulates in IDH-mutated 
gliomas 

Overexpression of IDH1-R132H, as well as IDH2-R172K, in mammalian cells 

leads to accumulation of 2HG in culture media (Dang et al., 2009; Ward et al., 2010).  To 

confirm this finding and expand it to the other IDH mutants found in gliomas, we 

measured 2HG levels in media incubated with HOG cells overexpressing IDH1-WT, 

IDH2-WT, or one of the recurrent cancer-derived mutants.  To measure 2HG, we 

adapted a protocol to use derivation with diacetyl-L-tartaric anhydride to separate (R)-2-

hydroxyglutarate, which is produced by IDH mutants, from its enantiomer, (S)-2-

hydroxyglutarate, on a liquid chromatography (LC) column before performing tandem 

mass spectrometry (MS/MS) (Struys et al., 2004).  (R)-2-hydroxyglutarate accumulated 

over time in culture media for all mutants assayed (Figure 6A).  To confirm this, we 

measured 2HG levels in media incubated with 293T cells overexpressing the same IDH 

proteins and found similar results (data not shown).  We also determined the levels of 

2HG in lysates of HOG cells expressing IDH1 R132 and IDH2 R172 mutants and found 

that 2HG was 10- to 100-fold elevated in these lysates compared to vector alone (Figure 

6B) 

Gliomas containing IDH1 R132 mutations have marked elevations of 2HG (Dang 

et al., 2009).  Also, AMLs containing IDH1 R132 or IDH2 R172 mutations have marked 
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elevations of 2HG (Gross et al., 2010; Ward et al., 2010).  We therefore reasoned that 

gliomas bearing IDH2 R172 mutations would also have elevated 2HG.  To test this, we 

analyzed 2HG in 12 glioma samples, including samples containing IDH1 R132H, IDH1 

R132L, IDH2 R172K, IDH2 R172M or no IDH mutations.  We used a deuterated internal 

standard, [3,3,4,4-2H4]-(R/S)-2-hydroxyglutarate (2HG-d4), to reliably quantify 2HG in 

glioma tissue samples as described previously (Struys et al., 2004).   We found that all 

tumors containing IDH mutations had markedly elevated (R)-2-hydroxyglutarate 

compared to tumors without IDH mutations (54.4 vs. 0.1 mg 2HG/g protein, p<0.001, 

Figure 6C).  This demonstrates for the first time to our knowledge that gliomas with 

IDH2 R172 mutations can have elevated 2HG, that any cancer with IDH1 R132L or IDH2 

R172M have elevated 2HG, and that 2HG in cancer tissues is specific for (R)-2-

hydroxyglutarate. 
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Figure 6: IDH1 R132 and IDH2 R172 mutants produce 2HG.   

A, HOG cells were transfected with an empty vector (V), IDH1-WT, the 

indicated IDH1 R132 mutant, IDH2-WT, or the indicated IDH2 R172 mutant.  The 

media was changed after 24h.  2HG was analyzed in samples of media taken at 0, 24, 

and 48h after the media was changed.  B, 2HG was measured in lysates of HOG cells 

expressing the indicated IDH variant 48 hours after transfection.  C, 2HG levels in 

human gliomas with either no IDH mutation (WT) or the indicated mutation.  

Reproduced from (Jin et al., 2011) in accordance with publisher policy. 
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2.4 Discussion of biochemical studies  

IDH1 and IDH2 mutations arise early in cancer pathogenesis and are specific for 

hotspot codons, suggesting that these mutations have a shared oncogenic function that 

drives cancer pathogenesis.  Our data shows that IDH mutants do not exert a dominant 

negative function in a model for IDH-mutated cancer cells.  A previous study showed 

that the IDH1 WT:R132H heterodimer has a lowered NADP+-IDH activity at low 

concentrations of isocitrate (Zhao et al., 2009).  Because the IDH1 R132 mutant must bind 

IDH1-WT to form this heterodimer, IDH1-R132H could dominant negatively inhibit 

IDH1-WT if a large amount of IDH1-WT molecules in the cell bind to IDH1 mutants to 

form heterodimers, rather than binding to other IDH1-WT molecules to form WT:WT 

homodimers.  The fact that we did not observe dominant negative inhibition (Figure 

5B,C,D) suggests that a low proportion of IDH mutant:WT heterodimers exist in cells 

compared to WT:WT homodimers. 

Why would few IDH WT:mutant heterodimers form in cells compared to 

WT:WT homodimers?  Differences in binding affinity between IDH WT:WT, 

mutant:WT, and mutant:mutant dimers could explain this phenomenon.  For instance, if 

IDH mutant:WT binding is weaker than mutant:mutant or WT:WT binding, formation 

of the WT:WT and mutant:mutant homodimers would outcompete formation of 

mutant:WT heterodimers.  A difference in binding to IDH1-WT was not observed 
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between IDH1 R132 mutants and IDH1-WT by immunoprecipitation, although we 

cannot rule out that a more subtle difference exists that was not detected by this method. 

While IDH mutants did not exert a dominant negative effect in this system, our 

results show that 2HG production is a shared function of the IDH mutants.  In 

accordance with previous reports for IDH1-R132H (Dang et al., 2009) and IDH2-R172K 

(Ward et al., 2010), we show that six other IDH mutants produce 2HG when 

overexpressed in mammalian cells (Figure 6A,B).  This is supported by the novel finding 

that tumors with the rare IDH1-R132L and IDH2-R172M mutations also accumulate 

2HG (Figure 6C).  IDH mutations are strongly associated with a wide range of 

transcriptomic and genomic alterations in gliomas (Verhaak et al., 2010).  However, 

whether neomorphic IDH activity drives these changes, how it may do so, and whether 

these alterations contribute to cancer pathogenesis remain unclear.  Also, while 2HG 

production is the most striking effect of the neomorphic mutants, the consumption of 

NADPH or α-ketoglutarate by the mutants may also have a role in cancer.   

How might IDH mutations contribute to cancer pathogenesis?  Mutant IDH1 

expression can up-regulate hypoxia inducible factor 1α (HIF-1α), a transcription factor 

that has been implicated in promoting angiogenesis and malignant behavior of cancer 

cells (Zhao et al., 2009).  Whether HIF-1α is up-regulated as a result of lowered cellular 

levels of α-ketoglutarate as proposed by Zhao et al. (Zhao et al., 2009), or due to 

increased 2HG levels as hypothesized by Frezza et al. (Frezza et al., 2010), is unclear.  
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Also, a role for HIF-1α in IDH-mutated cancer pathogenesis has been questioned based 

on the fact that IDH-mutated gliomas are generally not “angiogenic” as would be 

expected for tumors with dysregulated HIF-1α (Reitman and Yan 2010), and because 

IDH-mutated leukemias were not found to have increased expression of HIF-1α target 

genes (Mardis et al., 2009).   Recent studies have suggested that IDH mutants impair 

TET2, an 5-methylcytosine hydroxylase implicated in the regulation of epigenetic 

changes, and that this impairment dysregulates cellular differentiation (Figueroa et al., 

2010)_ENREF_93.  Future experiments may seek to test whether altered α-ketoglutarate 

or 2HG concentrations can affect HIF-1a or TET2 pathway members in vitro, and identify 

the cellular pathways necessary for the IDH mutants to exert a cancer-related 

phenotype.  Such studies may help to pinpoint therapeutic targets for treatment of IDH-

mutated cancers. 

3. Metabolite Profiling of a cell line expressing cancer-
derived IDH1 and IDH2 mutants 

Point mutations of the NADP+-dependent isocitrate dehydrogenases (IDH1 and 

IDH2) occur early in the pathogenesis of gliomas.  When mutated, IDH1 and IDH2 gain 

the ability to produce the metabolite (R)-2-hydroxyglutarate (2HG), but the downstream 

effects of mutant IDH1 and IDH2 proteins or of 2HG on cellular metabolism are 

unknown.  Here, we profiled >200 metabolites in human oligodendroglioma cell line 

(HOG) cells to determine the effects of expression of IDH1 and IDH2 mutants.  Levels of 
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amino acids, glutathione metabolites, choline derivatives, and tricarboxylic acid (TCA) 

cycle intermediates were altered in both mutant IDH1- and IDH2-expressing cells.  

These changes were similar to those identified after treatment of the cells with 2HG.  

Remarkably, N-acetyl-aspartyl-glutamate (NAAG), a common dipeptide in brain, was 

50-fold reduced in cells expressing IDH1 mutants and 8.3-fold reduced in cells 

expressing IDH2 mutants.  NAAG was also significantly lower in human glioma tissues 

containing IDH mutations than in gliomas without such mutations.  These metabolic 

changes provide new clues to the pathogenesis of tumors associated with IDH gene 

mutations. 

3.1 Introduction to metabolite profiling experiments 

Differences in cellular metabolism between cancer and normal cells have long 

been noted by cancer researchers (DeBerardinis et al., 2007).  Genetic alterations that 

occur in cancer, such as mutations and copy number changes that alter K-Ras and c-

Myc, are thought to be responsible for at least some of these metabolic differences (Gao 

et al., 2009; Yun et al., 2009).   Thus, the genetic alterations that drive cancer pathogenesis 

may do so in part by altering cellular metabolism, which could aberrantly signal cells to 

proliferate and provide molecular building blocks for cellular replication (Vander 

Heiden et al., 2009).  This has generated enthusiasm for the idea that that drug targets for 

the specific killing of cancer cells can be identified by studying the metabolic differences 

between normal and cancer cells. 
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 Current data suggest that IDH mutations might cause changes in global cellular 

metabolism that favor cancer pathogenesis, either through downstream effects of 

increased 2HG or through inhibition of isocitrate metabolism.  Techniques that profile 

metabolism by determining the level of metabolites, by tracing the fate of metabolites, or 

by monitoring dynamic changes in metabolite levels, are called metabolomics.  Studies 

employing metabolomics have illuminated important aspects of metabolism at the 

cellular, tissue, and organismal levels (Chen et al., 2007; Fan et al., 2009; Griffin et al., 

2003; Lane et al., 2008; Mazurek 2007).  In this study, we investigate the effects of IDH 

mutant expression on cellular metabolism using a glioma cell line, a homologous 

expression system, and a comprehensive metabolomics platform.  We identify 

reproducible alterations and show that a subset of these changes is recapitulated in 

human glioma tissues. 

3.2  Methods for metabolite profiling experiments 

Stable HOG clones were created by expansion of single cells transduced with 

lentiviruses or retroviruses for gene or shRNA expression, respectively.  Metabolomic 

profiling was carried out in collaboration with Metabolon.  Hierarchical clustering, 

Welch’s t-tests, Pearson correlation, and PCA were performed in R.  Human tissue was 

obtained with consent and analyzed at the Preston Robert Tisch Brain Tumor Center at 

Duke Biorepository.  LC-MS/MS for NAA/NAAG analysis was performed using an 
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Agilent 1200 series HPLC and Sciex/Applied Biosystems API 3200 QTrap in +ESI mode.  

An extended description of the materials and methods is presented below. 

3.2.1  Cell lines 

HOG cells were derived from a human WHO grade III anaplastic oligodendroglioma 

(Post and Dawson 1992).  These cells were previously found to be wild-type for IDH1 

and IDH2 based on sequencing of exon 4 of IDH1 and exon 4 of IDH2 (Yan et al., "Idh1 

and Idh2 Mutations in Gliomas" 2009).  The HOG cell line was kindly donated by Dr. 

A.T. Campagnoni at UCLA.   To express IDH1 and IDH2 transgenes in cells, IDH1 and 

IDH2 cDNAs, or cDNAs mutagenized to IDH1-R132H or IDH2-R172K, were cloned into 

pLenti6.2/V5 (Invitrogen, Carlsbad, CA).  Viruses were created using these constructs in 

293FT cells and these were used to transduce cells derived from the same parental pool 

of HOG cells for 24 h.  Cells derived from the same clone were reasoned to have 

homogenous IDH transgene expression levels and metabolic profiles compared to pools 

of cells or transiently transfected cells, facilitating the identification of metabolites that 

have altered levels in different clones.  Virus was replaced by fresh media for 48 hours 

and then stable clones were selected from single-cell dilutions in 5µg/ml blasticidin for 3 

weeks.  Stable HOG cell lines containing IDH1 shRNA or control were constructed by 

transfecting HOG cells with pSuperRetro vector (OligoEngine, Seattle, WA) containing 

IDH1-specific hairpin or a scrambled sequence (5’-cat aac gag cgg aag aac g-3’).  The 

IDH1-specific hairpin was created using the primers 5’-gat ccc cGG GAA GTT CTG GTG 
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TCA Tat tca aga gaT ATG ACA CCA GAA CTT CCC ttt ttg gaa a-3’ and 5’-agc ttt tcc aaa 

aaG GGA AGT TCT GGT GTC ATA tct ctt gaa TAT GAC ACC AGA ACT TCC Cgg g-3’, 

with capital letters representing bases homologous to IDH1 sequence.  Clones were 

selected with 500µg/ml G418 for 3 weeks and expanded after single cell dilution.  

Percent knockdown was determined by ImageJ (v1.43, available at 

http://rsbweb.nih.gov/ij/, developed by Wayne Rasband, National Institutes of Health, 

Bethesda, MD) analysis of the intensity of immunoblot anti-IDH1 bands, normalized to 

the intensity of anti-GAPDH internal control bands.  The same clone of vector, IDH1-

WT, and IDH1-R132H HOG cells were used in all experiments. 

3.2.2  2HG synthesis 

2HG was synthesized by treatment of D-glutamate (Sigma-Aldrich, St. Louis, 

MO) with nitrous acid to form a lactone, which was then hydrolyzed with NaOH 

solution to form 2-D-hydroxyl glutarate.  Purity was 93%.  Powder was resuspended in 

PBS and filtered through a 0.22µm filter using sterile technique for treatment of cells. 

3.2.3  Metabolomic analysis   

Cells were grown under respective experimental conditions in IMDM media 

(Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% FBS.  Cells were grown in a 

media mix that also contained either 10% PBS or 10% of a 300mM or 75mM 2HG 

solution in PBS for a final 30mM or 7.5mM 2HG.  Cells were seeded into flasks three 

days before harvesting.  To harvest cells, media was removed, monolayers were washed 
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with PBS, and 0.05% trypsin/EDTA was added.  Cells were incubated for 20min at 37°C 

or until cells detached.  Two volumes of media were added to the Trypsin/cell mix and 

suspended by gentle pipetting and triteration.  Cells were counted, and 107 cells per 

sample were spun down at 1000rpm x 3min in a polystyrene tube.  Cells were washed 

twice with PBS and then snap-frozen on dry ice and stored at -80°C until analysis. 

Metabolomic profiling analysis of all samples was carried out in collaboration 

with Metabolon (Durham, NC) as described previously (Evans et al., 2009; Lawton et al., 

2008; Ryals et al., 2007), as follows: 

Each sample received was accessioned into the Metabolon Laboratory 

Information Management System (LIMS) and was assigned by the LIMS a unique 

identifier, which was associated with the original source identifier only. This identifier 

was used to track all sample handling, tasks, results etc. The samples (and all derived 

aliquots) were bar-coded and tracked by the LIMS system. All portions of any sample 

were automatically assigned their own unique identifiers by the LIMS when a new task 

was created; the relationship of these samples was also tracked. All samples were 

maintained at -80 ºC until processed. 

The sample preparation process was carried out using the automated 

MicroLabSTAR® system (Hamilton Company, Reno, NV). Recovery standards were 

added prior to the first step in the extraction process for QC purposes. Sample 

preparation was conducted using a proprietary series of organic and aqueous 
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extractions to remove the protein fraction while allowing maximum recovery of small 

molecules. The resulting extract was divided into two fractions; one for analysis by LC 

and one for analysis by GC. Samples were placed briefly on a TurboVap® (Zymark, 

Hopkinton, MA) to remove the organic solvent. Each sample was then frozen and dried 

under vacuum. Samples were then prepared for the appropriate instrument, either LC-

MS or GC-MS.  

For QA/QC purposes, a number of additional samples are included with each 

day’s analysis.  Samples included a well-characterized pool of human plasma; a pool of 

a small aliquot of each experimental sample; an ultra-pure water process blank; and an 

aliquot of solvents used in extraction to segregate contamination sources in the 

extraction.  Furthermore, a selection of QC compounds is added to every sample, 

including those under test. These compounds are carefully chosen so as not to interfere 

with the measurement of the endogenous compounds.   

The LC-MS portion of the platform was based on a ACQUITY UPLC (Waters, 

Milford, MA) and a LTQ mass spectrometer (Thermo-Finnigan, West Palm Beach, FL), 

which consisted of an electrospray ionization (ESI) source and linear ion-trap (LIT) mass 

analyzer. The sample extract was split into two aliquots, dried, then reconstituted in 

acidic or basic LC-compatible solvents, each of which contained 11 or more injection 

standards at fixed concentrations. One aliquot was analyzed using acidic positive ion 

optimized conditions and the other using basic negative ion optimized conditions in two 
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independent injections using separate dedicated columns. Extracts reconstituted in 

acidic conditions were gradient eluted using water and methanol both containing 0.1% 

Formic acid, while the basic extracts, which also used water/methanol, contained 6.5mM 

Ammonium Bicarbonate. The MS analysis alternated between MS and data-dependent 

MS/MS scans using dynamic exclusion. 

The samples destined for GC-MS analysis were redried under vacuum 

desiccation for a minimum of 24 hours prior to being derivatized under dried nitrogen 

using bistrimethyl-silyl-triflouroacetamide (BSTFA). The GC column was 5% phenyl and 

the temperature ramp is from 40° to 300° C in a 16 minute period. Samples were 

analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass 

spectrometer using electron impact ionization. The instrument was tuned and calibrated 

for mass resolution and mass accuracy on a daily basis. The information output from the 

raw data files was automatically extracted as discussed below. 

The LC-MS portion of the platform was based on a Waters ACQUITY UPLC and 

a Thermo-Finnigan LTQ-FT mass spectrometer, which had a linear ion-trap (LIT) front 

end and a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer 

backend. For ions with counts greater than 2 million, an accurate mass measurement 

could be performed. Accurate mass measurements could be made on the parent ion as 

well as fragments. The typical mass error was less than 5 ppm. Ions with less than two 

million counts require a greater amount of effort to characterize. Fragmentation spectra 
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(MS/MS) were typically generated in data dependent manner, but if necessary, targeted 

MS/MS could be employed, such as in the case of lower level signals. 

At the time of publication, the metabolomics platform is capable of detecting 

approximately 10,000 unique biochemicals, including 2,200 known metabolites, with the 

remainder consisting of unique metabolites of unknown structure.  Only those 

metabolites present at levels within the range of quantification for a large enough 

proportion of samples within a batch of samples were analyzed for that batch (see 

imputing in methods in Statistics section). 

Confounding factors related to technical differences in the behavior of the LC-

MS/MS or GC-MS/MS in each sample run (instrumental variability) and to differences in 

preparation of individual samples (process variability) inevitably result in differences 

between samples that are unrelated to the biological variable of interest (i.e., 2HG 

treatment or transgene expression).  To provide information on instrument variability, 

internal standards were added to each sample prior to injection into the mass 

spectrometers.  Then, the median relative standard deviation (RSD) of the ion counts of 

these standards for all samples in each batch was calculated.  Information on overall 

process variability was provided by calculating the median RSD for all endogenous 

metabolites (i.e., noninstrument standards) present in 100% of the cell lysate samples in 

each batch.  The median RSD values for the batch of HOG cell lysates expressing IDH1 

and IDH2 transgenes were 6% for internal standards and 12% for endogenous 
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metabolites.  Median RSD values for the batch of spent media samples were 4% for 

internal standards and 10% for endogenous metabolites.  Median RSD values for the 

batch of HOG cell lysates expressing IDH1-R132H, treated with 2HG, or with IDH1 

knockdown were 6% for internal standards and 14% for endogenous metabolites.  

3.2.4  Isocitrate dehydrogenase activity assays   

Cells were harvested and homogenized in 0.02% Triton-X100 PBS.  This was 

sonicated 3x 20s and protein concentration was quantified.  20µg cell lysate was added 

to 1ml 33mM Tris-Cl pH 7.5, 2mM MnCl2, 107µM NADP+ and OD340nm was measured 

for 1min on a UV-2501PC (Shimadzu, Kyoto, Japan).  Reactions were performed in 

triplicate.  NADPH production was calculated using NADPH extinction coefficient of 

6.2x103 M-1 cm-1. 

3.2.5 Targeted mass LC-MS/MS 

Simultaneous quantification of NAA and NAAG in cell culture media, cell 

lysates, and tissues was done by liquid chromatography-electrospray ionization-tandem 

mass spectrometry (LC-ESI-MS/MS).  NAA and NAAG were from Sigma-Aldrich; 

reagents and solvents were of analytical grade; chromatography solvents of LC-MS 

grade.   

3.2.5.1  Extraction 

Media above the cells and cell lysates:  To 20 µL of sample 40 µL of ice-cold 

methanol was added, mixture vigorously agitated (FastPrep, Qbiogene, Carlsbad, CA 20 
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s, speed 6), left at -20 oC for 15 min, agitated again (same cond.), centrifuged at 16,000 g 

for 5 min, and 50 µL of supernatant dried by vacuum centrifuge (50 oC, 1 hr, SpeedVac, 

Thermo Scientific, West Palm Beach, FL). The dry residue was dissolved by 50 µL of 

mobile phase A (see below) and 10 µL injected into LC-MS/MS system. Tissue samples: 

To 10-50 µg sample of wet tissue, 300 µL of deionized water and one 4 mm ceramic bead 

was added in 2-mL polypropylene tube and vigorously agitated (FastPrep, 20 s, speed 4, 

2 cycles). A 50 µL aliquot of the homogenate was pipetted out for total protein 

measurement (for tissue mass normalization purpose) and 500 µL methanol added to 

the original vial which was again agitated (FastPrep, same conditions), left at -20 oC for 

15 min, centrifuged at 16,000 g for 5 min, and 650 µL of supernatant dried by vacuum 

centrifuge (SpeedVac, 50 oC, 1.5 hr). The dry residue was dissolved by 50 µL of mobile 

phase A (see below) and 10 µL injected into LC-MS/MS system.  

3.2.5.2  Equipment 

For LC-MS/MS analysis, an Agilent 1200 series HPLC (Santa Clara, CA) and 

Sciex/Applied Biosystems API 3200 QTrap (Carlsbad, CA) were used. Mobile phase A: 

water, 3% methanol; mobile phase B: acetonitrile/methanol, 1/1. Analytical column: 

Kinetex C18, 150 × 4.6mm, 2.6 µm, and SafeGuard C18 4x3 mm guard-column from 

Phenomenex (Torrance, CA). Column temperature: 45 oC. Elution gradient at 1 mL/min 

flow rate: 0-1 min 0% B, 1-2 min 0-80% B, 2-3.5 min 80%B, 3.5-4 min 80-0% B, 4-10 min 

0% B. Injection volume: 10 µL. The Q1/Q3 (m/z) transitions monitored in positive 
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electrospray ionization mode: 176/158 (NAA, quantification), 176/134 (NAA, 

confirmation), 305/148 (NAAG, quantification), 305/130 (NAAG, confirmation). 

A set of calibrator samples in corresponding matrix was prepared for calibration 

by adding appropriate amounts of pure NAA and NAAG at the following concentration 

levels: 0, 0.01, 0.05, 0.25, 1.25, and 6.25 µg/mL. These samples were analyzed alongside 

the experimental samples and accuracy acceptance criteria was 85% for each but the 

lowest level (0.01 µg/mL, 80%). The limit of quantification (at 80% accuracy criterion) 

was determined to be 10ng/ml for both NAA and NAAG.  Samples in which NAA or 

NAAG was not detected were assigned to have a value of 0 NAA or NAAG.  

Statistically significant differences that we reported were still significant when 10ng/ml 

was assigned for samples in which NAA or NAAG was not detected.  Quadratic least 

squares regression curve fit was employed to account for slight but predictable 

nonlinearity (ESI of highly polar analytes) with 1/x weighing factor.  The addition of 

methanol to the sample matrix is shared with a recently reported NAAG analysis 

method (Thomas et al., 2010).  Otherwise this procedure is, to the best of our knowledge, 

novel. 

3.2.5 Glioma tissue 

 Glioma samples were obtained from The Preston Robert Tisch Brain Tumor 

Center Biorepository at Duke University.  Samples were selected based on tissue 

availability.  Samples were analyzed previously for tumor type and IDH mutation status 
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by sequencing exon 4 of IDH1 and exon 4 of IDH2 (Yan et al., "Idh1 and Idh2 Mutations 

in Gliomas" 2009).  Samples listed as WT had no mutations in exon 4 of either IDH1 or 

IDH2.  Tissue was carefully dissected by cutting 3-5mg samples from frozen blocks on 

dry ice. 

3.2.6  Statistics 

3.2.6.1 Impution and normalization.   

 Some biochemicals that were detected in some, but not all, samples in an 

experiment.  Biochemicals that were detected in <50% of replicates in a study group 

were not analyzed further.  For biochemicals that were detected in all samples from one 

or more groups but not others, the other samples were assumed to have a level of that 

biochemical near the lower limit of detection.  In this case, the lowest detected level of 

these biochemicals was imputed for samples in which that biochemical was not 

detected.  Quantification values were then normalized to protein concentrations 

obtained using the Bradford assay.  Biochemicals were mapped to pathways based on 

KEGG, release 41.1, http://www.genome.jp/kegg (Kanehisa 2009).  2-oleoylglycerol (2-

monoolein) was not included in statistical analyses because it was only detected in one 

of thirty samples in experiment 2.   

3.2.6.2  Univariate statistics.  

  Welch’s t-test was used to determine whether mean levels of a biochemical in 

one experimental group were different from mean levels in another group.  A two-tailed 
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Student’s t-test assuming unequal variances was used to determine if a difference 

existed in the levels of NAA or NAAG between samples.  NAA and NAAG 

measurements in lysates and spent media are from four LC-MS/MS readings on two 

independent experiments, and are representative of six LC-MS/MS readings on three 

independent experiments.  A one-tailed Student’s t-test assuming equal variances was 

used to determine whether relative mean levels of NAA or NAAG in tumor tissue was 

significantly lower for tumors with IDH1 mutations than for tumors without 

IDH1/IDH2 mutations.  Boxplots were created using the boxplot function in R, version 

2.12.2 (Team 2008). 

3.2.7.3  Multivariate statistics 

 Multivariate statistics and associated graphics were performed in R.  Pearson 

product-moment correlation coefficients (r) were calculated using the cor function.  For 

heat maps, Pearson distance was used as the pairwise distance between individual 

replicates.  Pearson distance was calculated as 1 - r.  Dendrograms were created from 

this pairwise distance data using the as.dist function, hclust (complete linkage method) 

function, and as.dendrogram function.  Heat maps were drawn using these 

dendrograms and the heatmap.2 function found in the gplots package.  Heat maps of z 

scores and fold-changes were plotted using log2-transformed data.  However, the color 

keys indicate the actual (non-log2-transformed) values.  PCA was performed using the 
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prcomp function.  For fold-change of IDH1-R132H cells, the average of this value from 

two independent experiments is displayed.   

3.2.7.4  Removal of outliers 

 We detected three outlier biochemicals with extremely different values from 

sample to sample that tended to (1) mask the effects of other biochemicals and (2) 

exaggerate the similarity that we observed between IDH1 R132H, IDH2-R172K, and 

2HG treatment groups.  We identified outlier biochemicals as biochemicals that 

clustered in a separate branch from all other biochemicals in unsupervised hierarchical 

clustering, had a PCA loading value greater than twice as high as other biochemicals, 

and were more than 5-fold different in absolute value between at least 2 samples.  To 

better display the complexity of these data, we removed several such outliers based on 

these criteria.  2HG was removed from all heat maps, PCA, and Pearson correlation 

calculations for this reason.  In the dataset derived from spent media samples, 

pyrophosphate and methyl-4-hydroxybenzoate also met our criteria for outliers.  Also, 

both metabolites had spurious MS readings between different replicates within several 

of the sample groups.  Both of these metabolites were removed from analyses of these 

data. 
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3.3  Metabolite profiling results 

3.3.1  Glioma cells expressing IDH1-R132H and IDH2-R172K have 
similar metabolomes 

To test whether IDH mutants alter the metabolic profile of glioma cells, we 

performed unbiased metabolic profiling on sister clones of the human 

oligodendroglioma cell line (HOG) that stably express IDH1-R132H or IDH2-R172K.  As 

controls, we expressed IDH1-WT, IDH2-WT, or vector alone in sister clones (data not 

shown).  We analyzed lysates prepared from cells in logarithmic growth phase using 

three mass spectrometry platforms, LC-MS (+/- ESI) and GC-MS (+EI), in six replicates 

per sample.  This yielded MS ion counts corresponding to 315 biochemicals, 215 of 

which were known metabolites, and 100 of which were unique biochemicals with 

unknown identity.  We normalized these data to protein concentration and mapped the 

mean level of each biochemical to pathways based on the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) (Kanehisa 2009).  To determine which clones shared global 

metabolic profile features, we used unsupervised hierarchical clustering, univariate 

comparisons, and correlation analysis.  We also used PCA, a dimension reduction 

strategy that transforms a large number of variables, in this case metabolites, into a small 

number of variables that describe the variation between groups (Jolliffee 2002).   

Hierarchical clustering revealed that IDH1-R132H and IDH2-R172K cells cluster 

together, separately from controls (Figure 7A).  IDH1-R132H cells and IDH2-R172K cells 

had 143 and 146 biochemicals with significantly changed (cutoff value for significance: 
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p<0.05, Welch’s t test) levels compared to vector control cells, respectively.  74 of these 

biochemicals were altered in the same direction in both IDH-mutant groups, more than 

for any comparison of an IDH mutant with its respective WT control (Figure 7B).  The 

levels of biochemicals in the IDH-mutant groups had a weak but significant correlation 

(r=0.15, p=0.008), and did not correlate well with controls (data not shown).  PCA 

showed that IDH1-R132H and IDH2-R172K expressing cells were distinguished from 

controls by their PC1 value (33.3% of variance, Figure 7C and data not shown).  These 

analyses demonstrate that IDH1-R132H and IDH2-R172K expression are associated with 

a specific set of shared metabolic alterations. 
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Figure 7: Metabolite profile of a glioma cell line expressing IDH1-R132H or 

IDH2-R172K.   

Metabolite profile of a glioma cell line expressing IDH1-R132H or IDH2-

R172K.  A, Heat map showing 314 biochemicals in lysates from six replicates each of 

HOG cells  expressing IDH1-WT, IDH1-R132H, IDH2-WT, IDH2-R172K, or vector 

alone, arranged by unsupervised hierarchical clustering.  The level of each 

biochemical in each sample is represented as the number of standard deviations 

above or below the mean level of that biochemical (z score).  B, Venn diagrams 

indicating the number of biochemicals with mean levels that are significantly (p<0.05) 

higher or lower in cells expressing each transgene compared to the vector.  C, PCA of 

metabolite profile dataset.  The percentage of variance in the dataset reflected by the 

first 6 PCs is shown in the histogram, and PC1 and PC2 for each sample are plotted. 

Reproduced from (Jin et al., 2011) in accordance with publisher policy. 
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We next investigated whether differences in metabolism in cells expressing 

IDH1-R132H might cause those cells to have altered uptake or excretion of specific 

metabolites.  To test this, we analyzed spent media incubated for 48 hours with HOG 

clones that express IDH1-R132H, IDH1-WT, or vector, as well as fresh media.  

Hierarchical clustering, correlation analysis, and PCA of 111 biochemicals in these 

samples demonstrated that media incubated with cells expressing IDH1-R132H has a 

distinct metabolic profile compared to media incubated with controls (Figure 8A,B,C).  

In the IDH1-R132H group, 2HG, kynurenine, and glycerophosphocholine (GPC), were 

increased while the branched-chain amino acid (BCAA) catabolites 4-methyl-2-

oxopentanoate, 3-methyl-2-oxovalerate, and 3-methyl-2-oxobutyrate were decreased 

compared to controls (Figure 8D).  These six metabolites are a subset of those that were 

altered in lysates of cells expressing either IDH1-R132H or IDH2-R172K.  
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Figure 8: Abundance of metabolites in media incubated above cells expressing 

IDH1-R132H.   

A, Heat map showing levels of 111 biochemicals in media incubated above 

HOG cells expressing IDH1-WT, IDH1-R132H, or an empty vector.  Samples are 

arranged according to a dendrogram generated using unsupervised hierarchical 

clustering.  B, Table showing Pearson product-moment correlation coefficients 

between the mean relative abundances of biochemicals in each group of media 

samples.  C, PCA of metabolite profile dataset.  The percentage of variance in the 

dataset reflected by the first 6 PCs is shown in the histogram, and PC1-PC6 for each 

sample are plotted.  D, Six metabolites were identified that had a significant (p<0.05) 

difference in mean level between the IDH1-R132H group and both the IDH1-WT and 

vector groups.  The relative level of these metabolites in the IDH1-R132H group 

compared to the vector control and to fresh media are shown.  These metabolites had 

similar levels in the vector and IDH1-WT groups, so the IDH1-R132H:IDH1-WT 

comparison is not displayed.  Reproduced from (Jin et al., 2011) in accordance with 

publisher policy. 
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3.3.2  Glioma cells expressing IDH1-R132H share metabolomic 
features with cells treated with 2HG, but not with cells in which IDH1-
WT expression is inhibited 

We next sought to provide information on whether any of the known functions 

of IDH1-R132H could be responsible for the metabolomic changes that we observed.  

Currently, the two suspected functions of IDH1 mutants are to gain the neomorphic 

enzymatic activity required to convert α-ketoglutarate to 2HG (Dang et al., 2009) and to 

bind IDH1-WT and dominant-negatively inhibit its isocitrate dehydrogenase activity 

(Zhao et al., 2009).   To test whether 2HG alone could produce metabolic changes similar 

to those resulting from IDH mutant expression,  we analyzed cells treated with media 

containing 7.5 mM or 30 mM 2HG,  representing the range of concentrations of 2HG 

found in IDH1-mutated human glioma tissues (Dang et al., 2009).   To test whether a loss 

of IDH1-WT function can produce the same metabolite changes as IDH1-R132H 

expression, we analyzed sister HOG clones that expressed shRNA targeted to IDH1.  

The IDH1-targeted shRNA reduced IDH1 protein levels by more than 90% and lowered 

isocitrate dehydrogenase activity accordingly (data not shown).  We obtained data on 

the levels of 204 known biochemicals in cells treated with 2HG and cells stably 

expressing IDH1-targetted shRNA, as well as analogous control cells.   

Hierarchical clustering revealed that 2HG-treated cells clustered together with 

IDH1-R132H expressing cells, while IDH1-knockdown and control cells clustered 

separately (Figure 9A).  The levels of 107, 117, and 130 biochemicals were altered in the 
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IDH1-R132H expression, 7.5 mM 2HG, and 30 mM 2HG groups, respectively, and 43 of 

these alterations were shared among all three groups (Figure 9B).  Additionally, the 

biochemical levels were correlated for the IDH1-R132H and 30 mM 2HG group (r=0.22, 

p=0.001).  Fewer alterations were shared between the IDH1 knockdown and IDH1-

R132H expression groups, and these groups were inversely correlated (r=-0.15, p=0.03).  

PCA revealed that 2HG treatment and IDH1-R132H expression groups shared large PC1 

(37.7% of variance) values compared to the other groups, but that IDH1-knockdown and 

IDH1-R132H expression did not share any PCs that distinguished these groups from 

controls (Figure 9C).   
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Figure 9:  Metabolite profile of a glioma cell line expressing IDH1-R132H, 

treated with 2HG, or with knocked-down IDH1.   

A, Heat map showing z scores for 202 biochemicals in HOG cell lysates, 

arranged by unsupervised hierarchical clustering.  Six replicates each of cells stably 

expressing IDH1-R132H, IDH1 shRNA, or scramble shRNA, and cells treated with 

media containing 0 (vector), 7.5mM, or 30mM 2HG for 72 hours prior to analysis are 

shown.  B, Venn diagrams indicating the number of biochemicals with mean levels 

that are significantly (p<0.05) higher or lower in each group of cells compared to 

vector, and the number of these changes shared between cells in the indicated groups.  

C, PCA of this metabolite profile dataset.  The percentage of variance in the dataset 

reflected by the first 6 PCs is shown in a histogram and PC1 and PC2 for each sample 

are plotted.  Reproduced from (Jin et al., 2011) in accordance with publisher policy. 
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To integrate our findings and identify biochemicals that were most altered in 

cells expressing IDH1-R132H, we analyzed the 28 biochemicals that were reproducibly 

and significantly altered by at least 2-fold by IDH1-R132H expression (Figure 10).  We 

found that many of these same biochemicals were altered in cells expressing IDH2-

R172K, and, to a lesser extent, in cells treated with 2HG.  However, IDH1-WT, IDH2-

WT, and IDH1 shRNA-treated cells shared only a few (0 to 2) of these alterations.   
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Figure 10:  Metabolites altered by 2-fold or more by IDH1-R132H expression.   

Biochemicals that were on average >2-fold higher or lower in HOG IDH1-

R132H cells relative to vector cells are displayed.  The fold-change of these 

biochemicals in cells expressing IDH1-WT, IDH2-R172K, IDH2-WT, treated with 

2HG, or expressing IDH1 shRNA is also shown.  All >2-fold changes shown here were 

significant (p<0.05).  Note that this scale colors only those findings with >2-fold 

change.  Reproduced from (Jin et al., 2011) in accordance with publisher policy. 
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3.3.3  Amino acid, choline lipid, and TCA cycle metabolite levels are 
altered in cells expressing IDH-mutants or treated with 2HG 

 Next, we used information from the above analyses of cell lysates to identify 

metabolic pathways that were affected by IDH1-R132H expression, IDH2-R172K 

expression, or 2HG treatment.  Because 30 mM 2HG, as opposed to 7.5 mM 2HG, 

achieved intracellular 2HG levels and global changes more similar to those observed for 

IDH mutant expression, we chose to focus on this 2HG treatment level.  We selected 

KEGG sub pathways that had significant and reproducible alterations in >50% of 

biochemicals from that sub pathway in cells expressing IDH1-R132H.  After selecting 

sub-pathways that were altered in cells expressing IDH1-R132H in this manner, we 

determined the level of metabolites in these sub-pathways in the IDH1-R132H, IDH2-

R172K, and 2HG-treated cells.  We then mapped these data to simplified versions of 

these pathways (Figure 11). 

 This analysis revealed that amino acids and their derivatives were altered in both 

IDH1-R132H, IDH2-R172K, and 2HG groups (Figure 11A).  Many amino acids, 

including glycine, serine, threonine, asparagine, phenylalanine, tyrosine, tryptophan, 

and methionine were increased (range: 1.2- to 5.6-fold, p<0.05) in all three groups.  

Aspartate, on the other hand, was decreased in all three groups (range: 1.8- to 2.5-fold, 

p<0.001 for each).  Interestingly, glutamate was decreased in the IDH1-R132H (2.6-fold, 

p<0.001) and IDH2-R172K cells (1.4-fold, p=0.003), but was increased in 2HG-treated 
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cells (1.4-fold, p=0.002).  Glutamine was one of only three biochemicals that were 

significantly altered in opposite directions in two independent analyses of IDH1-R132H 

cells (p<0.001 for both).  We also observed alterations of N-acetylated amino acids, 

which are amino acid derivatives synthesized by N-acetyltransferases from free L-amino 

acids and acetyl-CoA, yielding free CoA as a product.  All eight N-acetylated amino 

acids analyzed were lower in IDH1-R132H expressing cells (range: 1.7- to 50-fold, p<0.05 

for each), and seven were also lower in IDH2-R172K expressing cells (range: 1.4- to 8.3-

fold, p<0.05 for each).  In contrast, six N-acetylated amino acids were increased by 2HG 

treatment (range: 1.2- to 3.0-fold, p<0.05 for each).  While NAAG was somewhat lower in 

2HG-treated cells (1.8-fold, p<0.001), it was remarkably lower in IDH1-R132H 

expressing cells (50-fold lower, p<0.001) and IDH2-R172K expressing cells (8.3 fold, 

p<0.001).  N-acetyl-aspartate (NAA) was also greatly reduced in IDH1-R132H expressing 

cells (3.4-fold, p<0.001) and IDH2-R172K expressing cells (1.4-fold, p<0.001), and was not 

significantly changed in 2HG-treated cells (1.1-fold lower, p=0.38).  Both reduced and 

oxidized glutathione, an amino acid-derived antioxidant that scavenges reactive oxygen 

species, were lower in IDH1-R132H and IDH2-R172K expressing cells (>1.6-fold, p<0.001 

for all four comparisons), but these compounds were not significantly affected by 2HG 

treatment (Figure 11C). 

 We also noted changes in the BCAAs valine, leucine, and isoleucine, as well as 

intermediates in their breakdown (Figure 11B).  Leucine, isoleucine and valine were 
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higher in all three groups (range: 1.4- to 3.0-fold, p<0.05 for all nine comparisons).  The 

branched-chain α-keto acids 4-methyl-2-oxopentanoate, 3-methyl-2-oxovalerate, and 3-

methyl-2-oxobutyrate can be converted directly from valine, leucine, and isoleucine, 

respectively, and are intermediates in their degradation.  We found that 4-methyl-2-

oxopentanoate and 3-methyl-2-oxopentanoate were elevated in IDH2-R172K expressing 

cells and 2HG-treated cells (range: 1.5- to 2.5-fold, p<0.03 for all four comparisons), and 

tended to be elevated in IDH1-R132H expressing cells (1.7- and 1.4-fold, p<0.10 for both 

comparisons).  At the same time, 4-methyl-2-oxopentanoate, 3-methyl-2-oxovalerate, 

and 3-methyl-2-oxobutyrate were all >2-fold decreased in culture media incubated with 

cells expressing IDH1-R132H (p<0.03).  While BCAA and branched-chain α-keto acids 

were elevated in IDH mutant-expressing and 30 mM 2HG-treated cells, further 

downstream metabolites of BCAA breakdown were lowered in these cells.  These 

metabolites include isobutyrylcarnitine, isovalerylylcarnitine, and 2-

methylbutyroylcarnitine (range: 2.5- to 7.7-fold, p<0.005 for all nine comparisons).   

 IDH mutant expression and 2HG treatment also resulted in alterations of choline 

lipid synthesis intermediates.  In this pathway, choline is converted to choline 

phosphate, then to CDP-choline, cytidine-5’-diphosphocholine, and then to GPC (Figure 

11D), which serves as a precursor for membrane choline phospholipids.  Remarkably, 

choline phosphate was 10-fold lower in IDH1-R132H expressing cells, 1.8-fold lower in 

IDH2-R172K expressing cells, and 100-fold lower in cells treated with 30 mM 2HG 
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(p<0.001 for each).  Conversely, GPC was higher in IDH1-R132H (1.9-fold, p<0.001) and 

2HG-treated (3.0-fold, p<0.001) cells, respectively, although it was decreased in IDH2-

R172K cells (1.3-fold, p=0.04).  GPC was also 1.9-fold elevated in culture media 

incubated with IDH1-R132H cells (p=0.04, data not shown). 

 TCA intermediates were markedly affected by IDH mutant expression (Figure 

11E).  Most striking were reduced levels of late TCA intermediates fumarate (3.0- and 

1.8-fold, p<0.001 and p=0.002) and malate (5.6- and 2.2-fold, p<0.001 for each) in IDH1-

R132H and IDH2-R172K cells, respectively.  α-ketoglutarate, which is the substrate for 

production of 2HG by IDH mutants, was non-significantly lower in IDH1-R132H 

expressing cells (1.8-fold, p=0.11) and non-significantly higher in 30 mM 2HG-treated 

cells (1.3-fold, p=0.10).  As expected, 2HG was highly elevated in all IDH mutant groups, 

with a 216-fold elevation for IDH1-R132H cells, a 112-fold elevation for IDH2-R172K 

cells, and a 54-fold elevation in the 30mM 2HG group (p<0.001 for each). 
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Figure 11: Alterations in metabolic pathways observed in cells expressing 

IDH1-R132H, expressing IDH2-R172K, or treated with 2HG.   

The fold difference in metabolite in each experiment relative to vector is 

indicated by the color of each box (IDH1-R132H, left boxes; IDH2-R172K, middle 

boxes; or 30mM 2HG, right boxes).  A, Amino acids and N-acetylated amino acids.  B, 

BCAAs and catabolites.  C, Glutathione and metabolites involved in its regeneration.  

D, Choline, GPC, and intermediates.  E, TCA and shuttling of citrate, isocitrate, and α-

ketoglutarate to the cytosol.  Dashed lines indicate exchange of a metabolite between 

the mitochondria and cytosol.  γ-glu-aa, γ-glutamyl amino acids ; aa, amino acids; γ-

glu-cys, γ-glutamyl-cysteine; cysH-gly, cysteinylglycine.  Reproduced from (Jin et al., 

2011) in accordance with publisher policy. 
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3.3.4  N-acetylated amino acids are depleted in IDH1-mutated gliomas 

 One of the most striking findings of our metabolic profiling analysis was the 

association of lowered N-acetylated amino acids with IDH mutant expression.  Using a 

novel targeted mass LC-MS/MS quantification method, we verified that NAA and 

NAAG were lower in HOG cells expressing IDH1-R132H (Figure 12A, mock treatment 

group).  We also noted that NAA and NAAG are normally secreted into culture media 

by HOG cells, and that HOG cells expressing IDH1-R132H secrete comparable levels of 

NAA compared to controls, but that cells expressing IDH1-R132H do not secrete 

detectable levels of NAAG (Figure 12B).  We sought to provide information on a 

mechanism that could account for the very low NAAG levels that we observed in cells 

expressing IDH1-R132H.   NAAG is normally synthesized from NAA and glutamate by 

NAAG synthase (Becker et al., 2010; Collard et al., 2010).  HOG cells incubated in media 

containing 100µM NAA have higher intracellular NAA levels than controls (Figure 12, 

NAA levels in NAA-treated cells), suggesting that NAA can enter the cell from 

extracellular media.  This treatment increased the level of NAA in IDH1-R132H 

expressing cells to the normal level of NAA in the vector control.  However, this 

restoration of NAA levels did not increase the NAAG in HOG cells expressing IDH1-

R132H, indicating that these cells cannot synthesize NAAG from NAA even in the 
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presence of normal NAA levels.  Finally, we treated cells with 10µM NAAG and found 

that intracellular NAAG levels were increased compared to the no treatment group, as 

expected (Figure 12A, see NAAG levels in NAAG-treated cells).  Additionally, NAA 

levels were modestly increased in the NAAG-treated cells in all groups, indicating that 

IDH1-R132H expression does not interfere with NAAG breakdown into NAA and 

glutamate (Figure 12B, NAA levels in NAAG-treated cells).  Finally, we determined 

whether NAA or NAAG depletion occurs in IDH1-mutated cells in vivo by analyzing 

tissue from 26 intermediate-grade gliomas, including 14 astrocytomas and 12 

oligodendrogliomas.  We found that IDH1-mutated tumors had lower mean levels of 

NAA (2.1-fold, p=0.049) and NAAG (2.4-fold, p=0.019) than tumors without IDH1 

mutations (Figure 12C).   
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Figure 12:  NAA and NAAG in cell lines and tumors containing IDH1-R132H 

determined by targeted LC-MS.    

A, NAA and NAAG levels in HOG cells expressing vector, IDH1-WT, or 

IDH1-R132H incubated in mock, 100μM NAA, or 10μM NAAG media for 48 hours.  

B, NAA and NAAG in media incubated for 48 hours above HOG cells expressing 

IDH1-R132H, IDH1-WT, or a vector control.  C, NAA and NAAG levels in human 

glioma tissues with IDH1-R132H mutation (n=17) and without IDH mutations (WT, 

n=9).  *p<0.05, **p<0.005.  Reproduced from (Jin et al., 2011) in accordance with 

publisher policy. 
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3.4  Discussion of metabolite profiling results 

3.4.1  2HG can mediate metabolic changes associated with IDH 
mutants   

 Here, we show that IDH1-R132H expression and IDH2-R172K expression induce 

multiple changes in the cellular metabolome.   Knockdown of IDH1-WT produced few 

changes that were also caused by IDH1-R132H expression, indicating that dominant 

negative inhibition of the functional IDH1 allele by IDH1-R132H is not likely to be 

responsible for the metabolic changes associated with IDH1 mutations.   In contrast, 

2HG treatment resulted in global metabolic changes more similar to those in IDH1-

R132H-expressing cells than to controls.  In particular, 2HG treatment and IDH 

expression were both associated with changes in free amino acids, BCAAs, and choline 

phospholipid synthesis.  

 While 2HG treatment and IDH mutant expression induced many similar 

changes, 56 of the 107 significant alterations that we observed in IDH1-R132H 

expressing cells were not observed in 2HG-treated cells.  2HG-independent changes 

included depletion of glutamate and several metabolites that are directly or indirectly 

derived from glutamate, including glutathiones, N-acetylglutamate, NAAG, α-

ketoglutarate, malate, and fumarate.  IDH1-R132H expression results in elevated flux 

from glutamine to 2HG through glutamate and α-ketoglutarate (Dang et al., 2009) (see 

pathway in Figure 11E).  Thus, glutamate may become depleted as it is converted first to 

α-ketoglutarate and then to 2HG.  Interestingly, a recent report showed that glioma cells 
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expressing IDH1-R132H are susceptible to knockdown of glutaminase, the enzyme 

which converts glutamine to glutamate (Seltzer et al., ).  This observation suggests that 

glutamine to glutamate conversion could be a metabolic bottleneck for IDH-mutated 

cells.  As treatment with exogenous 2HG did not deplete glutamate, some differences 

between 2HG-treated and IDH mutant-expressing cells could reflect the different levels 

of glutamate in these cells.  Alternative explanations for the differences between cells 

expressing IDH mutants and cells treated with 2HG include the possibility that the 

metabolite profiles reflect different levels of 2HG in the cells expressing mutant IDH1 vs. 

those treated with 2HG, or that IDH mutants exert effects on cellular metabolism that 

are independent of their generation of 2HG. 

3.4.2  NAA and NAAG are depleted in IDH1-mutated human gliomas 

 We found that N-acetylated amino acids are lowered in glioma cells expressing 

IDH1 or IDH2 mutants.  Low levels of acetyl-CoA or free amino acids, the substrates for 

N-acetyltransferases, cannot explain this phenomenon because these compounds were 

not consistently decreased in cells expressing IDH1-R132H and IDH2-R172K.  More 

likely explanations are that N-acetyltransferase enzymes are downregulated, or that 

breakdown of N-acetylated amino acids is upregulated.  NAAG differs from the other 

N-acetylated amino acids analyzed here in that it is itself synthesized from another N-

acetylated amino acid, NAA, by NAAG synthetase.  In cells expressing mutant IDH1, 

NAAG synthetase cannot synthesize NAAG even when NAA is restored to normal 
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levels (Figure 12A), suggesting that downregulation of this enzyme underlies the 

depletion of NAAG.  As glutamate is also a substrate for NAAG synthetase, it is 

reasonable to expect that this enzyme has a low reaction rate in cells expressing IDH 

mutants, which we proved to have low glutamate levels.  Future experiments employing 

cell-permeable glutamate mimetics could determine whether restoration of normal 

cellular glutamate levels can rescue NAAG synthetase function in cells expressing IDH 

mutants.  Also, analysis of RNA levels, protein expression, and enzymatic activity for 

NAAG synthetase and N-acetyltransferases in IDH-mutated gliomas models may 

further pinpoint the mechanism(s) underlying N-acetylated amino acid depletion. 

 NAA is the second-most abundant compound in brain, and NAAG is the most 

abundant dipeptide in brain, but their normal physiological function is poorly 

understood.  Both metabolites take part in a brain metabolic cycle that includes synthesis 

of NAAG in neurons, breakdown of NAAG to NAA and glutamate in association with 

astrocytes, and breakdown of NAA into aspartate and acetate in oligodendrocytes 

(Baslow 2010; Becker et al., 2010).  The finding that NAA and NAAG are lowered in a 

cell line homologously expressing IDH mutants and also in human glioma tissue with 

IDH1 mutations suggests that glioma cell lines homologously expressing IDH mutants 

recapitulate features of human gliomas with somatic IDH mutations in situ.  The 

difference in NAA and NAAG levels in IDH1-mutated compared to wild-type tumors 

(2.4-fold for NAAG) was not as large as the difference we observed for cells expressing 
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IDH1-R132H compared to vector control cells (50-fold for NAAG).  However, as cancer 

cells are “contaminated” with normal vascular and inflammatory cells in glioma tissue 

(Louis et al., 2007), normal cells containing higher amounts of NAA and NAAG could 

mask a more striking difference between the cancer cells themselves.  Whether NAA or 

NAAG depletion contributes to glioma pathogenesis is unclear.  However, if NAA or 

NAAG are found to exert a tumor suppressing function that is relieved in IDH-mutated 

gliomas, therapeutics that replenish these compounds in tumors could have clinical 

utility. 

3.4.3  Other metabolic pathways and future studies 

 Some of the most conspicuous features of cells expressing IDH mutants included 

elevation of numerous free amino acids, elevation of lipid precursors such as glycerol-

phosphates and GPC, and depletion of the TCA cycle intermediates citrate, cis-aconitate, 

α-ketoglutarate, fumarate, and malate.  We did not observe changes in intermediates 

related to glycolysis such as 1,6-glucose phosphate, pyruvate, or lactate that were 

reproducible and shared between IDH1 and IDH2 mutant expressing cells.  Thus, the 

levels of biosynthetic molecules were increased and TCA intermediates were decreased 

in cells expressing either IDH mutant, without consistent accumulation or depletion of 

glycolytic intermediates.  These changes could result from shunting of carbons from 

glycolysis into de novo synthesis of amino acids and lipids rather than into the TCA.  

Alternatively, they could reflect a lower rate of amino acid and lipid catalysis into 
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carbon backbones that ultimately enter the TCA.  A possible explanation for the increase 

in free amino acids in cells expressing IDH mutants or treated with 2HG could be that 

2HG inhibits α-ketoacid transaminases, which are enzymes that normally transfer amine 

groups from free amino acids to α-ketoglutarate as a first step in amino acid breakdown 

for oxidation in the TCA.  This possibility is consistent with the hypothesis that 2HG can 

competitively inhibit α-ketoglutarate dependent enzymes based on its structural 

resemblance to α-ketoglutarate (Frezza et al., 2010).  It has been proposed that TCA 

down-regulation is a major effect of some genetic alterations in cancer, and that this is 

associated with a selective advantage for cancer cells because nutrients are then 

converted to building blocks such as amino acids and lipids to be used for proliferation 

rather than being oxidized in the TCA (Vander Heiden et al., 2009).  2HG treatment of 

chick neurons has been observed to impair complex V (ATP synthase) of the 

mitochondrial electron transport chain (Kolker et al., 2002).    Thus, a possible 

mechanism by which IDH mutants dysregulate the TCA could be by producing 2HG 

that disrupts the normal transfer of electrons from TCA intermediates into the electron 

transport chain. 

The cell line model employed in this investigation used a lentiviral 

overexpression system.  Overexpression of IDH mutants may cause metabolomics 

changes that a native, heterozygous IDH mutation would not.  This could be due to the 

presumably higher level of IDH mutant expression, and due to the presence of 
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homozygous native wild-type IDH loci.  Thus, generation of cell line models that target 

the native IDH1 and IDH2 loci to generate heterozygous mutations in those loci may 

provide more faithful models to interrogate for alterations that reflect human IDH-

mutated diseases.   

Future research will focus on determining whether the metabolic alterations that 

we observed in a glioma cell line expressing IDH mutants are recapitulated in other 

models of IDH-mutated cancer, or in cancer cells and blood from patients with IDH-

mutated gliomas and leukemias.  Also, while this analysis provides a snapshot of the 

level of metabolites in cells, it does not provide information on their 

compartmentalization or the rate of their synthesis, breakdown, and exchange with 

extracellular media.  Metabolomic analysis of specific cellular compartments, such as the 

mitochondria, will be needed to determine whether the changes in metabolite levels 

reported here have a compartmental bias.  Furthermore, isotope-labeling experiments 

will be necessary to explore the metabolic networks and kinetics of metabolite 

conversion underlying these observations.  These studies may help to elucidate a 

mechanism behind changes that we observed, such as alterations in the levels of BCAAs 

and their catabolites.  Finally, future work will test whether any of the metabolic 

changes reported here serve as a mechanistic link between IDH mutations and cancer-

related phenotypes.  This could inform the design of therapies that target the altered 

metabolism of cancer cells while sparing non-cancer tissue.
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4. Genetic dissection of a Drosophila model for IDH1-
mutated cancer 

Activating mutations in the NADP+-dependent isocitrate dehydrogenases, IDH1 

and IDH2, frequently arise in human gliomas and acute myeloid leukemias.  However, 

the function of these mutations in cancer is poorly understood.  We expressed dIDH-

R195H, the Drosophila analogue of the common human IDH1-R132H mutant, in 

numerous fly tissues using the UAS-Gal4 binary expression system and found that its 

expression causes durable CNS and blood cell (hemocyte) phenotypes.  Remarkably, 

dIDH-R195H expressed under control of the hemocyte-specific hemolectin driver is 

associated with an increased number of blood cells and the formation of pigmented 

masses in late-stage larvae, reminiscent of the proliferation of clonal blood cells in 

human leukemia.  Here, we characterize this blood cell phenotype to gain insights into 

the effect of IDH1/2 mutation analogues on animal hematopoiesis; dissect the functional 

components of the dIDH-R195H enzyme using a reverse genetics approach; and screen 

for genes that interact with dIDH-R195H to cause a cancer-like phenotype using 

recently-developed fly RNAi resources.  These results provide novel hypotheses to test 

in mammalian models to elucidate the role of IDH1 and IDH2 mutations in cancer and 

potentially identify novel molecular targets for treatment of cancers with these 

mutations. 
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4.1  Introduction to Drosophila as a model for IDH1-mutated 
human disease 

4.1.1  Drosophila can model human cancer 

Drosophila melanogaster can serve as a genetic model for cancer.  Much insight on 

cancer-associated genes such as KRas, TP53, and EGFR has been gleaned from decades 

of research of their homologues in Drosophila as well as other simple model systems.  

Human genes associated with cancer, or their Drosophila orthologs, can cause fly 

phenotypes reminiscent of human cancer, including increased proliferation, impaired 

apoptosis, altered migration, growth in inappropriate environments, and deregulated 

differentiation.  As an example, the fusion gene AML1-ETO frequently occurs in human 

acute myeloid leukemia, and its expression causes a leukemia-like proliferation of blood 

cells with an aberrant differentiation profile in Drosophila; study of this system led to 

insights on the biology of human leukemogenesis that were validated in human cancer 

cell lines (Osman et al., 2009; Sinenko et al., 2010).  Thus, Drosophila can provide insight 

into the function of genetic alterations from human cancer, and can be used as a model 

to reveal genetic interactions that occur in human cancer.  Since IDH1 mutations were 

only recently discovered in cancer, and since they gain an unexpected neo-activity, no 

Drosophila models for IDH-mutated cancer or deregulated 2HG metabolism have yet 

been described to our knowledge. 
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4.1.2 Drosophila encode a homolog of human IDH1/2 

Drosophila contains a single NADP+-dependent isocitrate dehydrogenase (dIDH, 

CG7176, sequence location 3L:8,349,503..8,354,628 [-]) that is 73% and 66% identical at 

the protein level to human IDH1 and IDH2, respectively.  CG6439 may be the NAD+-

dependent isocitrate dehydrogenase in Drosophila (O'Keefe et al., 2011).  dIDH has 

NADP-IDH activity, which is present nearly ubiquitously throughout the fly, and a 

single isoform can apparently localize to both the cytosol and mitochondria (Fox et al., 

1972).  dIDH-R195 is analogous to human IDH1-R132 and IDH2-R172 mutation 

hotspots, and dIDH-R163 is analogous to human IDH2-R140. 

4.2 Materials and methods for genetic analysis of IDH mutations 
in flies 

4.2.1  Cloning Drosophila isocitrate dehydrogenase 

The coding sequence of Drosophila isocitrate dehydrogenase (dIDH, CG7176) 

with a 5’ attB1 and a 3’ attB2 site was PCR amplified from a pupa cDNA library using 

attB1-dIDH-for (GGG GAC AAG TTT GTA CAA AAA AGC AGG CTC CAC CAT GTT 

CGC CCT GCG CCG CAC AGC CG)and attB2-dIDH-FLAG-rev (GGG GAC CAC TTT 

GTA CAA GAA AGC TGG GTC TTT GGC AGC AAC GGC ATT CTT GGC) primers 

and Phusion polymerase (Finnzymes).  BP clonase II (Invitrogen) was used to insert this 

fragment into pDONR221-ENTR (Invitrogen) by recombining the attB1 and attB2 sites 

on the PCR product with the attP1 and attP2 sites, respectively, in that plasmid.   This 
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resulted in pDONR221-dIDH, with newly-created attL1 and attL2 sites flanking the 

dIDH insert.  The entire insert was sequence verified.   

Mutagenesis was performed on the pDONR221-dIDH construct using dIDH-

R163Q-for and dIDH-R163Q-rev (for R163Q mutagenesis), dIDH-R195H-for and dIDH-

R195H-rev (for R195H mutagenesis), and dIDH-D314N-D316N-D320N-for and dIDH-

D314N-D316N-D320N-rev (for D314N-D316N-D320N mutagenesis) using QuikChange 

(Stratagene).  The entire insert was sequence verified after mutagenesis.  LR clonase II 

(Invitrogen) was used to shuttle dIDH into pTWF-DEST (Gateway II collection) by 

recombining the attL1 and attL2 sites from pDONR221-dIDH with the attR1 and attR2 

sites on pTWF-DEST.  This resulted in pTWF-dIDH, which contains newly-created attB1 

and attB2 sites flanking the dIDH insert.  Features of pTWF include an adjacent mini-

white ([+mC]) cassette for a colored eye marker, a 5’ UASt enhancer-like element for 

Gal4-driven somatic expression in vivo, a C-terminal FLAG epitope tag, an SV40 

terminator, flanking p-element insertion sites for random integration into the Drosophila 

genome, and ampicillin resistance.   

Drosophila D-2-hydroxyglutaric acid dehydrogenase (dD2HGDH, CG3835) was 

cloned and shuttled into pTWF-dD2HGDH in the same fashion as described above for 

dIDH, except attB1-dD2HGDH-for (GGG GAC AAG TTT GTA CAA AAA AGC AGG 

CTC CAC CAT Gag att cca aca gct cct gca tg)and attB2-dD2HGDH-FLAG-rev (GGG 

GAC CAC TTT GTA CAA GAA AGC TGG GTC GTT AAG CAC CTT ATA GGG ATT 
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G) were used to amplify dD2HGDH from the cDNA library.  Primers were designed 

using Primer3 (http://frodo.wi.mit.edu/primer3/).  Fly injection and generation of stable 

homozygous or balanced transgenic stocks was performed using standard methods. 

4.2.2  Fly lines 

Tubulin-Gal4/TM3, Elav-Gal4;UAS-srcGFP, Insc-Gal4, UAS-CD8GFP, UAS-p110-

CAAX, UAS-p53-WT, UAS-p53-H155R/CyO, and Actin5c-Gal4 were from Bloomington 

Drosophila Stock Center.  Gcm-Gal4 was from V. Hartenstein.  MalDH hypermorph/TM8 

M89, MalDH KD/TM8 M9, MalDH-WT M3, UAS-G6PDH  was from S. Kornbluth.  UAS-

EGFR-lambda was from T. Schupach.  UAS-AML1-ETO/TM3,Sb was from S. Sinenko.  CCAP-

Gal4 was from D. Kiehart.  Hopscotch-Tum-l/CyO, Srp-Gal4, HmlΔ-Gal4, Pnr-Gal4/TM6b, 

E33c-Gal4, and Lz-Gal4 were from B. Mathey-Prevot.  We derived Repo-Gal4, UAS-

CD8GFP/TM6c, Tubulin-Gal4, UAS-CD8GFP/TM3, Actin-Gal4, UAS-CD8GFP/TM3 lines from 

those listed above by standard recombination.  Unless otherwise noted, the notation 

Promoter>transgene indicates flies that are an F1 for a cross between a promoter-Gal4 

driver and a UAS-transgene fly that are known to contain both alleles.  For instance, 

Elav>dIDH-R195H are an F1 from Elav-Gal4 X UAS-dIDH-R195H with a genotype of Elav-

Gal4/+;;UAS-dIDH-R195H/+.  The exception to this convention is that hml>dIDH-R195H 

denotes homozygous hmlΔ-Gal4;UAS-dIDH-R195H. 

4.2.3  2-hydroxyglutarate assays 

D-2-hydroxyglutarate was quantified in biological samples using liquid 

chromatography- negative electrosprary ionization – triple quadrupole tandem mass 

spectrometry (LC-ESI(-)-MS/MS) in collaboration with the Clinical Pharmacology 
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Laboratory at Duke as described (Jin et al., 2011).  To measure 2-hydroxyglutarate in 

different genotypes, Actin5c-Gal4, UAS-EGFP/TM3 males were mated to w1118, UAS-dIDH-

WT, or UAS-dIDH-R195H virgins.  F1 GFP+ pupae (Actin5c, UAS-EGFP/UAS-transgene) 

grown at 25C were collected 72 hours after puparium formation, homogenized in 0.3% 

Triton-X100 PBS, and sonicated 3x 20 s, and the supernatants were cleared by 

centrifugation at 15,000 rpm for 10 minutes at 4C.  Protein concentration was normalized 

between samples. 

4.2.4  NADP+-IDH assays 

Activity was measured by monitoring the increase of absorbance at 340nm by 

NADPH, as it is enzymatically converted from NADP+, in the presence of isocitrate as 

described (Jin et al., 2011).  Briefly, these assays use 200ul of a reaction buffer containing 

2mM isocitrate (Sigma), 100uM NADP+ (Sigma), 33mM Tris-HCl, pH 7.5, 2mM MnCl2, and.  

Equal amounts of samples based on protein concentration are analyzed for activity, in 

triplicate, on a PolarSTAR Optima absorbance reader in 96-well plates.  Homogenates will 

be derived as described for the 2-hydroxyglutarate assays. 

4.2.5  Hemocyte counting 

Circulating hemocytes were collected from three wandering third instar larvae.  

Only larvae without brown-dyed food in their gut, indicative of wandering status, were 

used.  Hemocytes were collected in a droplet of 30ul of Schneider’s media by carefully 

piercing and then opening the rear dorsal the dorsal aspect of segments 11-13 (rear) and 

gently shaking out the circulating hemocytes into the droplet without disturbing the lymph 

gland.  To count hemocytes, 10ul of this mix from 3 larvae were added to a haemocytometer 

and GFP+ cells will be counted using a FITC filter.  Samples were visualized using a Nikon 
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TE2000-E phase contrast inverted epifluorescence microscope with MetaMorph software 

version 7.0.   

4.2.6  Gene expression analysis 

24-hour egg lays were set up with 10 male and 10 female hml>+ or hml>dIDH-

R195H adults at 29C.  50 vials for each genotype were be set up.  Wandering 3rd instar 

larvae were harvested on day 7.  Hemocytes from 10 larvae were collected in a 100ul 

droplet of ice-cold Hank’s medium on paraffin on ice.  Hemocytes from 400 larvae for each 

RNA sample were obtained, spun down gently (300xg 5min), washed, and then extracted 

for RNA (Qiagen RNeasy kit with DNase treatment step). To profile genome-wide gene 

expression levels, the Affymetrix GeneChip Drosophila Genome 2.0 Array, which includes 

18,880 probe sets, analyzing over 18,500 transcripts was used in collaboration with the 

Duke Institute for Genome Sciences and Policy Microarray Facility 

(http://www.genome.duke.edu/cores/microarray).  Arrays were processed using the 

Ambion MessageAmp Premier Package.  Pathway analysis was carried out using DAVID 

Functional Annotation Bioinformatics Analysis (http://david.abcc.ncifcrf.gov/) (Fang et al., 

2009). 

4.2.7  Selection of stocks for modifier screen 

Genes of interest include fly orthologues of human genes considered likely to 

interact with IDH mutants in human cancer and fly genes previously identified to interact 

with wild-type dIDH.  The DRSC Integrative Ortholog Prediction Tool 

(http://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl), using all 9 available homology-

search methods, was used to identify fly orthologs for a list of human genes that were 
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hypothesized to interact with IDH mutations.  Human genes were hypothesized to interact 

with IDH mutants based on their participation in metabolic processes related to 2-

hydroxyglutarate, NADPH, a-ketoglutarate, or tricarboxylic acid cycle metabolism; or the 

presence of a domain within that gene; or involvement of that gene in oncogenic pathways 

that were deemed likely to interact with IDH mutations in human cancer.  For the Jumonji 

superfamily of Fe(II)-dependent α-ketoglutarate dioxygenase, many of which function as 

histone demethylases, a literature search was performed to identify orthologues since this 

family is large, with complex orthology relationships between human and fly, and these 

orthology relationships have been described previously (Klose and Zhang 2007; Secombe et 

al., 2007). Additionally, fly genes with protein-protein, genetic, gene-transcription factor, 

and gene-miRNA interactions with wild-type dIDH were identified using The Drosophila 

Interactions Database (www.droidb.org, (Murali et al., 2011)). 

Several new RNAi resources have recently been created for Drosophila.  These 

include large libraries of fly stocks containing RNAi elements under control of the UAS 

element for tissue-targeted knockdown of genes of interest.  One library was generated by 

the Transgenic RNAi Project at Harvard Medical School (TRiP, http://www.flyrnai.org) and 

consists of PhiC31-mediated recombination into a defined genomic locus, with either 

dsRNA-mediated RNAi in earlier stocks (Ni et al., 2009) and shmiRNA-mediated RNAi using 

an improved vector in later stocks, which together comprise 3000 stocks and counting (Ni 

et al., 2011).  For each Drosophila candidate gene, one RNAi line was selected.  If available, a 

TRiP shmiRNA line was selected; otherwise, we a TRiP dsRNA line was selected.  If 

available, stocks for the overexpression of candidate genes were identified and one stock of 

each purchased. 



 

100 

4.3 Results of expression of dIDH-R195H in fly tissues 

4.3.1  A Drosophila IDH1 mutant analogue, dIDH-R195H, produces 2-
hydroxyglutarate 

We cloned dIDH from a pupa cDNA library and created stocks that contain 

genomically-integrated UAS-dIDH-WT or UAS-dIDH-R195H, with C-terminal FLAG.  These 

flies are compatible with the Gal4-UAS combinatorial tissue-specific expression system.  

Pupae expressing dIDH-R195H in all tissues using Actin5c-Gal4 had >100-fold elevated 2HG 

compared to dIDH-WT and no-transgene controls (72.5μg 2HG per mg protein compared to 

<0.16μg/mg protein for controls), confirming that dIDH-R195H gains the ability to produce 

2HG like the human analog. 

4.3.2  dIDH-R195H alters CNS, blood, and muscle development 

We screened for phenotypes in flies that expressed dIDH-R195H in different tissue 

lineages using Gal4-UAS (Table 3:  Fly phenotypes associated with Gal4-driven dIDH-

R195H expression).  Ubiquitous IDH-R195H expression led to lethality at various 

developmental stages.  For instance, the strong tubulin-Gal4 driver led to lethality at 

embryonic stage 17 (Figure 13A and B), just before muscle movement is normally observed, 

although a specific anatomical defect was not identified.  The weaker ubiquitous drivers 

Ubiquitin-Gal4 and Actin5c-Gal4 led to lethality at late pupal stages at 25C.  The pan-

neuronal driver Elav-Gal4 led to a motor defect accompanied by a wing expansion and 

cuticle-tanning defect (Figure 13 C and D).  These flies struggle to eclose, fail a simple 

negative geotaxis assay of locomotor function (pass rate: 1+/- 3% vs. 81.7+/- 10.9% for no 

transgene controls vs. 73.0% +/- 9.5 for dIDH-WT controls), and die within 1-3 days of 

eclosion.  Expression of dIDH-R195H in glia using the glia-specific driver Repo-Gal4 resulted 
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in no obvious phenotypes.  The E33c-Gal4 line expresses UAS-transgenes in the lymph gland 

and in muscle tissue and E33c>dIDH-R195H Drosophila have a defect in eclosion; flies that 

are artificially removed from their pupa cases have a severe locomotor defect and 

shortened survival (Figure 13 F).   
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Table 3:  Fly phenotypes associated with Gal4-driven dIDH-R195H expression 

Promoter Lineage Phenotype (25C) 

Tubulin ubiquitous (strong 

promoter) 

e17 lethal 

Ubiquitin ubiquitous (weaker 

promoter) 

pupa lethal 

Actin ubiquitous (++gut 

expression) 

larva/pupa lethal 

Hsp70 (1h 37C 

heat-shock) 

heat-shock 

ubiquitous 

- 

Elav neurons wing expansion, severe behavioral defect 

Nubbin neurons, wing wing expansion, behavioral defect 

CCAP bursicon-secreting 

neurons 

wing expansion defect 

Insc neuroblasts - 

Repo glia - 

Glial cells 

missing 

embryonic glia and 

hemocytes 

- 
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Table 3 (continued):  Fly phenotypes associated with Gal4-driven dIDH-R195H 

expression 

Glass multiple 

reporter 

differentiated eye - 

Eyeless eye, throughout 

development 

- 

Hemolectin plasmatocytes, crystal 

cells 

rare melanotic tumors 

Pnr hemocytes - 

Serpent pan-hemocyte - 

Lozenge crystal cells - 

Unpaired hematocytes/ 

ubiquitous 

possible dev. delay 

E33c muscle/ hematocytes eclosion defect, motor defect 

Beadex wing Curly wings (100%), ectopic wing vein (50%) 

Salm wing, ubiquitous Multi-stage lethal 

Bs wing wing margin scalloping 

bbg wing - 
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Figure 13: Phenotypes associated with dIDH-R195H expression.   

dIDH-R195H was expressed in various tissues under control of the UAS-Gal4 

system.  Transgenes driven by tubulin-Gal4 are expressed ubiquitously in embryos.  

Staining with anti-neuropilin (red) highlights the developing nervous system in A, a 

control tubulin-Gal4 embryo at e17.  B, This looks similar to a tubulin-Gal4/UAS-

dIDH-R195H embryo expressing dIDH-R195H at the same stage.  C, Adult UAS-dIDH-

R195H controls are grossly normal.  D, Elav-Gal4/+;UAS-dIDH-R195H/+ adult flies, 

which express dIDH-R195H pan-neuronally, have a severe locomotor defect, 

shortened lifespan, and wing expansion defect (arrow).  E, CCAP-Gal4/+; UAS-dIDH-

R195H/+ adult flies have a similar wing expansion defect (arrow) with about 50% 

penetrance.  F, Eclosion defect associated with E33c-Gal4/UAS-dIDH-R195H flies.  G, 

Normal hmlΔ-Gal4 L3w.  H, hmlΔ-Gal4;UAS-dIDH-R195H L3w with pigmented 

nodules (arrow). 
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4.3.2.1  dIDH-R195H alters a subset of neurons 

To further investigate the effect of dIDH-R195H on the Drosophila CNS, we dissected 

brains from Elav>dIDH-R195H but did not identify a gross difference in these brains from 

controls.  To identify specifc subsets of neurons that may be affected by dIDH-R195H, we 

tested whether Gal4 drivers for subsets of neurons could phenocopy Elav>dIDH-R195H.  

We did not identify any gross phenotypes in Drosophila expressing dIDH-R195H in 

neuroblasts (Inscrutable-Gal4), which are precursors to Drosophila neurons and glia; 

embryonic glia (glial cells missing-Gal4); or in eye tissue (eyeless-Gal4 or glass multiple 

reporter-Gal4).  A group of 12 neurons called the crustacean cardioactive peptide neurons 

(CCAP) secrete a hormone called bursicon that regulates wing expansion and cuticular 

tanning in early adults (Peabody et al., 2009), two processes that we observed to be 

disrupted by pan-neuronal expression of dIDH-R195H.  When dIDH-R195H was expressed 

specifically in CCAP neurons using CCAP-Gal4, flies had a wing-expansion defect and a 

cuticular tanning defect with ~50% penetrance at 25C (Figure 13E) similar to flies 

expressing dIDH-R195H pan-neuronally with Elav-Gal4, though these flies did not have a 

locomotor defect or a markedly shortened lifespan.  Thus, expression of dIDH-R195H in 12 

CCAP neurons is sufficient to cause the wing and cuticle phenotypes observed for pan-

neuronal dIDH-R195H expression.  We created stable lines containing homozygous CCAP-

Gal4 and UAS-dIDH-R195H and preliminary studies revealed that the wing-expansion 

phenotype is readily modifiable.  For instance, the phenotype was enhanced to 100% 

penetrance in flies that also carry a UAS-dIDH-WT insertion, and it was completely 

suppressed in flies containing UAS-dmp53-R155H, which expresses a cancer-derived TP53 

analogue (dmp53-R155H), compared to flies with CCAP-Gal4 and UAS-dIDH-R195H alone. 
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4.3.2.2  dIDH-R195H induces a leukemia-like phenotype 

Expression of dIDH-R195H using the larval hemocyte driver hemolectin-Δ-Gal4 

(hmlΔ-Gal4) led to the occurrence of rare melanotic masses in wandering third instar 

larvae.  Melanotic masses are known to be induced by analogues of human leukemia-

associated genes and gene fusions such as JAK2, AML1-ETO, and HRas.  To increase the 

penetrance of this phenotype for further study, we focused on the hmlΔ-Gal4, UAS-

2xEGFP;UAS-dIDH-R195H homozygous genotype, hereafter referred to as hml>dIDH-R195H.  

hml>dIDH-R195H is permissive for viability and fertility at 25C but develops a pronounced 

phenotype at 29C compared to isogenic controls that express dIDH-WT or no transgene.  In 

hml>dIDH-R195H wandering 3rd instar larvae at 29C, we observed elevated GFP+ hemocyte 

number (2.9-fold more than hml>dIDH-WT) and melanotic nodules (51+/-6% of larvae vs. 

0% for controls) (Figure 14).  GFP and FLAG epitopes were predominant in melanotic 

nodules, confirming that these nodules derive from hemocytes expressing dIDH-R195H 

(data not shown). 
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Figure 14: Elevated hemocytes and melanotic masses in larvae expressing 

dIDH-R195H in their blood cells.   

A, Gross appearance under normal light.  B, Gross appearance with GFP-

labeled hemocytes visualized by a GFP filter.  C and D, Relative numbers of 

hemocytes for L3w.  Genotypes shown are, from left to right: hmlΔ-Gal4 (hml), hmlΔ-

Gal4; UAS-dIDH-WT (hml>dIDH-WT), hmlΔ-Gal4; UAS-dIDH-R195H (hml>dIDH-

R195H), hmlΔ-Gal4/+; UAS-AML1-ETO/+ (hml>AML1-ETO), and hmlΔ-Gal4/+; UAS-

hop-Tum-l (hml>hop-tsl).  Hemocyte counts are pooled from three larvae each and 

represent the mean of three different groups of larvae. 
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4.3.3  2-hydroxyglutarate metabolism modulates the dIDH-R195H 
phenotype 

4.3.3.1  An enzyme-dead mutant of dIDH-R195H cannot cause fly phenotypes 

We next wondered which specific properties of dIDH-R195H were important to 

induce biological phenotypes.  First, we tested whether catalytic activity was necessary 

to establish dIDH-R195H-related phenotypes.  In human IDH2, the residues Asp313, 

Asp315, and/or Asp319 are critical for metal-binding and catalytic activity (Huang et al., 

2004).  Since metal-binding is likely also involved in mutant IDH1 function (Dang et al., 

2009; Ward et al., 2010), we reasoned that mutations in these residues in dIDH-R195H 

would inactivate the ability for this enzyme to produce 2-hydroxyglutarate.  Asp314, 

Asp316, and Asp320 are the dIDH homologs of Asp273, Asp275, and/or Asp279 in 

human IDH2 (Nekrutenko et al., 1998).  We therefore generated UAS-dIDH-R195H-D>N 

(where D>N is D314N-D316N-D320N)  flies and tested whether this transgene was 

associated with 2-hydroxyglutarate production.  We found that this transgene was 

associated with 2-hydroxyglutarate levels comparable to those found when dIDH-WT, 

dIDH-WT-D>N, or no transgene were expressed (Figure 15).  Thus, our mutagenesis 

approach likely resulted in a dead enzyme as expected.  In contrast to the severe 

phenotypes observed for flies expressing dIDH-R195H in various tissues, flies that 

expressed dIDH-R195H-D>N displayed no gross phenotypes when dIDH-R195H-D>N 

expression was driven by the CCAP-Gal4, Elav-Gal4, Tubulin-Gal4, or hmlΔ-Gal4 drivers 

(data not shown).   
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4.3.3.2  dIDH-R163Q, the homolog of IDH2-R140Q, produces 2-hydroxyglutarate and 

exerts mild phenotypes 

We next wondered whether other dIDH mutants that were analogous to human 

cancer mutants also produced 2-hydroxyglutarate or had biological phenotypes.  Of 

particular interest was the mutant homologous to human IDH2-R140Q.  While IDH1-

R132H is the predominant IDH mutation in human brain tumors (about 90%) (Yan et al., 

"Idh1 and Idh2 Mutations in Gliomas" 2009), the most common IDH mutation in acute 

myeloid leukemia is IDH2-R140Q (about 50%) (Ward et al., 2010), a mutation that is 

never observed in brain tumors.  Furthermore, humans with an inborn metabolic 

disorder associated with elevated 2-hydroxyglutarate levels were recently shown to 

harbor germline IDH2-R140Q mutations, but never IDH1 mutations.  Thus, there likely 

are key differences between IDH1-R132H and IDH2-R140Q that account for their 

selection in different disease entities.   

We created UAS-dIDH-R163Q flies and found that this dIDH mutant also 

produced 2-hydroxyglutarate, albeit to a 2-fold lesser extent than UAS-dIDH-R195H 

(Figure 15).  Interestingly, we did not identify any gross phenotypes when dIDH-R163Q 

expression was driven by the CCAP-Gal4, Elav-Gal4, or Tubulin-Gal4 drivers (data not 

shown).  However, we did observe melanotic tumors in hmlΔ-Gal4;UAS-dIDH-R163Q 

larvae raised at 29°C (mean 18% penetrance, S.D. 16%, n=8 crosses), albeit at a lower 

penetrance than for hmlΔ-Gal4;UAS-dIDH-R195H larvae (mean 46% penetrance, S.D. 

37%, n=12 crosses).  This could be consistent with IDH2-R140Q having a “milder” 
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phenotype that leads to less-robust 2-hydroxyglutarate production and is somewhat 

tolerated as a germline mutations in humans.  One limitation to this analysis is that 

dIDH is expressed in both the mitochondria and the cytosol.   This makes it difficult to 

precisely model any effects that may be associated with cellular localization for human 

IDH1 mutants (which localize to the cytosol) or human IDH2 mutants (which localize to 

the mitochondria). 
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Figure 15: 2-hydroxyglutarate levels in flies expressing different dIDH 

mutants.   

2-hydroxyglutarate was quantified in homogenates of white Actin-Gal4/UAS-

X pupae, where X is the transgene indicated above.  Transgene expression is verified 

by anti-FLAG immunoblot (upper blot) with GAPDH loading control (lower blot).  
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4.3.3.3  A 2-hydroxyglutarate dehydrogenase suppresses the fly phenotype 

 We next wondered whether 2-hydroxyglutarate may be the critical downstream 

mediator of dIDH-R195H-associated phenotypes.  To address this issue, we needed a 

means to lower 2-hydroxyglutarate levels in fly tissues expressing dIDH-R195H.  We 

therefore identified the fly homolog of D-2-hydroxyglutarate dehydrogenase 

(dD2HGDH) and cloned this gene.  D2HGDH converts 2-hydroxyglutarate to α-

ketoglutarate and is thought to be FAD+-dependent.  When we co-expressed both dIDH-

R195H and dD2HGDH in fly tissues, we found that 2-hydroxyglutarate levels were 

markedly lowered compared to control flies expressing dIDH-R195H alone (Figure 16).  

Thus, dD2HGDH was able to scavenge most, but not all of the excess 2-

hydroxyglutarate produced by dIDH-R195H.  We next tested whether co-expression of 

dD2HGDH could rescue fly phenotypes associated with dIDH-R195H.  We did not 

observe any gross phenotypes when dIDH-R195H was co-expressed with dD2HGDH  

driven by CCAP-Gal4, Elav-Gal4, or Tubulin-Gal4 (data not shown).  Thus, D2HGDH 

rescued the dIDH-R195H phenotypes.  This points to 2-hydroxyglutarate as the 

mediator of these phenotypes, since lowering its levels could rescue the phenotypes.  

Another possibility is that D2HGDH rescued the phenotype by modulating α-

ketoglutarate levels, which are also closely tied to dIDH-R195H catalytic activity. 
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Figure 16:  Expression of the Drosophila D-2-hydroxyglutarate dehydrogenase 

restores moderate 2-hydroxyglutarate levels.   

2-hydroxyglutarate was quantified in homogenates of white Actin-Gal4/UAS-

X pupae, where X is the transgene indicated above.  “Both” indicates that both 

dD2HGDH and dIDH-R195H were expressed. 
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4.3.4  Microarray analysis reveals serine protease, cytoskeleton, and 
reactive oxygen species pathway genes altered by dIDH-R195H 
expression 

Since dIDH-R195H expression was associated with elevated hemocytes and 

abnormal hemocyte behavior, we wondered whether dIDH-R195H might influence any 

gene expression patterns in hemocytes.  To explore this, we profiled 18,500 transcripts 

with the Affymetrix Drosophila Genome 2.0 Array in hemocytes from hmlΔ-Gal4; UAS-

dIDH-R195H larvae and from hmlΔ-Gal4 controls (data not shown).  We identified 794 

differentially expressed genes (p<0.0025).  Three of the top 10 most significantly 

upregulated genes were serine proteases (CG31219, CG9733, and CG10232; p<1.2x10-6 

for each).  This may be consistent with upregulation of serine proteases involved with 

the prophenoloxidase cascade that is associated with melanotic tumor melanization by 

larval crystal cells (Irving et al., 2005).  Furthermore, we noticed path among the top 10 

most upregulated, which is the fly homolog of human PAT1, a transporter of 5-

aminolevinulic acid (Mardis et al., 2009).  5-aminolevulinic acid is a photodynamic 

therapy agent and is also a breakdown product of 2-hydroxyglutarate via 2-

hydroxyglutarate-glutathione and 4,5-dioxopentanoate (Gibson et al., 1993).  This may 

indicate that a mechanism for clearance of excess 2-hydroxyglutarate is metabolism to 5-

aminolevulinic acid and upregulation of a 5-aminolevulinic acid transporter. 

In order to determine which genetic networks might be perturbed in hemocytes, 

we subjected this gene list to pathway enrichment analysis using DAVID Bioinformatics 
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Functional Annotation v6.7 (http://david.abcc.ncifcrf.gov/summary.jsp).  We found that 

the 5 most significantly enriched pathways were cytoskeletal protein binding, actin 

binding, microtubule binding, tubulin binding, and structural constituents of the 

cytoskeleton (P<0.0012 for each).  Of 13 other pathways that were significantly enriched 

(p<0.01), 6 were involved in nucleotide metabolism or regulation (small GTPase 

regulator activity, ribonucleotide binding, purine ribonucleotide binding, purine 

nucleoside binding, purine nucleotide binding, nucleoside binding, and ATP binding).  

This may indicate that expression of nucleotide-regulating genes change in order to 

counteract NADP+/NADPH perturbations that occur in cells expressing dIDH-R195H.   

Also notable among the most enriched pathways was the subset of all genes 

associated with catalytic activity.  Two-hundred and fifty three of 794 differentially 

expressed sequence tags were associated with catalytic activity (p=6.5 x 10-3).  We 

therefore next determined whether any sets of genes associated with a specific enzyme 

activity, based on Enzyme Commission (EC) Number annotation, were enriched in our 

dataset.   Three enzyme activities were significantly or nearly-significiantly (p<0.10) 

enriched in this analysis.  Genes associated with phospholipid-translocating ATPase and 

plus-end-directed kinesin activity were significantly or nearly-significantly enriched 

(p=0.007 and p=0.07, respectively).  We speculate that enzymes in these pathways may 

support the differentially expressed cytoskeleton-related gene pathways noted above.  

Genes associated with superoxide dismutase activity also showed a trend for 
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enrichment (p=0.07).  Excess 2-hydroxyglutarate is associated with elevated reactive 

oxygen species (Kolker et al., 2002).  It stands to reason that superoxide dismutase genes 

may be upregulated to maintain normal reactive oxygen species levels that are 

perturbed by excessive 2-hydroxyglutarate. 

4.3.5 Genetic screens reveal genes that interact with dIDH-R195H in 
fly tissues 

We next sought to illuminate the genetic pathway by which dIDH-R195H was 

able to cause biological phenotypes in flies.  We examined the ability of 107 different 

transgenes to enhance the penetrance of phenotypes that we identified to be associated 

with dIDH-R195H expression.  Selection of these transgenic stocks is described in 

Section 4.2.7.  These transgenes were either publically available stocks designed to 

overexpress a specific gene of interest under the control of the UAS promoter, or 

dsRNAs and shmiRNAs under control of the UAS promoter from the Transgenic RNAi 

Project at Harvard Medical School designed to knock down the functional expression of 

a specific gene of interest (Dietzl et al., ).  Our screening platforms were faciliatated by 

mating virgin females from a purebreeding stock containing homozygous Gal4 driver 

and homozygous UAS-dIDH-R195H with a purebreeding stock containing the 

modifying transgene of interest.  This cross yielded F1 offspring that have one copy each 

of the Gal4 driver, of UAS-dIDH-R195H, and of the transgene of interest.  In this setting, 

UAS-dIDH-R195H exerts a phenotype of moderate penetrance that can be enhanced in 

penetrance by the candidate transgenes. 
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4.3.5.1  Hematopoetic expansion phenotype screen 

We chose to focus on two genetic systems for our genetic screens.  First, we 

screened for genetic modifications that could modify the expansion of hematopoetic 

compartment associated with dIDH-R195H expression by utilizing the hmlΔ-Gal4, UAS-

2xEGFP;UAS-dIDH-R195H stock.  Melanotic mass formation was scored in F1 L3w that 

carried the modifier transgene of interest, as well as the hmlΔ-Gal4 and UAS-dIDH-

R195H transgenes.  We scored 5401 F1 animals for the presence of melantoic masses, 

with median 43.5 animals and mean 54 animals screened per stock.  The pentrance of the 

melanotic mass phenotype in F1 animals from the genotypes we screened is listed in 

Appendix B.  The mean penetrance of the melanotic mass phenotype was 3.8% among 

the 91 crosses screened, and 7/91 of the candidate modifiers reproducibly enhanced this 

phenotype to >20% penetrance (Figure 17).   

 

Figure 17: Screen for modifiers of hematopoetic expansion associated with 

dIDH-R195H.   
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4.3.5.2 CNS defect phenotype screen 

Next, we focused on the CNS defects associated with dIDH-R195H expression.  

To do so, we utilized the CCAP-Gal4;UAS-dIDH-R195H stock.  Rapid screening was 

facilitated by the fact that an obvious wing expansion defect is present in approximately 

50% of flies containing one copy each of CCAP-Gal4 and of UAS-dIDH-R195H.  We 

scored a mean 59 and median 51 F1 flies from each cross of CCAP-Gal4;UAS-dIDH-

R195H and a modifier stock of interest (7850 flies scored in total for 107 crosses) (Figure 

18A).  The penetrance of the phenotype in F1 animals from each cross is listed in 

Appendix C.  The mean penetrance of the wing expansion defect was 58% among these 

crosses (median 55%).  The wing expansion phenotype was totally suppressed in F1 flies 

containing either of 2 specific transgenes, and suppressed to <10% penetrance in F1 flies 

containing either of 4 specific transgenes.  The phenotype was enhanced to 100% 

penetrance in F1 flies containing either of 7 different transgenes.  Several of the 

modifiers that enhanced the wing expansion defect were able to independently cause a 

wing expansion defect when they were combined with a copy of CCAP-Gal4 in the 

absence of UAS-dIDH-R195H, thus it is unclear whether those genes interact with dIDH-

R195H (Figure 18B).   Importantly, however, 6 of the transgenes that enhanced the wing 

expansion defect (>95% penetrance) in the presence of CCAP-Gal4 and of UAS-dIDH-

R195H had minimal effect when expressed alone, indicating that these transgenes 

synergize with UAS-dIDH-R195H.   
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Figure 18: Screen for modifiers of a CNS phenotype associated with dIDH-

R195H expression.   

A, Penetrance of wing expansion defect in flies containing CCAP-Gal4, UAS-

dIDH-R195H, and a one of 107 genetic modifiers of interest.  B,  Penetrance of wing 

expansion defect for selected modifiers driven by CCAP-Gal4 alone, or driven by 

CCAP-Gal4 in the presence of UAS-dIDH-R195H. 
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4.4 Discussion of Drosophila model of IDH1 mutation 

Our results show that expression of a homolog of the most common cancer-

associated IDH mutation leads to extreme biological changes in a metazoan (Drosophila 

melanogaster).  We cloned, for the first time to our knowledge, the Drosophila NADP+-

dependent isocitrate dehydrogenase (Fox ; Fox et al., ).  Isolation of this transgene may 

prove useful for future studies of the normal in vivo function of NADP+-dependent 

isocitrate dehydrogenases in metazoan tissues.  We further showed that dIDH mutants 

dIDH-R195H and dIDH-R163Q, which are analogous to IDH1-R132H and IDH2-R140Q 

mutants found in human cancer, respectively, are associated with >10-fold elevated 2-

hydroxyglutarate levels (Figure 15).  This indicates that these dIDH mutants are 

functionally analogous to human IDH1 and IDH2 cancer mutants. 

4.4.1 Utility of dD2HGDH identification and cloning for future studies 

We also cloned, for the first time to our knowledge, the Drosophila homolog of the 

D-2-hydroxyglutarate dehydrogenase (dD2HGDH).  We demonstrated that the cloned 

gene functions as a D2HGDH by showing that co-expression of this transgene along 

with dIDH-R195H lowers whole-animal 2-hydroxyglutarate by more than 20-fold 

(Figure 16).  Confirmation of this gene as the fly D-2-hydroxyglutarate, and cloning of 

this gene, may prove useful for future studies of 2-hydroxyglutarate metabolism, and 

may provide a tool to dissect the role of D-2-hydroxyglutarate imbalance in vivo. 
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Our studies demonstrate that mutant IDH expression has striking effects on the 

development and behavior of metazoan tissues.  In particular, of a broad sampling of 

different tissues, mutant IDH had the most obvious effects on the blood and neuron 

lineages.  This is demonstrated by severe CNS dysfunction when dIDH-R195H is driven 

by the Elav-Gal4 or other neuronal drivers, and by expansion of hematopoietic 

compartment when driven by hmlΔ-Gal4.  The fact that an IDH mutant can exert a 

biological effect on CNS and blood lineages is consistent with the selection of IDH 

mutants in human cancers that are thought to be derived from hematopoietic stem cells 

(leukemias) or neural stem cells (gliomas)(Figueroa et al., 2010; Louis et al., 2007).  We 

did not notice any overt effects on other tissues, such as embryonic or mature glia using 

the glial cells missing-Gal4 or repo-Gal4 drivers.  This suggests that the cellular biological 

effect of mutant IDH expression is not simply a broad, nonspecific effect.  

4.4.2 Ubiquitous dIDH mutant expression mirrors the situation for 
human germline IDH1/2 mutations 

Our observations that dIDH mutants lead to various phenotypes when expressed 

ubiquitously bears some similarities to the epidemiology of human germline and mosaic 

and IDH1 and IDH2 mutations.  We observed that ubiquituous expression (with tubulin-

Gal4, ubiquitin-Gal4, or actin5c-Gal4) of dIDH-R195H, the homolog of IDH1-R132H, 

results in lethal developmental defects.  Case reports have demonstrated that somatic 

mosaicism for IDH1-R132 mutations is associated with severe CNS developmental 

defects and metaphysical chondromatosis with D-2-hydroxyglutaric aciduria (Vissers et 
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al., 2011).  Furthermore, a presumably lower-level mosaic pattern of IDH1-R132 

mutation has been observed in patients with Ollier disease and Maffucci syndrome, 

which are characterized by multiple enchondromas (Amary et al., 2011; Pansuriya et al., 

2011).  Germline mutations of IDH1-R132 have not been observed in humans.  The 

severe disease associated with somatic mosaicism for IDH1-R132 mutations in humans, 

and the absence of patients with ubiquitous germline IDH1-R132 mutations, suggests 

that such mutations having a severe phenotype that cannot be tolerated.  Our finding 

that ubiquitous dIDH-R195H expression is not compatible with metazoan development 

supports this notion.   

In contrast to our finding for dIDH-R195H, flies ubiquitously expressing dIDH-

R163Q developed to adulthood.  In humans, ubiquitous germline IDH2-R140Q 

mutations have been observed, and these mutations are associated with D-2-

hydroxyglutaric aciduria (Kranendijk et al., "Idh2 Mutations in Patients with D-2-

Hydroxyglutaric Aciduria" 2010), which includes severe CNS developmental defects 

and shortened lifespan.  Thus, humans can tolerate the IDH2-R140 mutations, albeit in a 

diseased state enough to develop for several years.  This contrasts with the situation for 

IDH1-R132 mutations, for which germline mutations are not observed and even somatic 

mosaicism is associated with severe disease.  This  indicates that the IDH2-R140 

mutations are phenotypically less severe than IDH1-R132 mutations.  Our results with 

the dIDH-R163Q mutant mirror this situation in humans, since flies expressing this 
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mutant universally had milder phenotypes than flies expressing the dIDH-R195H 

mutant.  One possible explanation for the difference in severity for R195H and R163Q 

phenotypes could be the fact that R163Q expression was associated with 2-fold lower 2-

hydroxyglutarate levels than dIDH-R195H (Figure 15).  A confounding factor for our 

studies is that dIDH is expressed in both the cytosol and mitochondria, while human 

IDH1 and IDH2 are specific for the cytosol or mitochondria and cytosol, respectively.  In 

vitro biochemical characterization of IDH1 and IDH2 mutants, and experiments with 

human IDH1/2 mutants in mammalian animals or cell line systems will be needed to 

tease apart the effects of localization of IDH mutants on biological phenotypes. 

4.4.3 Genetic screens in Drosophila may inform future studies of 
genetic networks perturbed by IDH1/2 mutations in human disease 

Our genetic screens demonstrate that the CNS and blood phenotypes associated 

with dIDH-R195H expression can be modified by modulating genes that we predicted 

might interact with IDH mutations.  Importantly, many of the transgenes that enhance 

the dIDH-R195H CNS phenotype were unable to independently cause a phenotype 

(Figure 18B).  This indicates that those transgenes synergize with dIDH-R195H to cause 

a phenotype, and therefore interact in a genetic network to exert this phenotype.  

Further analysis of the candidate genes that were “hits” in the screens described above 

will be important to better understand the genetic network that mediates the dIDH-

R195H associated phenotypes that we observed.  This further analysis, including 

validation of hits with multiple independent transgenic lines modifying the same gene 
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and determining whether modifiers that enhanced the hematopoietic phenotype are 

synergistic with dIDH-R195H, are outside the scope of this thesis.   

Additional future studies will seek to determine whether genetic interactions 

observed in these screens reflect biological interactions with IDH1/2 mutations in human 

cancer.  This will require analysis of primary human cancer tissues with IDH1/2 

mutations, for instance to determine whether gene expression of interacting genes is 

significantly associated with IDH1/2 mutation status.  This will also require the 

establishment and interrogation of mammalian cell line and animal models of an IDH1/2 

mutation associated phenotype.  For instance, candidate genes whose overexpression 

modified the fly phenotypes can be tested in any future mouse models that develop 

IDH1/2-mutation driven tumors.  Preliminary results from our screen demonstrate that 

the fly homologs of O-6-methylguanosine methyltransferase, PTEN, PIK3CA, α-

ketoglutarate dehydrogenase, and aconitase interact with dIDH-R195H to cause fly CNS 

and blood phenotypes (data not shown).  These genes are known to play a role in 

human glioma, isocitrate dehydrogenase metabolism, or 2-hydroxyglutarate metabolism 

(Broderick et al., 2004; Parsons et al., 2008; Reitman and Yan 2010).  This preliminary 

evidence suggests that our fly model recapitulates a genetic network that is conserved in 

human IDH1/2-mutated gliomas.   

A further goal of future studies will be to identify genetic interactions with 

mutant dIDH beyond the 107 transgenes screened in this study.  A large, unbiased 



 

125 

screen will likely expand the network of genes identified to interact with mutant IDH 

and identify unexpected interactors with mutant IDH.  This could lead to new insights 

into IDH-mutated disease pathogenesis and the design of new therapies that exploit 

such insights.  This will be facilitated by established fly genomic libraries such as the 

Bloomington Deficiency Kit of large genomic deletions and the growing library of 

single-gene-targeted RNAi transgenic stocks generated by the Transgenic RNAi Project 

at Harvard Medical School (Ni et al., 2011).   
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5.  Additional completed studies. 

In addition to the work described in Chapters 1-4 detailed metabolomic, genetic,  

and biochemical analysis relating to IDH mutations, several additional investigations 

have been completed. 

5.1  Sequencing of IDH1 and IDH2 and quantification of 2-
hydroxyglutarate in canine gliomas. 

Like humans, canines spontaneously develop grade I-IV gliomas.  Grade II-III 

gliomas are particularly common among dogs, and pet dogs with spontaneous gliomas 

have been proposed as a potential preclinical model for the testing of new glioma 

therapies.  Notably, canine gliomas are essentially indistinguishable from human 

gliomas from a histopathological perspective.  Alterations such as TP53 mutations and 

VEGF receptor overexpression have been noted in occasional canine gliomas, suggesting 

that at least some of these tumors share genetic alteration features with their human 

counterparts.  Since IDH1/2 mutants are potential candidates for targeted therapies, it is 

critical to determine whether canine gliomas also harbor similar mutations in order to 

inform any potential dog preclinical trials of those agents.  Additionally, determining 

the mutation status of dog gliomas could be used to gain insights to the mechanisms of 

molecular pathogenesis of gliomas in mammals. 

We isolated genomic DNA from formalin-fixed, paraffin-embedded sections of 

25 canine brain tumors, including 8 oligodendrogliomas, 4 anaplastic 
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oligodendrogliomas, 3 astrocytomas, 3 anaplastic astrocytomas and 2 glioblastomas, all 

of which have been shown to contain IDH gene mutations in humans, as well as 1 

gliomatosis cerebri.  Three meningiomas and 1 anaplastic ependymoma were also 

analyzed.  All of these tumors were found to be wild-type for IDH1-R132 and IDH2-

R172 based on exon 4 sequencing (Reitman et al., "Idh1 and Idh2 Hotspot Mutations Are 

Not Found in Canine Glioma" 2010).  Additionally, we found that IDH1-R100 and IDH2-

R140 were wild-type (data not shown).  Furthermore, 2-hydroxyglutarate was not 

significantly elevated in a partially-overlapping series of 15 frozen canine gliomas or 10 

canine meningioma samples as determined by LC-MS/MS (Figure 19).  These data 

indicate that canine gliomas do not harbor IDH mutations and do not have highly-

elevated 2-hydroxyglutarate levels.  This indicates that the genetic and metabolic 

mechanism of canine glioma pathogenesis may differ from that of the human tumors.  It 

also informs the design of potential future canine glioma preclinical trials, indicating 

that canine glioma patients are not suitable for testing agents targeted at IDH mutations 

or 2-hydroxyglutarate metabolism. 
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Figure 19.  2-hydroxyglutarate is not elevated in canine brain tumors. 

D-2-hydroxyglutarate was quantified by LC-MS/MS.  Canine gliomas (n=15) 

and meningiomas (n=10) were analyzed.  For comparison, a series of human IDH 

wild-type and human IDH-mutated human gliomas are shown.  The human gliomas 

are the same tumors analyzed in Figure 6C. 
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5.2  Sequencing of glutamate receptor genes identifies GRIN2B 
mutations in glioma 

GRM2 and GRM3 encode metabotropic glutamate receptors with critical 

functions in the central nervous system.  GRIN2A and GRIN2B also encode subunits of 

ionotropic glutamate receptors.  Exomic sequencing of melanomas identified frequent 

mutations of GRIN2A in that cancer type.  Occasional mutations have been observed in 

GRM2, GRM3, GRIN2A, and GRIN2B in gliomas in previous exomic sequencing studies, 

but it was not known whether these were pathogenic mutations or simply passenger 

mutations.  For instance, GRM3 T758M and V271I, GRIN2B E1106K and A1276V have 

were reported in the supplementary results of a glioblastoma exomic sequencing 

analysis(Parsons et al., 2008).  This led us to hypothesize that mutations in these genes 

and related genes may contribute to the molecular pathogenesis of some gliomas.   

We sequenced GRM2, GRM3, GRIN2A, GRIN2B genes in 144 gliomas.  Genomic 

DNA was extracted from frozen tumors.  Tumors included 48 glioblastomas, 16 grade II 

astrocytomas, 23 grade III astrocytomas, 12 grade II oligodendrogliomas, 29 grade III 

oligodendrogliomas, and 16 ependymomas.   Sequencing was performed by PCR-

amplifying 65 separate 300-500bp amplicons covering a total of 34 coding exons and 

subjecting them to Sanger sequencing.  87.7% of exons had an acceptable quality score of 

>10 according to Mutation Surveyor software (SoftGenetics, State College, PA).  

2,031,696 coding base bairs were analyzed.  Nine coding alterations were identified that 

were not reported in SNP databases.  Eight of these were also present in matched blood, 
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indicating that these alterations could be rare polymorphisms or potentially pathogenic 

germline mutations.  One somatic mutation was identified, E326K in GRIN2B.  This 

mutation occurred in a glioblastoma patient.  Thus, combined with the results of 2/22 

patients with GRIN2B mutations in glioblastomas from a whole-exome sequencing 

study and our identification of 1/48 glioblastoma samples with GRIN2B mutation, 

GRIN2B mutations occur with a frequency of 3/70 (4.3%) in glioblastomas.  This 

alteration affects a residue on the surface of the N-terminal domain of GRIN2B which is 

a functional extracellular domain that is responsive to allosteric modulators (Karakas et 

al., 2009).  Future studies will be needed to determine whether these mutations affect the 

function of GRIN2B and to provide insight as to whether these are likely to be passenger 

mutations or true drivers of the molecular pathogenesis of glioblastomas. 
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6.  Ongoing studies. 

In addition to the work described in Chapters 1-5, several projects are ongoing in 

the laboratory regarding the investigation of the properties of IDH1/2.   

6.1  Establishment of an inhibitor assay for IDH1-R132H 

Since IDH1 mutations are thought to be drivers of glioma molecular 

pathogenesis, there has been great interest in designing small molecule inhibitors of this 

enzyme.  Additionally, it is of interest to develop noninvasive tests to determine 

whether a glioma has an IDH mutation or not, and to image the tumor.  One approach 

to an imaging test to image IDH-mutated tumors is to provide radioactive compounds 

that specifically bind IDH1-R132H and image these compounds using single-photon 

emission computed tomography (SPECT).  Development of such compounds requires an 

assay to discern whether such compounds can bind to IDH1-R132H.   

To develop such an assay, we expressed IDH1-WT and IDH1-R132H in bacteria 

and purified these enzymes using a C-terminal 6xHis tag by NiNTA column 

chromatography (Qiagen Mini Spin Columns).  The IDH1-R132H, at a concentration of 

2ng purified IDH1-R132H per µl of reaction mix, was able to catalyze the consumption 

of NADPH in the presence of 4µM NADPH and 1mM a-ketoglutarate.  The reaction also 

contained assay buffer (20mM Tris-HCl, pH 7.5, 0.3% BSA, 10mM MgCl2, and 150mM 

NaCl) and was based on a patented method for identification of inhibitors to IDH1-

R132H put forward by Agios Pharmaceuticals (Fantin and Su 2011).  This reaction mix 
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was incubated in a volume of 50µl at room temperature for 50 minutes in a 384-well 

black microplate.  Then, 25µl of assay buffer containing of 20µg/ml diaphorase and 

30µM resazurin was added to this mix and reaction progress was assessed by assaying 

the fluorescence of the final assay mix (excitation 540nm, emission 590nm), with reaction 

progress reflected by the remaining NADPH that is proportional to the fluorescence of 

resazurin.   

This test was used to assay three compounds obtained from a collaborator that 

contain either iodine (I) or fluorine (F) atoms for their ability to inhibit IDH1-R132H.  

The half-maximal inhibitory concentration (IC50) was used to infer the concentration at 

which these compounds could bind to the enzyme.  Two of the three tested compounds 

displayed IC50 values between 1-5 µM.  These compounds are therefore candidates for 

further development of a SPECT imaging platform for IDH1-R132H tumors, and to 

discriminate tumors with IDH1-R132H from other tumors.  Future work will involve 

generating “hot” versions of these compounds that contain radioactive I or F isotopes 

and testing in cell line and animal models of IDH1-R132H-mutated gliomas.  

6.2  Sequencing recurrent mutations in gliomas reveals 
prognostically important genetic signatures of gliomas 

Histopathological classification of gliomas is a major challenge, and sequencing of 

genetic alterations in gliomas has been proposed to be able to aid in this classification.  

Already, IDH1/2 mutations, TP53 mutations, and 1p/19q chromosomal loss have been 

relatively well-studied and shown to provide additional prognostic information for 
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gliomas.  Several new recurrent genetic alterations have recently been identified in 

specific glioma subtypes.  These include ATRX alterations which were found to occur in 

~15% of glioblastomas (Jiao et al., 2011).  These also include mutations in CIC and FUBP1 

which occur in >50% and ~25% of oligodendrogliomas of grade II-III, 

respectively(Bettegowda et al., 2011).  The frequency of ATRX, CIC, and FUBP1 

mutations in other subtypes of gliomas such as grade II-III astrocytomas, is unknown.  

We therefore sought to determine the frequency of these alterations in all of the common 

glioma subtypes and in other brain tumor subtypes; to determine whether these 

signatures correlated with clinical characteristics of the patients; and to determine 

whether ATRX alterations associate with an alternative lengthening of telomeres 

phenotypes in the tumor in which it occurs. 

 To address the questions regarding ATRX, CIC, and FUBP1alterations in gliomas 

that were raised above, we sequenced the entire coding region of these genes in 363 

gliomas.  We also sequenced IDH1/2 and TP53, and determined whether 1p/19q loss had 

occurred in these samples.  A collaborator at Johns Hopkins University performed this 

sequencing on 363 samples that we identified and curated from the Tisch Biorepository 

at Duke or from collaborators at the University of Sao Paulo, Brazil.  Matched 

histopathological slides from 71 of these samples were analyzed for ATRX 

immunolabeling and for alternative lengthening of telomeres by another collaborating 

laboratory at Johns Hopkins University.  We analyzed mutational and clinical data and 



 

134 

correlated mutational status of these patients to clinical characteristics.  This study has 

revealed the frequency of ATRX, CIC, and FUBP1 mutations in 11 brain tumor subtypes; 

determined whether ATRX is associated with altered lengthening of telomeres among 

these subtypes; determined the mutational spectrum of mutations in these genes in the 

different glioma subtypes; and identified striking highly-recurrent tumor genetic 

signatures that correlate well with the clinical characteristics of the patients (data not 

shown).  These studies are ongoing and additional detailed data are still being tabulated. 

6.3  Neomorphic noncarboxylating reductase activity is a 
generalized feature of oxidative decarboxylase mutants that act 
on β-hydroxyacids of the (R)-hydroxy conformation. 

Cancer derived IDH mutants have been shown to gain a neomorphic activity to 

convert a-ketoglutarate to (R)-2-hydroxyglutarate (also known as D-2-hydroxyglutarate 

as detailed above).  Thus, the wild-type IDH enzymes are normally “oxidative 

decarboxylases” but the mutants are “noncarboxylating reductases”.  The mechanism by 

which this neomorphic activity is conferred is of interest for the design of therapeutics 

that can disrupt IDH mutant activity.  The neomorphic activity has been proposed to 

result from several changes that cancer-dervied arginine mutations confer to the IDH 

enzymes.  These include a change in the equilibrium of IDH mutants between the active 

closed and inactive open conformations (Dang et al., 2009); tighter binding to the 

NADPH cofactor (Dang et al., 2009); looser binding to isocitrate which may otherwise 
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inhibit neomorphic substrate binding and catalysis(Pietrak et al., 2011); and 

rearrangement of the active site that increases neomorphic catalysis(Dang et al., 2009).   

IDH enzymes are part of a subfamily of enzymes called β -hydroxyacid oxidative 

decarboxylases.  Specifically, the IDH enzymes belong to the class of β-hydroxyacid 

oxidative decarboxylases that act on substrates with the (R) conformation at the 

hydroxyl carbon.  These enzymes include NADP+-dependent isocitrate dehydrogenases; 

NAD+-dependent isocitrate dehydrogenases; NAD+-dependent homoisocitrate 

dehydrogenases; NAD+-dependent tartrate dehydrogenases; and NAD+-dependent 

isopropylmalate dehydrogenases.  We identified homologous mutations in two 

additional distantly-related enzymes, the homoisocitrate dehydrogenases from 

Saccharomyces cerevisiae(Lin et al., 2007) and from Thermus thermophilus(Miyazaki et al., 

2003), in this family.  We purified the mutant and wild-type forms of these enzymes 

using standard nickel column and 6xHis epitope tag technology.  We then demonstrated 

using LC-MS/MS and initial rate studies of NADH consumption that the mutant 

enzymes perform a noncarboxylating reduction to an α-ketoadipate substrate, rather 

than a carboxylating reduction to the same α- ketoadipate substrate that was performed 

by the wild-type enzymes.   

This study, which is still ongoing, shows that critical active site mutations confer 

a simple oxidoreductase activity to several enzymes in the IDH enzyme family.  This 

suggests that the ability to be mutated by a simple point mutation to a noncarboxylating 
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enzyme is a general feature of this enzyme family.  Presumably, the IDH mutants and 

homoisocitrate dehydrogenase mutants are conferred this activity by similar 

mechanisms.  In the case of the homoisocitrate dehydrogenases, we did not observe a 

change in NADH cofactor binding as the KM-NADH was roughly the same for the wild-

type and the mutant (data not shown).   The homoisocitrate dehydrogenases are not 

thought to have an active-closed/inactive-open conformations, so conformational 

equilibrium changes cannot explain the effect of the homoisocitrate dehydrogenase 

mutations.  Also, our assays on the homoisocitrate dehydrogenase mutants did not 

contain homoisocitrate, isocitrate, or other compounds that might competitively inhibit 

the reaction, so relief of competitive inhibition to the mutant enzymes cannot explain the 

gained function.  Rather, our results point to a boost in catalytic activity for the novel 

neomorphic noncarboxylating reaction.  This increased catalysis, presumably through 

rearrangement of the active site to favor a chemical mechanism of noncarboxylating 

reduction, is therefore the likely mechanism for homoisocitrate dehydrogenase gain of 

function.  The fact that this catalytic feature is conserved throughout the enzyme family 

may point to this being an especially critical aspect of the gain-of-function mechanism 

for the human IDH mutants.  These enzyme studies are ongoing and additional detailed 

data are still being tabulated. 
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7.  Summary and conclusions 

We show that a function of many IDH1/2 mutations is to produce 2-

hydroxyglutarate.  Our characterization of metabolic changes in a glioma cell line 

expressing IDH1/2 mutants and show that the IDH mutants are associated with lowered 

N-acetylated amino acids both in this cell line model and in primary tumor tissue.  

Finally, we develop and characterize a Drosophila melanogaster (fruit fly) model of 

IDH1/2-mutated cancer.  These results delineate downstream molecular players that 

likely play a role in IDH1/2-mutated cancer and provide a model organism for 

interrogation of genetic networks that interact with IDH1/2 mutation.  These findings 

refine our understanding of glioma pathogenesis and may inform the design of new 

glioma therapies. 

Our studies point to 2-hydroxyglutarate as the major mediator of biological 

changes exerted by IDH1/2 mutants.  First, our in vitro studies show that 2-

hydroxyglutarate production is a universal feature of 8 cancer-derived IDH1 and IDH2 

mutants.  Second, we show that 2-hydroxyglutarate is able to mediate many of the same 

metabolite profile changes as IDH1/2 mutant expression in a glioma cell line.  Finally, 

we show that lowering 2-hydroxyglutarate levels by expressing D2HGDH rescues 

severe biological phenotypes associated with mutant IDH expression in flies.  This 

insight is crucial to further studies aimed at understanding the function of the IDH1/2 

mutations, since it highlights the chief downstream mediator of the biological effect of 
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IDH1/2 mutations.  Furthermore, this provides crucial knowledge for the design of new 

therapies since it highlights 2-hydroxyglutarate production as a function that is likely 

crucial to selection of IDH1/2 mutations in cancer and thus may be “targetable.” 

Our identification of an association between IDH1/2 mutant expression and 

lowered N-acetylated amino acids links these mutations to a poorly understood 

metabolic pathway.  Further research into the mechanism of N-acetylated amino acid 

depletion may yield new insights into the role of both IDH1/2 mutations and N-

acetylated amino acids in cancer. 

Finally, our generation of a fly model for human diseases associated with 

expression of IDH mutants provides a crucial reagent for further research of inborn 

errors of metabolism associated with IDH1/2 mutation, and of IDH1/2 mutated cancers.  

This model is especially critical since no other animal syngeneic models of IDH1/2-

mutated disease have been generated.  Furthermore, even in vitro mammalian cell lines 

do not provide an ideal model system since established cell lines with native IDH1/2 

mutations grow slowly (Luchman et al., 2012); and overexpression of IDH1/2 mutants in 

glioma cell lines slows cell growth (Gravendeel et al., 2010).  Future studies of this model 

provide an avenue to map genetic networks that interact with IDH mutations in 

metazoan tissues.  Careful validation of these interactions in primary human IDH1/2-

mutated disease tissue or future mammalian models could lead to rapid insights into the 
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mechanism of IDH1/2-mutated disease pathogenesis and to the design of novel 

therapies. 
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Appendix A 

Permission to reproduce Figures 1-4 from (Reitman and Yan 2010) was obtained 

from Oxford Press.  Sections 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7 are excerpts from (Reitman and 

Yan 2010) that were reproduced from Oxford Press with permission.  Figures 5 and 6 

were reproduced from (Jin et al., 2011), and Sections 2.1, 2.2, 2.3, and 2.4 are excerpts that 

were reproduced from (Jin et al., 2011).  These figures and excerpts are available to 

reprint, modify, and copy as long as the original authors and source are cited under the 

Creative Commons Attribution License according to Public Library of Science family of 

journals policy.  Figures 7-12 and excerpts that constitute sections 3.1, 3.2, 3.4, and 3.4 are 

reproduced from (Jin et al., 2011), for which authors do not need to obtain permissions 

for use as part of their dissertations according to Proceedings of the National Academy of 

Sciences, U.S.A. policy.   
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Appendix B 

Results of hmlΔ-Gal4 screen.  Results are the fraction of wandering third instar larvae 

with pigmented masses (also referred to as melanotic tumors or pseudotumors) scored 

on day 7 after a 24-hour egg lay, incubated at 31°C.   The larvae that were scored are the 

F1 from a cross between hmlΔ-Gal4;UAS-dIDH-R195H and flies of the indicated 

genotype.  In most cases, the indicated genotypes were selected to modify the indicated 

fly gene by expressing UAS-targeted RNAi or by overexpressing the indicated fly gene 

using the UAS transgene.    

F
ly

 g
en

e 

G
en

ot
yp

e 

%
 p

ig
m

en
te

d 
m

as
s 

pe
ne

tr
an

ce
 

phl w[*]; P{w[+mC]=UAS-phl.gof}F179 0.00 

EcR EcR[Q50st]/SM6b 0.00 

Nelf-E y[1] w[*]; P{w[+mC]=UAS-Nelf-E.IR}17A10 0.00 

PTEN w[1118]; P{w[+mC]=UAS-Pten.dsRNA.Exel}3 0.00 

pAbp w[*]; P{w[+mC]=UAS-pAbp.S}3 0.00 

FOXO y[1] w[*]; P{w[+mC]=UAS-foxo.P}2 0.00 
dm w[1118]; P{w[+mC]=UAS-dm.Z}132 0.00 
Rheb w[*]; P{w[+mC]=UAS-Rheb.Pa}3 0.00 
SdhB w[1118]; PBac{w[+mC]=PB}SdhB[c00364]/CyO 0.00 

  
y[1]; P{y[+mDint2] w[BR.E.BR]=SUPor-
P}EcR[KG04522]/CyO; ry[506] 0.00 

Scs-fp w[1118]; P{w[+mC]=EPg}SdhA[HP21216]/CyO 0.00 

  w[*]; P{w[+mC]=Or85a-GAL4.F}67.4 0.00 

SOD2 w1; P{UAS-Sod2.dsRNA.K}15/SM5 0.00 

Acon w[*]; P{w[+mC]=UAS-Acon.P}43 0.00 
Egfr P{TRiP.JF01368}attP2 0.00 

sens y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02575}attP2 0.00 

E2f2 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02828}attP2 0.00 
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CG9088/Lid y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HM05155}attP2 0.00 
Ras64B y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02477}attP2 0.00 

da y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02488}attP2 0.00 
p53 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02513}attP2 0.00 
trr y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF03242}attP2 0.00 

BEAF-32 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05202}attP2 0.00 

Tsc1 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01262}attP2 0.00 
raptor y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01088}attP2 0.00 
phl y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01185}attP2 0.00 

CNTL y[1] sc[*] v[1]; Dr[1] e[1]/TM3, Sb[1] 0.00 

mip120 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00461}attP2 0.00 

mip130 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00462}attP2/TM3, Sb[1] 0.00 

Sfmbt 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00473}attP2/TM3, Sb[1] 0.00 

CG7200 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00488}attP2 0.00 

Nelf-E 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00525}attP2/TM3, Sb[1] 0.00 

dl 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00727}attP2 0.00 

CG8165 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00775}attP2 0.00 

CG2982 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00680}attP2 0.00 

AKT1 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00007}attP2 0.00 

Rpn11 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00071}attP2 0.00 

Nc73EF y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00554}attP2 0.00 

CG5383/PSR 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00576}attP2 0.00 

CG3542 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00589}attP2 0.00 

Pnr y1 sc* v1; P{TRiP.HMS01082}attP2 0.00 

sima y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00833}attP2 0.00 
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PH4alphaEFB y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00835}attP2 0.00 

Cp190 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00845}attP2 0.00 

mod(mdg4) 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00849}attP2 0.00 

Rheb y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00923}attP2 0.00 

CAT 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00990}attP2 0.00 

Acon y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00998}attP2 0.00 

CG1749 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01352}attP2 0.00 

CG12879 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00577}attP2 0.00 

Ras85D y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01294}attP2 0.00 

Pi3K68D P{TRiP.HMS01296}attP2 0.00 

Srp 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01298}attP2 0.00 

CG15835/KDM4A 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01304}attP2 0.00 

pcm 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01169}attP2 0.00 

Usp7 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01187}attP2 0.00 

gig y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01217}attP2/TM3, Sb[1] 0.00 

Indy-2 P{TRiP.HMS01236}attP2 0.00 

gcm y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HM05124}attP2 0.01 

PIK3CA 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02770}attP2/TM3, Sb[1] 0.02 

gsb-n y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02915}attP2 0.02 
rictor y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01086}attP2 0.02 

CG10814 y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05043}attP2/TM3, Sb[1] 0.02 

XNP y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00683}attP2 0.02 

Lz y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02221}attP2 0.03 
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trr C(1)DX, y[1] f[1]/y[1] mRpL16[C] w[67c23]; 
P{w[+mC]=trr[+t12]}2/+ 0.03 

CG13902 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00579}attP2 0.03 

SNF4Aγ 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01205}attP2 0.03 

Myb y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02135}attP2 0.03 
XNP w[*]; P{w[+mC]=UAS-XNP.HA}3 0.04 

Nedd4 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01221}attP2 0.04 

CG30060 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HM05041}attP2 0.04 

Hph y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01196}attP2 0.04 

Rab5 P{TRiP.HMS00147}attP2 0.04 

CG10133 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00578}attP2 0.05 

14-3-3ζ P{TRiP.JF02962}attP2 0.05 
stan P{TRiP.HMS01464}attP2 0.06 

bel y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02884}attP2 0.06 

CG11033/JHDM1 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00574}attP2 0.06 

Tor y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01114}attP2 0.07 

pho y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF01393}attP2 0.07 

trx y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00580}attP2 0.09 

dl y[1] w[*]; P{w[+mC]=UAS-dl.H}2 0.10 

smt3 y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02869}attP2 0.25 

EcRA 
w[1118]; P{w[+mC]=UAS-EcR.A.dsRNA}91/TM3, 
P{w[+mC]=ActGFP}JMR2, Ser[1] 0.33 

Ras64B w[*]; P{w[+mC]=UAS-Ras64B.V14}1/CyO 0.63 

Tor y[1] w[*] P{ry[+t7.2]=hsFLP}1; P{w[+mC]=UAS-
Tor.WT}III 0.75 

AML1-ETO w[1];P{UAS-AML1-ETO}/TM3 0.76 
agt w[*]; P{w[+mC]=UAS-sima.B}2 0.90 
Ras85D w[1118]; P{w[+mC]=UAS-Ras85D.V12}TL1 1.00 
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Appendix C 

Results of CCAP-Gal4 screen.  “Modifier + dIDH-R195H” results are based on the 

penetrance of a wing expansion defect phenotype of F1 offspring of a cross between 

CCAP-Gal4;UAS-dIDH-R195H and flies of the indicated genotype.  For selected stocks, 

“modifier alone” results for the phenotype of F1 offspring of a CCAP-Gal4 crossed with 

the same modifier are shown.  In most cases, the indicated genotypes were selected to 

modify the indicated fly gene by expressing UAS-targeted RNAi or by overexpressing 

the indicated fly gene using the UAS transgene.   Phenotype penetrance results are 

expressed at the ratio of the proportion of F1 flies with a wing expansion defect to the 

proportion of F1 flies without a wing expansion defect.   

Fly gene targeted Genotype 

Modifier 
+ dIDH-
R195H 

Modifier 
alone 

PTEN 
w[1118]; P{w[+mC]=UAS-
Pten.dsRNA.Exel}3 0.0   

bel 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02884}attP2 0.0   

EcRA 

w[1118]; P{w[+mC]=UAS-
EcR.A.dsRNA}91/TM3, 
P{w[+mC]=ActGFP}JMR2, Ser[1] 

0.0   

Rheb w[*]; P{w[+mC]=UAS-Rheb.Pa}3 0.0   

p53 y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02513}attP2 0.1   

smt3 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02869}attP2 0.1   

EcRRB1 
w[1118]; P{w[+mC]=UAS-
EcR.B1.dsRNA}168 0.1   

CAT w[1]; P{w[+mC]=UAS-Cat.A}2 0.1   

dm w[1118]; P{w[+mC]=UAS-dm.Z}132 0.2 0.0 
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Pi3K68D 
w[1118];P{w[+mC]=UAS-p110-
CAAX}3 0.2   

PP2A-B' 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05256}attP2 0.2   

pAbp w[*]; P{w[+mC]=UAS-pAbp.S}3 0.2 0.0 

gcm 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05124}attP2 0.3   

CG30060 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05041}attP2 0.3   

FOXO 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00793}attP2 0.3   

Lz 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02221}attP2 0.3   

PIK3CA 

y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02770}attP2/TM3, 
Sb[1] 

0.3   

Indy-2 P{TRiP.HMS01236}attP2 0.4   

BEAF-32 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05202}attP2 0.5   

CG10814 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05043}attP2/TM3, 
Sb[1] 

0.5   

CG3654/Jarid2 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00679}attP2 0.5   

da 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02488}attP2 0.6   

gig 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01217}attP2/TM3, 
Sb[1] 

0.6   

PTEN 
y[1] w[1118]; P{w[+mC]=UAS-
Pten.dsRNA.Exel}2 0.6   

CG3542 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00589}attP2 0.6   

E2f2 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02828}attP2 0.7   

Nelf-E 
y[1] w[*]; P{w[+mC]=UAS-Nelf-
E.IR}17A10 0.7   

pho 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01393}attP2 0.7   

CG1129 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03030}attP2 0.7   
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Sfmbt 

y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00473}attP2/TM3, 
Sb[1] 

0.8   

Hsc70-3 
w[126]; P{w[+mC]=UAS-Hsc70-
3.WT}B 0.8   

trr C(1)DX, y[1] f[1]/y[1] mRpL16[C] 
w[67c23]; P{w[+mC]=trr[+t12]}2/+ 0.8 0.0 

Rheb y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00923}attP2 0.8   

PH4alphaEFB y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00835}attP2 0.9   

mod(mdg4) 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00849}attP2 0.9   

sima y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00833}attP2 0.9   

AKT1 
P{w[+mC]=UAS-Akt1.Exel}1, y[1] 
w[1118] 0.9 0.0 

phl y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01185}attP2 0.9   

AKT1 
P{w[+mC]=UAS-Akt1.Exel}1, y[1] 
w[1118] 1.0   

MalDH M3 Malate dehydrogenase hypermorph 1.1   

CG1749 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01352}attP2 1.1   

CG5640 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00575}attP2 1.1   

14-3-3ζ P{TRiP.JF02962}attP2 1.1   

Tsc1 y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01262}attP2 1.1   

p53 w[*]; P{w[+mC]=UAS-p53-WT}2 1.2   

Ras85D w[1118]; P{w[+mC]=UAS-
Ras85D.V12}TL1 1.2 0.0 

Rab5 
y[1] w[*]; P{w[+mC]=UASp-
YFP.Rab5}02 1.2   

Usp7 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01187}attP2 1.2   

CG12879 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00577}attP2 1.2   

SNF4Aγ 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01205}attP2 1.2   
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Hsc70-3 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00397}attP2 1.2   

Egfr P{TRiP.JF01368}attP2 1.2   

CG15835/KDM4A 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01304}attP2 1.3   

gsb-n 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02915}attP2 1.3   

CG5383/PSR 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00576}attP2 1.4   

dl 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00727}attP2 1.4   

Hph y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01196}attP2 1.4   

Cp190 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00845}attP2 1.4   

SOD2 
w[1]; P{w[+mC]=UAS-Sod2.M}UM83 1.5   

RpL10Ab 

y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01174}attP2/TM3, 
Sb[1] 

1.5   

Pi3K68D P{TRiP.HMS01296}attP2 1.8   

CNTL y[1] sc[*] v[1]; Dr[1] e[1]/TM3, Sb[1] 1.8   

Myb 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02135}attP2 1.9   

rictor y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF01086}attP2 1.9   

CG7200 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00488}attP2 2.0   

Srp 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01298}attP2 2.0   

stan P{TRiP.HMS01464}attP2 2.1   

Ras64B y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF02477}attP2 2.2   

CG9088/Lid 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HM05155}attP2 2.2   

Ras85D y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01294}attP2 2.3   

w1118 w[1118] 2.4   

Acon y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00998}attP2 2.5   

Pnr y1 sc* v1; P{TRiP.HMS01082}attP2 3.0   
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XNP y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00683}attP2 3.2   

CAT 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00990}attP2 3.2   

agt w[*]; P{w[+mC]=UAS-sima.B}2 3.3 0.0 

mip120 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00461}attP2 3.8   

pAbp 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.JF03104}attP2 3.9   

Nelf-E 

y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00525}attP2/TM3, 
Sb[1] 

4.5   

G6PDH 6b 
Glucose 6 phosphate 
dehydrogenase hypermorph 4.5   

pcm 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01169}attP2 4.6   

mip130 

y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00462}attP2/TM3, 
Sb[1] 

4.6   

XNP w[*]; P{w[+mC]=UAS-XNP.HA}3 5.8   

Nedd4 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01221}attP2 6.8   

EcR EcR[Q50st]/SM6b 7.0   
Egfr w[*]; P{w[+mC]=Egfr.1.UAS}11-7 8.5   

CG8165 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00775}attP2 8.8   

CG10133 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00578}attP2 9.5   

CG11033/JHDM1 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00574}attP2 9.7   

Nc73EF y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00554}attP2 10.2   

CG10289 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01053}attP2 10.3   

FOXO y[1] w[*]; P{w[+mC]=UAS-foxo.P}2 10.7 11.2 

CG2982 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00680}attP2 19.8 0.0 

Tor y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS01114}attP2 28.0 0.0 

phl w[*]; P{w[+mC]=UAS-phl.gof}F179 40.1 0.0 

dl y[1] w[*]; P{w[+mC]=UAS-dl.H}2 50.1 28.3 
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Rab5 P{TRiP.HMS00147}attP2 55.7 0.5 

CG13902 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00579}attP2 59.8 0.0 

Tor y[1] w[*] P{ry[+t7.2]=hsFLP}1; 
P{w[+mC]=UAS-Tor.WT}III 100.0 0.0 

Acon w[*]; P{w[+mC]=UAS-Acon.P}43 100.0 0.0 

AKT1 
y[1] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00007}attP2 100.0 6.3 

Rpn11 
y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00071}attP2 100.0 100.0 

trx y[1] sc[*] v[1]; P{y[+t7.7] 
v[+t1.8]=TRiP.HMS00580}attP2 100.0 1.5 

AML1-ETO w[1];P{UAS-AML1-ETO}/TM3 100.0 100.0 

dIDH-R195H 
w[1];CCAP-Gal4;P{UAS-dIDH-
R195H.4} 100.0   
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