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Summary

Oncogenic mutations in two isocitrate dehydrogenase (IDH)-encoding genes (IDH1 and IDH2) 

have been identified in acute myelogenous leukemia, low-grade glioma, and secondary 

glioblastoma (GBM). Our in silico and wet-bench analyses indicate that non-mutated IDH1 

mRNA and protein are commonly overexpressed in primary GBM. We show that genetic and 

pharmacologic inactivation of IDH1 decreases GBM cell growth, promotes a more differentiated 

tumor cell state, increases apoptosis in response to targeted therapies, and prolongs survival of 

animal subjects bearing patient-derived xenografts (PDXs). On a molecular level, diminished 

IDH1 activity results in reduced α-ketoglutarate (αKG) and NADPH production, paralleled by 

deficient carbon flux from glucose or acetate into lipids, exhaustion of reduced glutathione, 

increased levels of reactive oxygen species (ROS), and enhanced histone methylation and 

differentiation marker expression. These findings suggest that IDH1 upregulation represents a 

common metabolic adaptation by GBM to support macromolecular synthesis, aggressive growth, 

and therapy resistance.

eTOC Blurb

Calvert et al. demonstrate that wild-type IDH1 is overexpressed in Glioblastoma and that genetic 

or pharmacological suppression of IDH1 activity reduces tumor cell growth through effect on lipid 

production, redox homeostasis, and the regulation of cellular differentiation.
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Introduction

Glioblastoma (GBM; World Health Organization grade IV glioma) is the most prevalent and 

fatal form of primary brain tumor. ‘De novo’ or ‘primary’ GBMs account for more than 90% 

of malignant gliomas, while ‘secondary’ GBMs, which arise from lower-grade gliomas 

(LGGs) in younger adults represent <10% of clinical cases (Ohgaki and Kleihues, 2005). 

Survival for GBM patients, collectively, is just 14–16 months after initial diagnosis 

(Cloughesy et al., 2014). Although detailed molecular profiling of GBM has identified 

therapeutically actionable mutations (Cloughesy et al., 2014), success from molecularly 

targeted therapies has yet to be realized. Clinical studies with receptor tyrosine kinase (RTK) 

inhibitors (RTKis)--foremost, epidermal-growth-factor (EGF)-receptor (EGFR)-targeting 

small-molecule inhibitors--identified a small percentage of initial responders; recurrence of 

GBM tumor growth, however, was nearly universal. Extensive genetic heterogeneity, 

together with compensatory activation of oncogenic or inactivation of tumor suppressive 

pathways, contributes to the intractability of GBM.

Recent studies have revealed metabolic characteristics that are common to nearly all GBMs 

and that distinguish tumor from normal brain. Among the shared metabolic characteristics of 

GBM is the excess production of lactate, in association with glucose and acetate oxidation to 

produce energy and macromolecular precursors (Marin-Valencia et al., 2012; Mashimo et 

al., 2014). Our understanding of the manner in which specific gene alterations affect such 

metabolic adaptation can reasonably be described as rudimentary. Oxidative decarboxylation 

of isocitrate (ICT) by ICT dehydrogenases (IDHs) produces α-ketoglutarate (αKG). 

Eukaryotic cells express three IDH isoforms (Dalziel, 1980). IDH1 and IDH2 are 

homodimeric NADP+-dependent enzymes, while IDH3 is a structurally distinct 

heterotetrameric enzyme that utilizes NAD+ as a co-factor. The different IDH isoforms have 

overlapping, but non-redundant roles in cellular metabolism (Mailloux et al., 2007; Reitman 

and Yan, 2010). Cytoplasmic and peroxisomal IDH1 produce non-mitochondrial αKG and 

NADPH, to activate various αKG-dependent dioxygenases (Hausinger, 2004), and to 

provide reducing equivalents to support lipid biosynthesis and redox homeostasis, 

respectively (Jo et al., 2002; Lee et al., 2002; Kim et al., 2007).

While oncogenic mutations in IDH1 have been reported for LGG and secondary GBM, these 

IDH1 mutations are rare in primary GBM (Parsons et al., 2008; Horbinski, 2013). Here, we 

investigated whether IDH1 activity is regulated in primary GBM, and whether such 

regulation, by impacting macromolecular synthesis activities, redox homeostasis and gene 

expression, affects the tumor biologic properties of GBM. In GBM and other solid and 

systemic cancers, we demonstrate that robust expression of IDH1 mRNA and protein 

promotes growth, reduces susceptibility to RTK targeting therapies, drives a less 

differentiated tumor cell state, and accelerates GBM tumor progression. Using a small 

molecule inhibitor with activity against wild-type IDH1, we show that pharmacological 

inhibition of IDH1 reduces GBM tumor burden and increases the survival of PDX mice, 

similar to RNAi-based IDH1 suppression. These data suggest that cancer-associated IDH1 

upregulation represents an actionable (‘druggable’) cancer-promoting mechanism, and 

provide the conceptual framework and rationale for the preclinical evaluation of wild-type 

IDH1 inhibitors as anti-neoplastic agents.
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Results

Wild-type IDH1 is overexpressed in GBM

An in silico analysis of GBM specimens profiled by The Cancer Genome Atlas Network 

(TCGA) (Brennan et al., 2013; TCGA, 2008) revealed that wild-type IDH1 had elevated 

expression in 65% of primary GBMs, whereas the IDH1 R132H point mutation occurred in 

only 2% of these tumors (Figure 1A). Increased mRNA in GBM was specific for IDH1, as 

IDH2 transcript levels were unchanged, and IDH3 variants and all other enzymes of the 

tricarboxylic acid (TCA) cycle were significantly downregulated in GBM relative to normal 

brain (Figure S1A). Aconitase 1 (ACO1) was the only other enzyme that showed 

upregulation in GBM, but not to the same extent as IDH1 (Figure S1A). We confirmed the 

TCGA data in flash-frozen GBM tumors obtained from Northwestern Memorial Hospital, 

which also showed elevated IDH1 mRNA (Figure 1B). Levels of IDH1 mRNA varied with 

tumor type, grade and subclass, as IDH1 was expressed at lower levels in TCGA grade II 

and III gliomas (Brat et al., 2015) (Figure 1C), compared to GBM, regardless of tumor 

subclassification as astrocytoma, oligoastrocytoma and oligodendroglioma (Figure 1D). 

Expression of IDH1 transcripts was enriched in IDH1 WT (wild-type), compared to IDH1 
R132H mutant GBM (Figure S1B), and was highest in GBM tumors of the classical 

subtype, with other subtypes exhibiting similar average and range of expression (Figure 1E). 

Elevated IDH1 expression was also evident through immunohistochemical analysis of 

protein using two independent tissue microarrays followed by quantitative analysis of 

staining intensity using laser scanning cytometry (LSC; Figure 1F) or by semi-quantitative 

evaluation using light microscopy (Figure 1G, 1H). These studies demonstrated diffuse 

cytoplasmic and speckled staining distribution, which is consistent with well-described 

functions of IDH1 within the cytosol and peroxisomes (Losman and Kaelin, 2013). The 

IDH1-encoding 2q34 locus was not amplified nor were there changes in IDH1 promoter 

methylation (Figure S1C). Together, these observations suggest that in the absence of copy 

number gains or epigenetic activation through changes in CpG methylation, primary GBM 

tumors are characterized by elevated IDH1 mRNA and protein expression.

IDH1 expression modulates GBM progression in vivo

To determine whether altering IDH1 expression affects GBM cell growth in vitro and tumor 

growth in vivo, we suppressed IDH1 expression in two independent luciferase-labeled, 

patient-derived glioma initiating cells (GICs) via lentiviral infection with IDH1-specific 

short hairpin RNA (shRNA) or overexpressed an IDH1 cDNA in neural stem cells (NSCs) 

derived from mice with a CNS-specific deletion of p53 and PTEN tumor suppressors (Zheng 

et al., 2008). The shIDH1 on-target effect was verified by analyzing IDH1 knockdown (KD) 

in glioma cells expressing RNAi-sensitive or RNAi-resistant IDH1 proteins (data not 

shown). KD of IDH1 reduced GIC proliferation (Figure 2A, 2B), while ectopic expression 

of IDH1 accelerated NSC growth (Figure 2C). Severe combined immunodeficiency (SCID) 

mice receiving orthotopic implantation of GICs modified for reduced IDH1 expression 

showed diminished tumor growth in comparison to mice implanted with cells infected with 

control lentivirus, as indicated by bioluminescence monitoring and survival analysis (Figure 

2D–2G). Correspondingly, animal subjects engrafted with IDH1-overexpressing NSCs 

showed accelerated intracranial tumor progression (Figure 2H) and reduced survival when 
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compared to vector controls (Figure 2I). Immunohistochemical analysis of sections from 

resected mouse brains revealed increased apoptosis and decreased proliferation of tumor 

cells modified for reduced IDH1 expression in comparison to controls, and decreased 

apoptosis and increased proliferation of NSC-derived tumors with overexpression of IDH1 

compared to vector controls (Figure S2). These data support tumor-promoting activities of 

IDH1 in physiologically relevant gain- and loss-of-function GBM mouse models in vivo.

Suppression of IDH1 reduces αKG and NADPH levels and diminishes lipid biosynthesis

Recent metabolomic flux studies in GBM cells, derivative orthotopic explant models and 

GBM patients revealed that simultaneously with aerobic glycolysis, glucose or acetate-

derived carbons are oxidized in the TCA cycle to produce both energy and macromolecular 

precursors (Marin-Valencia et al., 2012; Mashimo et al., 2014). Studies in liver and adipose 

cells and tissue revealed that wild-type IDH1 controls lipid metabolism due to its ability to 

produce cytoplasmic NADPH, which is a rate-limiting factor for lipogenesis (Koh et al., 

2004; Shechter et al., 2003). Thus, we explored the effect of IDH1 on anaplerotic flux--in 

particular, lipid biosynthesis--by performing targeted metabolic studies. Glioma cells and 

GICs modified for stable IDH1 KD (Figure 3A) had reduced aKG levels (Figure 3B) and 

NADPH levels (Figure 3C). Using uniformly 13C-labeled glucose and acetate tracers, we 

found the reduction in the NADPH/NADP+ ratio to be associated with diminished saturated 

and unsaturated fatty acid synthesis (Figure 3D, 3E).

Under conditions of hypoxia (Wise et al., 2011; Metallo et al., 2011) and anchorage-

independent tumor spheroid growth (Jiang et al., 2016), IDH1 can promote the reductive 

formation of citrate from glutamine by catalyzing the conversion of αKG to ICT (the 

‘reverse’ reaction). Citrate can subsequently be converted to acetyl-CoA (coenzyme A) and 

then malonyl-CoA, the carbon precursors for de novo lipogenesis. To determine whether 

IDH1, under normoxic conditions examined here, can promote anaplerotic replacement of 

acetyl-CoA by stimulating αKG production (via ‘forward reaction’), we analyzed 13C label 

incorporation into acetyl-CoA. We found that GICs expressing shIDH1 exhibited elevated 

levels of 13C labeled acetyl-CoA (Figure 3F), suggesting that acetyl-CoA accumulates in 

IDH1 compromised cells, as it cannot be used for de novo fatty acid synthesis due to limited 

cytoplasmic NADPH availability. Collectively, these targeted metabolic studies together with 

published literature suggest a critical role of cytoplasmic NADPH for mediating IDH1 

metabolic effects.

IDH1 regulates histone methylation, GIC differentiation and gene expression

As αKG impacts cellular differentiation processes by regulating multiple dioxygenases, 

including Jumonji C (JmjC)-domain-containing histone lysine residue demethylases, we 

examined histone lysine methylation in GICs modified for decreased IDH1 expression. 

shIDH1-expressing GICs showed increases in trimethylation on H3K4, H3K9, H3K27, and 

H3K36 similar to hypoxic conditions (Figure 4A). Using Extreme Limiting Dilution Assays 

(ELDAs), we show that reduced IDH1 expression diminished (Figure 4B), while increased 

IDH1 expression in NSCs enhanced stem cell frequency (Figure 4C). Under differentiation 

conditions, GICs with stable IDH1 KD more readily differentiated when compared to vector 

control cultures, as indicated by augmented MAP2 (microtubule-associated protein 2) and 
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GFAP (glial fibrillary acidic protein) expression, markers for neuronal and glial 

differentiation, respectively (Figure 4D, 4E) and increased GFAP and decreased Nestin 
(neural stem cell marker) transcript levels (Figure 4F). Further supporting a role for IDH1 in 

regulating glioma cell multi potency, our qRT-PCR analysis of endogenous IDH1 mRNA in 

cell populations separated on the basis of CD133 expression, showed increased IDH1 
transcript levels in the glioma stem cell marker enriched versus non-selected populations 

(Figure 4G).

To begin to understand how IDH1 impacts gene expression through modification of histone 

methylation, we performed chromatin immunoprecipitation sequencing (ChIP-Seq) 

experiments in control and shIDH1 GIC-20 or GIC-387 infectants, using antibodies 

recognizing tri-methylated H3K27, K36 and K4 proteins. The most significant changes were 

seen with H3K4me3. We analyzed the ChIP-Seq dataset using Spatial Clustering for 

Identification of ChIP-Enriched Regions (SICER) and performed Ingenuity Pathway 

Analysis (IPA), to prioritize genes based upon enrichment in signaling pathways associated 

with cancer and development. Through this integrated analysis, we identified a tumor 

suppresser gene signature induced by IDH1 KD that contained NADH: ubiquinone 
oxidoreductase core subunit S1 (NDUFS1), Guanine Nucleotide Binding Protein Gamma 4 
(GNG4), and TNF Alpha Induced Protein 1 (TNFAIP1), and that have been reported to 

suppress cancer progression through effects on reactive oxygen species (ROS), chemokine 

receptor biology, and nuclear factor κB (NFκB) signaling, respectively (see Discussion). 

These genes showed increased binding of activating H3K4me3 (Figure 4H, Figure S3, Table 

S1), increased transcript levels in IDH1 KD versus control GICs (Figure 4I), and 

correspondingly, reduced mRNA expression in TCGA GBM tumors compared to normal 

brain (Figure 4J). Two additional tumor suppressor genes, ETS variant 6 (ETV6) and tumor 
suppressor candidate 2 (TUSC2) with highly differential binding between shIDH1 and shCo 

cells, failed to consistently exhibit transcriptional upregulation upon IDH1 KD (data not 

shown). This data suggests that increased binding of H3K4me3 may not be indicative of 

active gene transcription only, demonstrating that IDH1 inhibition and associated decrease in 

αKG production can lead to an increase of histone methylation independently of 

transcription at different gene loci. Collectively, these data show that IDH1 inactivation 

reduces stem cell frequency, enhances susceptibility to differentiation cues, and regulates 

(tumor suppressor) gene expression by modulating histone trimethylation.

IDH1 ablation increases RTKi-induced apoptosis through decreased lipid biosynthesis and 
increased ROS

Unabated tumor growth requires elevated lipogenesis for membrane biogenesis (Menendez 

and Lupu, 2007). A plethora of studies indicate that GBM tumors activate lipid biosynthesis 

through oncogenic EGFR/PI3K (phosphatidylinositol 3-kinase)/Akt pathway activation as a 

survival mechanism. Consequently, blockage of de novo fatty acid biosynthesis (e.g., via 

treatment of cells with fatty acid synthase (FAS) inhibitors or small interfering RNA 

(siRNA) targeted to the master transcription factor SREBP1) sensitizes glioma cells to 

EGFR inhibition (Guo et al., 2009a; Guo et al., 2009b; Guo et al., 2011). Inhibition of RTKs 

is also known to cooperate with ROS scavengers to reduce GIC survival (Monticone et al., 

2014). To address whether IDH1 modulates cell responses toward RTKi through its impact 
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on lipid biosynthesis and redox balance, we examined the apoptotic response of GICs with 

and without amplified EGFR (Figure 5A, 5B), to KD of IDH1. Erlotinib treatment increased 

Annexin V positivity in shIDH1 GICs with amplified EGFR (GIC-387; EGFR amplification, 

PTEN+/+), but not in GICs lacking EGFR amplification (GIC-20; EGFR non-amplified, 

PTEN−/−; Figure 5C). Correspondingly, NSCs ectopically expressing IDH1 exhibited 

reduced apoptosis in response to erlotinib compared to vector controls (Figure 5D). 

Treatment of erlotinib-primed cells with cell-permeable αKG (Figure 5E), or the fatty acid 

palmitate plus the cholesterol precursor mevalonate (Figure 5F) protected cells from the pro-

apoptotic effects of IDH1 KD, suggesting that reduced fatty acid and cholesterol 

biosynthesis contributes to the pro-apoptotic effect of IDH1 KD. In addition, IDH1 KD in 

GICs augmented cellular ROS levels (Figure 5G) as a consequence of decreased reduced 

glutathione (GSH; Figure 5H) and NADPH (Figure 5I). Treatment of IDH1 KD cells with 

the ROS scavenger EUK-134 (Figure 5J) or N-acetyl cysteine (NAC) (Figure 5K) reduced 

effector caspase activation in response to erlotinib treatment, suggesting that elevated ROS 

in shIDH1 GICs contributes to the pro-apoptotic effects of EGFR inhibition. To further 

confirm a role of diminished NADPH production for the pro-apoptotic effect of IDH1 KD, 

we tested whether αKG add-back impacts the NADPH/NADP+ ratio, and whether 

overexpression of cytoplasmic NADPH-generating malic enzyme 1 (ME1) can rescue pro-

apoptotic effect of IDH1 KD. As shown in Figure 5L, αKG add-back increases the NADPH/

NADP+ ratio, and overexpression of ME1 antagonizes the pro-apoptotic effect of IDH1 KD, 

similar to αKG add-back (Figure 5M, 5N).

Importantly, IDH1 KD in transformed glioma cells harboring co-activation of multiple 

RTKs--including EGFR, the HGFR family member MSPR and PDGFRs (Figure S4A)--has 

similar effects as those observed in patient-derived cultures with activation of EGFR only: 

IDH1 ablation diminished NADPH levels in the transformed cells (Figure S4B), and when 

combined with an RTK inhibitor cocktail caused a reduction in GSH (Figure S4C) as well as 

increases in ROS (Figure S4D) and apoptosis (Figure S4E, S4F, S4G). Apoptosis 

sensitization by IDH1 KD occurs upstream of mitochondrial outer membrane 

permeabilization, as overexpression of Bcl-2 blocked effector caspase activation in response 

to IDH1 inhibition in erlotinib-primed cells (Figure S4H, S4I).

IDH1 mRNA is also upregulated in other solid and systemic malignancies, including lung 

adenocarcinoma and squamous cell carcinoma (Figure S5A), as well as various types of 

lymphoma, including angioimmunoblastic, anaplastic large cell, peripheral T cell, and 

diffuse large B cell (DLBCL) subtypes (Figure S5B). Stable KD of IDH1 in DLBCLs 

(Figure S5C) enhanced apoptotic susceptibility toward the Bruton’s tyrosine kinase (BTK) 

inhibitor ibrutinib (Figure S5D), which was paralleled by attenuated αKG production 

(Figure S5E), reduced GSH (Figure S5F), increased ROS (Figure S5G), and decreased 

tumor size in a subcutaneous xenograft model (Figure S5H, S5I). In total, these results 

demonstrate that IDH1 KD, through inhibition of NADPH and associated effects on lipid 

synthesis and ROS production, promotes apoptosis of tyrosine kinase inhibitor treated 

cancer cells.
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FoxO6 transcriptionally induces IDH1 expression in response to RTK inhibition

Results in recent studies have implicated Forkhead box O (FoxO) transcription factors as 

positive regulators of IDH1 expression (Charitou et al., 2015). As Akt-mediated 

phosphorylation inhibits FoxO transcriptional functions (Lam et al., 2013), we examined 

whether RTK inhibition, and its downstream effect on suppressing Akt activity, increased 

IDH1 transcript and protein levels through FoxO activation. Erlotinib induced IDH1 

transcript and protein levels in EGFR amplified, but not in non-amplified GICs (Figure 6A, 

6B). Similarly, a combination of RTKis, but not temozolomide (TMZ) promoted IDH1 

expression in transformed glioma cells (Figure 6C), confirming that IDH1 induction is 

dependent on RTK-PI3K–Akt activation. IDH1 induction was preceded by the binding of 

FoxO6 to an IDH1 intronic consensus-binding site (Figure 6D), as determined by ChIP 

(Figure 6E). KD of FoxO6 attenuated the effect of RTKi on IDH1 expression (Figure 6F). 

These results are consistent with IDH1 upregulation, through FoxO6 activation, as a glioma 

cell adaptive response to growth factor receptor inhibition.

This interpretation is further supported by results from whole genome mRNA expression 

profiling of vehicle- and RTKi-treated glioma cells (Figure S6A; Table S2) that, together 

with IPA, identified IDH1 and lipid metabolism as the top priority signaling pathway 

induced upon RTKi treatment (Figure S6B, S6C). Besides IDH1, RTKi-induced genes 

included lanosterol synthase (LSS), and isopentyl-diphosphate delta isomerase 1 (IDI1) 

(Figure S6B, S6C, S6D). The importance of lipid metabolism gene induction as a modifier 

of RTKi responses was further supported by glioma cells sensitized by IDI1 or LSS KD 

(Figure S6E) to RTKi-mediated apoptosis (Figure S6F, S6G). Thus, glioma cells adapt to 

growth factor inhibition by inducing IDH1 and lipogenesis via an RTK-PI3K–Akt-FoxO6 

signaling axis. Such adaptation suggests that RTKi-primed glioma cell rely on IDH1-drived 

lipid biosynthesis for proliferation and survival and points to co-extinction strategies that 

targets both aberrant RTK signaling and IDH1 activation to halt glioma growth.

Pharmacological inhibition of IDH1 reduces growth, augments RTKi susceptibility, reduces 
stem cell frequency, and decreases GBM progression

To address whether wild-type IDH1 is an actionable therapeutic target, we treated cells with 

GSK864. Similar to the first generation compound GSK321, compound 864 was initially 

identified as a potent inhibitor against R132H point-mutated IDH1 (half maximal inhibitory 

concentration [IC50], 15.2nM; Okoye-Okafor et al., 2015). In IDH1 mutant AML cells and 

derivative xenografts, GSK864 was shown to decrease 2-hydroxyglutarate (2HG) levels and 

the percentage of blast cells, and increase myeloid differentiation (Okoye-Okafor et al., 

2015). Importantly, at higher doses, GSK864 also inhibited wild-type IDH1 (IC50; 

466.5nM; Okoye-Okafor et al., 2015), and thus, represents a valuable tool to assess whether 

pharmacological inhibition of non-mutated IDH1 recapitulates cellular and tumor biological 

effects observed with genetic inactivation, and whether overexpression of IDH1 is an 

actionable genetic aberration for the treatment of intracranial GBM. GICs infected with 

shScramble-expressing cells, but not shIDH1-expressing cells, showed a dose-dependent 

reduction of the NADPH/NADP+ ratio when treated with GSK864 (Figure 7A). Similarly, 

non-transformed cortical astrocytes, expressing low levels of IDH1 protein compared to 

transformed glioma cells and GICs (Figure 7B) failed to respond to GSK864 treatment 
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(Figure 7C). When used in combination with RTKi in transformed glioma cells (Figure 7D), 

or in GIC-387 cultures (Figure 7E), GSK864 reduced cell viability, and induced tumor cell 

apoptosis (Figure 7D–7I). Mirroring the effect of IDH1 KD on GIC differentiation (Figure 

4), GSK864 reduced stem cell frequency in GIC-387 cells (Figure 7J). The pro-apoptotic 

effect of GSK864, similar to the pro-death activity of RNAi-mediated KD of IDH1 (Figure 

5E), can be abrogated by reconstituting cells with cell-permeable αKG (Figure 7K), further 

validating compound specificity. To determine the effects of GSK864 in vivo, treatment of 

GIC-20 intracranial xenograft mice with GSK864 significantly impaired GBM progression 

in comparison to vehicle-treated subjects, as evidenced by reduced bioluminescence (Figure 

7L, 7M), and increased survival (Figure 7N). These results provide initial proof-of-concept 

that IDH1 is a targetable oncogenic activity.

Discussion

We have demonstrated that several cancer--in particular, primary GBM--show significant 

upregulation of wild-type IDH1 to support tumor progression. Using pharmacologic and 

RNAi-based loss-of-function studies together with cDNA complementation gain-of-function 

studies, we further show that up regulation of IDH1 is a mechanism of metabolic 

reprogramming, which enhances cellular anaplerosis--in particular, lipid biosynthesis--alters 

the cellular redox state, promotes a more dedifferentiated cell state, and causes resistance 

toward RTK-targeted therapies.

Additionally, we have shown that except for moderate upregulation of ACO1, IDH1 is the 

only TCA-associated enzyme that is robustly overexpressed in GBM tumors. Thus, our 

oncogenomic analysis revealed that GBM tumors are not characterized by global induction 

of TCA and TCA-associated anabolic enzymes. This finding supports our central hypothesis 

that IDH1 induction represents a selective oncogenic mechanism contributing to tumor 

progression, rather than a passive non-specific adaptation to increased proliferative rates.

Recent studies suggest that dampened TCA cycle/oxidative phosphorylation (OXPHOS) 

activity and the associated increase in ROS and oxidative DNA damage promote genomic 

instability of gliomas--in particular, the deletion or mutation of TP53--and reduces cell 

proliferation as a result of reduced ATP production. This loss of p53 function can trigger 

transformation of neural progenitor cells and initiate gliomagenesis (Bartesaghi et al., 2015) 

as well as jump-start glycolysis, providing ATP and cellular building blocks in the absence 

of normal mitochondrial OXPHOS (Berkers et al., 2013). While p53 inactivation and the 

reliance on glycolysis for ATP production may be sufficient to promote growth of less 

proliferative, lower grade tumors, highly aggressive cancers, such as GBM, depend on more 

efficient ways to produce ATP and macromolecules--in particular, lipids--to support 

unabated growth (Marin-Valencia et al., 2012; Mashimo et al., 2014). Recent studies have 

challenged the notion that GBM tumor metabolism is confined to aerobic glycolysis, i.e., the 

Warburg effect. The difference between metabolism of GBM tumors grown as PDX in vivo 
and glioma cell lines grown on plastic in vitro likely reflect adaptation to long-term culture, 

and/or loss of microenvironmental factors that influence metabolism (DeBerardinis et al., 

2008). As demonstrated in a recent study (Marin-Valencia et al., 2012), simultaneously with 

aerobic glycolysis, GBM tumors grown as PDX oxidize glucose via pyruvate dehydrogenase 
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and the TCA cycle to supply anaplerosis and other biosynthetic activities. While effective 

for driving the proliferation of cancer cells grown on plastic, these studies demonstrate that 

aerobic glycolysis appears to be insufficient to contribute to cellular anaplerosis and support 

tumor cell growth in vivo. Therefore, we propose that GBM selectively induces IDH1 

mRNA, protein and enzymatic activity, in order to support high-grade glioma cells with 

macromolecules for rapid expansion. This in turn creates a unique IDH1-dependent 

metabolic vulnerability of GBM that we have described and therapeutically exploited.

IDH1 upregulation and its associated increase in cytoplasmic NADPH promotes lipid 

biosynthesis, ROS scavenging and unabated tumor growth and survival. Several studies have 

implicated IDH1 in the control of lipid metabolism in non-cancerous tissues. Transgenic 

IDH1 expression in liver and adipose tissues promoted hyperlipidemia and obesity, 

paralleled by increased triglyceride and cholesterol content (Koh et al., 2004). Conversely, in 
vivo IDH1 ablation resulted in weight loss associated with reduced fat mass and circulating 

triglyceride levels (Nam et al., 2012; Chu et al., 2015).

NADPH is a critical and possibly rate-limiting factor required for cell proliferation, and a 

reducing agent necessary for lipid biosynthesis (Lunt and Vander Heiden, 2011). Several 

studies point to IDH1 as a critical source of cytoplasmic NADPH. When grown on plastic, 

glioma cells generate NADPH from glutamine which is oxidatively metabolized by malic 

enzyme to malate, and then converted to pyruvate, with more than half of the glutamine 

being excreted as lactate (DeBerardinis et al., 2007). Recent studies by the Bachoo group, 

however, reveal that in PDX models using patient-derived cells propagated solely through 

intracranial implantation, tumor-associated glutamine pools were high but were inefficiently 

metabolized, and glucose represented the primary carbon source for oxidative metabolism in 

GBM PDX tumors (Marin-Valencia et al., 2012; Mashimo et al., 2014). Thus, conversion of 

glutamine to malate to pyruvate via the pyruvate/malate cycle, or the conversion of 

glutamine to glutamate to αKG, is unlikely to provide patient-derived glioma cells and 

derivative tumors with NADPH or acetyl-CoA. Furthermore, carbon flux studies in a variety 

of cancer cell lines using 13C labeled glucose suggest that the pentose phosphate pathway 

(PPP) cannot meet NADPH requirements for tumor cell growth (Boros et al., 1998; Boros et 

al., 2002). In addition, a recent study suggested that mutant KRAS-driven pancreatic 

adenocarcinomas, utilize the non-oxidative instead of the oxidative, NADPH-producing PPP, 

and thus decouple anaplerosis from NADPH production and NADPH-mediated redox 

control (Ying et al., 2012). Lastly, IDH1 has a higher maximal enzymatic activity compared 

to other NADPH-producing enzymes in patient-derived GBM tissue (Bleeker et al., 2010), 

and is the most differentially expressed NADPH producing enzyme in GBM compared to 

normal brain tissue (Wahl et al., 2017). These studies, together with our observation that 

acetyl-CoA is increased in GICs after IDH1 KD, suggest that IDH1-generated cytoplasmic 

NADPH is critical and likely rate-limiting for maintaining lipid and ROS homeostasis to 

promote tumor cell growth and survival.

IDH1-driven metabolic reprogramming might be particularly important for maintaining the 

glioma stem cell compartment. GIC cultures modified for reduced IDH1 expression showed 

diminished stem cell frequency and increased differentiation capacity. Chip-Seq and mRNA 

expression analysis identified a tumor suppressor gene signature, including NDUFS1, 
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GNG4, and TNFAIP1, modulated by IDH1 through its impact on histone methylation. 

NDUFS1 is the largest subunit of mitochondria complex I and is responsible for oxidizing 

NADH, reducing ubiquinone, and moving protons across the mitochondrial inner membrane 

(Hirst, 2013). It is also a major contributor to mitochondrial ROS, and NDUFS1 mutations 

lead to a 70% reduction of complex I activity (Hoefs et al., 2010). Low expression of 

NDUFS1 is an independent predictor of shorter overall survival in clear-cell renal cell 

carcinoma (RCC) and non-small cell lung cancer (NSCLC) (Su et al., 2016; Ellinger et al., 

2016). GNG4 is a member of the gamma subunit of the G protein family, regulates the 

interaction between the muscarinic receptor and voltage-sensitive calcium channels 

(Kalyanaraman et al., 1998), and is a putative tumor suppressor. In RCC, GNG4 is a target 

gene of the tumor suppressor von Hippel-Lindau gene (Maina et al., 2005), and in GBM, 

GNG4 is one of the most hypermethylated and down regulated genes and has tumor 

suppressive functions through regulation of the CXCR4/SDF1a signaling axis (Pal et al., 

2016). TNFAIP1 is induced by tumor necrosis factor alpha (TNFα) and interleukin-6 (IL6) 

and has roles in DNA synthesis, DNA repair, and apoptosis (Wolf et al., 1992). TNFAIP1 

has tumor suppressive functions in several cancer types, including gastric cancer, NSCLC, 

pancreatic cancer, and uterine cancer, by supporting tumor growth through NFκB signaling 

(Cui et al., 2015; Tan et al., 2016; Zhang et al., 2015; Zhou et al., 2013). We propose that 

reduced NADPH levels upon genetic and pharmacological inhibition of IDH1 cooperates 

with increased NDUFS1, GNG4 and TNFAIP1 levels to inhibit proliferation and promote 

ROS-induced apoptosis.

Oncogenic mutations in IDH1 and IDH2 have been identified in acute myelogenous 

leukemia, LGG, and secondary GBM, but are rare in primary GBM specimens (Losman and 

Kaelin, 2013; Horbinski, 2013). Remarkably, patients with wild-type GBM tumors have a 

mean survival of 15 months compared to 31 months for patients with mutant IDH1 GBM 

tumors and ectopic expression studies point to tumor suppressive effects of mutant IDH1. 

Expression of R132H IDH1 in established IDH1 wild-type glioma cell lines reduced 

proliferation in vitro and extended the survival of mice bearing derived orthotopic xenografts 

(Bralten et al., 2011). Similarly, RCAS (replication-competent avian sarcoma-leukosis virus 

long terminal repeat with splice acceptor)-driven expression of mutant IDH1 in NSCs 

derived from p53-deficient Nestin-tv-a mice reduces progenitor cell growth in vitro and 

glioma formation in vivo despite elevated 2HG production in IDH1 mutant compared to 

wild-type cells. This growth-inhibitory effect of mutant IDH1 is associated with diversion of 

αKG from wild-type IDH1 and reduced carbon flux from glucose or glutamine into lipids; 

replenishment of αKG through glutaminolysis compensated for these growth and flux 

deficiencies (Chen et al., 2014). These observations suggest that IDH1 mutant tumors 

require a specialized metabolic niche characterized by elevated glutamate flux for growth 

and expansion. Recent studies suggest that IDH1 mutant gliomas arise from a neural 

precursor population that is spatially and temporally restricted in the brain, possibly 

coinciding with remodeling of the prefrontal cortex (Lai et al., 2011). Primary GBM, on the 

other hand, inefficiently metabolize glutamine and most likely are unable to sustain high 

glutamine flux to support αKG and lipid biogenesis. To support anaplerosis--in particular, 

lipid biogenesis flux via enhanced αKG and NADPH--we propose that the upregulation of 

non-mutated IDH1 is important for primary GBM progression.
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Clinical trials testing erlotinib as a monotherapy against EGFR-amplified GBMs elicited 

only transient responses, with rapid tumor adaptation (Furnari et al., 2015). Our targeted 

expression and global transcriptomic studies point to RTKi-mediated and FoxO6-dependent 

induction of IDH1 as a common adaptive response to RTKi treatment. Such metabolic 

adaptation allows glioma cells to sustain lipid biosynthesis and to limit ROS toxicity in the 

absence of growth factor signaling. Furthermore, the connection between RTK signaling and 

lipid metabolism has been extensively studied, linking RTKs, including ERBB4, EGFR, and 

FGFR3, to enhanced fatty acid and cholesterol biosynthesis (Haskins et al., 2015; Bian et al., 

2015; Du et al., 2012). In particular, the EGFR/PI3K/Akt axis promotes GBM tumor growth 

in part through SREBP1-driven upregulation of acetyl-CoA carboxylase (ACC), FAS, and 

low-density lipoprotein receptor (LDLR) (Guo et al., 2009b; Guo et al., 2009a; Guo et al., 

2011). As fatty acid synthesis is downstream of RTK-PI3K signaling, IDH1 inactivation and 

concurrent reduction in NADPH, αKG and lipid biosynthesis sensitizes glioma cells, 

regardless of their RTK activation profile and PTEN status, suggesting that IDH1 targeted 

therapies may represent a universal modality against GBM and other solid and systemic 

malignancies.

Cancer up-regulates a variety of metabolic genes that conspire to reprogram tumor cell 

metabolism and support unabated growth and therapy resistance. Consequently, drug 

development efforts focus on inhibiting a plethora of metabolic enzymes with 

overexpression in various cancers, many of which are being tested in combination with 

targeted and conventional chemo- and radiation therapies (Vander Heiden et al., 2011). In 

light of the low expression of IDH1 in normal brain, robust upregulation of IDH1 in GBM 

tumors, and the absence of developmental and fertility-related abnormalities in global IDH1 
knockout mice (Itsumi et al., 2015), our data suggest that small molecule inhibitors of IDH1, 

such as GSK864, warrant further preclinical testing, especially when used in combination 

with inhibitors of RTK-PI3K signaling.

Experimental Procedures

In vivo Xenograft Studies

All animals were used under an approved protocol of the Institutional Animal Care and Use 

Committee of Northwestern University. Luciferase-expressing GIC-20, GIC-387, and 

NSC-2201 cells were injected intracranially into CB17 SCID mice (Taconic Farms). Mice 

were sacrificed upon observation of neurological impairment. For GSK864 inhibitor 

treatment, 20 animals were intracranially injected with GIC-20.luc cells. Two weeks after 

implantation, mice were randomized into two groups; 10 animals received 150 mg/kg 

GSK864 (Sigma) in propylene glycol, DMSO, PEG-400, and water (16.7:3.3:40:40) or 

vehicle for 10 days, M-F for 2 weeks. For lymphoma flank model, SUDHL4 cells were 

combined with ice-cold Matrigel (Fischer Scientific). Mice were anesthetized and 200 µL of 

cells in Matrigel were injected into either the left flank (pLKO) or right flank (shIDH1–98) 

of 5 mice.
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In vivo Bioluminescence Imaging

shIDH1-expressing GIC-20, GIC-387, and SUDHL4 and IDH1-overexpressing NSC-2201 

cells were lentivirally transduced with a cDNA encoding firefly luciferase. Upon cell 

implantation, mice were injected with luciferin potassium salt, anesthetized, and tumor 

growth was monitored by bioluminescence imaging (IVIS Spectrum, PerkinElmer). 

Bioluminescence was analyzed using Living Image (Caliper Life Sciences) software, and 

bioluminescence was quantified relative to non-tumor bearing mice.

αKG, NADPH/NADP+, GSH, and ROS Quantification

GBM cells and GICs were grown in 6 well plates and treated with drug for 24 hrs. To 

quantify αKG, NADPH/NADP+, and GSH, the α-KG Assay Kit (BioVision), NADP+/

NADPH Quantification Kit (BioVision), or Glutathione Assay Kit (BioVision) were used, 

respectively, according to manufacturer’s protocols. To quantify ROS levels, cells were 

incubated with 5 µM CellROX Deep Red (Life Technologies) at 37°C for 4 hrs and analyzed 

by flow cytometry (Fortessa; BD Biosciences).

Quantification of Apoptosis

To quantify apoptosis of GBM cells and GICs, Annexin V positivity was determined by 

fluorescence-activated cell sorting (FACS) using the Annexin V-Cy5 Apoptosis Kit 

(BioVision) according to manufacturer’s protocol 24 hrs post treatment.

Western Blot Analysis

For all Western Blot analyses, proteins were separated by 4–12% SDS/PAGE (Life 

Technologies), transferred to Hybond PVDF membranes (Amersham), blocked with 5% 

milk in PBS with 0.1% Tween 20 (PBS/Tween) for 1 hr, and incubated with the following 

antibodies: anti-cleaved caspase-3 (Cell Signaling, 9664), anti-cleaved caspase-7 (Cell 

Signaling, 9491), anti-Hsp70 (BD Pharmingen, 610607), anti-IDH1 (Cell Signaling, 8137), 

anti-H3K4me3 (Millipore, CS200580), anti-H3K9me3 (Active Motif, 39161), anti-

H3K27me3 (Millipore, CS200603), anti-H3K36me3 (Abcam, ab9050), anti-Histone H3 

(Cell Signaling, 4499), anti-ME1 (Abcam, ab97445), anti-FoxO6 (Thermo Scientific PA5–

35117), anti-phospho-FoxO6 (Abcam, ab154832), anti-phospho-EGFR (Cell Signaling, 

2236S), anti-EGFR (Santa Cruz, sc-373746), anti-phospho-Akt (Cell Signaling, 4060S), and 

anti-Akt (Cell Signaling, 9272S). The blots were subsequently incubated with goat anti-

rabbit IgG or goat anti-mouse IgG antibodies (Santa Cruz) in 5% milk in PBS/Tween and 

developed with Supersignal West Dura ECL (enhanced chemiluminescence) substrate 

(Pierce) following manufacturer’s protocol. Quantification of blots was determined by 

densitometry using ImageJ software.

Cell Proliferation

GICs or NSC-2201 cells were plated at 50,000 cells per well. Cells were counted every 3 

days by trypan blue exclusion on Countess Cell Counter (Invitrogen) for 12 days.
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Extreme Limiting Dilution Assay

GIC-20, NSC-2201, or GIC-387 cells were plated at 1, 5, 10, or 20 cells per well in 96 well 

plates. Spheres were determined by observation using an inverted microscope after 6 or 7 

days. Data was analyzed by ELDA software (http://bioinf.wehi.edu.au/software/elda/

index.html) to determine stem cell frequency (Hu and Smyth, 2009).

Cell Differentiation

GIC-20 cells were plated at 50,000 cells per mL on poly-D-lysine/laminin-coated coverslips 

in GIC media with 1 ng/mL EGF and basic fibroblast growth factor (bFGF) and no leukemia 

inhibitory factor (LIF). RNA was collected for qRT-PCR analysis or immunocytochemistry 

was performed as previously described (Kouri et al., 2015) using the following antibodies: 

rabbit anti-GFAP (1:1000; DakoCytomation Z0334) and mouse anti-MAP2 (1:500; BD 

Pharmingen 556320). Cells were imaged using a Nikon A1R Spectral confocal microscope, 

and quantification was performed using TissueGnostics LSC System, and data were 

analyzed with HistoQuest Software.

MTT Assay

LN382 or GIC-387 cells were plated at 10,000 cells per well in 96 well plates. Cells were 

treated with Vehicle or 5 µM RTKi and/or 0, 5, 50, or 100 µM GSK864. After 48 hrs, MTT 

assay was performed according to manufacturer’s protocol (ATCC).

Quantification and Statistical Analysis

All experimental data are presented as mean ± Standard Deviation, unless otherwise 

specified. Control and experimental groups were compared by two-tailed Student’s t-test. A 

p value of ≤0.05 was considered statistically significant. Sample size estimates were not 

used. Kaplan-Meier survival curves were analyzed by Mantel-Cox and Gehan-Breslow-

Wilcoxon tests.

For further details, see the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- Wild-type IDH1 is overexpressed in GBM and other solid and systemic 

malignancies

- IDH1 promotes tumor cell growth in vitro and in vivo, and decreases GBM 

PDX survival

- IDH1 regulates lipid biosynthesis, redox homeostasis and differentiation

- Pharmacological inhibition of IDH1 reduces GBM growth in vitro and in 
vivo
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Figure 1. Wild-type IDH1 is overexpressed in primary GBM
(A) IDH1 mRNA expression in TCGA GBM tumors (n=419).

(B) IDH1 transcript levels in an independent set of primary GBM (n=33).

(C–E) IDH1 mRNA levels in GBM compared to lower grade gliomas (GBM, n=159; Grade 
2, n=190; Grade 3, n=203), other central nervous system tumors (astro, n=140; oligoastro, 
n=104; oligodendro, n=149), and GBM genetic subtypes.

(F and G) Quantification of IDH1 staining intensities in TMA of GBM tumors (n=33) 

relative to normal brain (n=5) by LSC, and by IHC score on an independent TMA of normal 

brain (n=7) and GBM tumors (n=35).

(H) Representative TMA cores stained for IDH1. Bar, 50 µm.

* p<0.0001; ** p<0.00005; *** p<0.05; **** p<0.001. OE, overexpression; astro, 

astrocytoma; oligoastro, oligoastrocytoma; oligodendro, oligodendroglioma; CL, classical; 

M, mesenchymal; N, neural; PN, proneural; LSC, laser scanning cytometry. See also Figure 
S1.
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Figure 2. IDH1 promotes GBM progression in vivo
(A–C) Cell proliferation in GIC-20 expressing shScramble or shIDH1, GIC-387 with pLKO 

or shIDH1, and in NSCs with stable overexpression of IDH1 (n=3; Mean ± SD).

(D–I) Quantification of bioluminescence of intracranial engraftment models, using GIC-20 

expressing pLKO and shIDH1, GIC-387 with shScramble and shIDH1, and NSCs 

expressing CSII and CSII-IDH1 (n=7–10; Mean ± SEM); and the corresponding Kaplan-

Meier survival curves (n=9–10).

* p<0.005; ** p<0.05; *** p<0.01; **** p<0.0005; # p<0.001; ## p<0.0001. See also Figure 
S2.
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Fig. 3. Knockdown of IDH1 decreases αKG and NADPH levels, and reduces carbon flux from 
glucose or acetate into fatty acids
(A) Western blot of IDH1 in LN382 expressing pLKO or shIDH1.

(B–C) Levels of αKG and NADPH/NADP+ ratio in cells infected with pLKO/shScramble, 

or shIDH1 (n=2 in triplicates; Mean ± SD).

(D–E) Levels of total and 13C-labeled fatty acids labeled with 13C-glucose or -acetate in 

GIC-20 expressing pLKO or shIDH1 (n=5; Mean ± SD).

(F) Levels of acetyl-CoA in GIC-20 (pLKO vs. shIDH1) labeled with 13C acetate tracer 

(n=3; Mean ± SD).

* p<0.005; ** p<0.01; *** p<0.00005; **** p<0.0005; # p<0.05; ## p<0.001.
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Figure 4. IDH1 knockdown induces a more differentiated GIC state
(A) Western blot of methylated histone species in GICs with pLKO or shIDH1 

(representative of 3 independent experiments). Histograms represent densitometry of each 

methylated histone species.

(B–C) ELDA of GIC-20s expressing shScramble or shIDH1, and NSCs harboring empty 

vector control or CSII-IDH1 (n=15 per group). Stem Cell Frequency is stated on each graph.

(D–E) Immunocytochemistry (n=3) and quantification for MAP2 and GFAP in GIC-20 

expressing shScramble or shIDH1. Bar, 50 µm. (n=25,000; Mean ± SD)
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(F) qRT-PCR for GFAP and Nestin in GIC-20 cells expressing shScramble or shIDH1 (n=6–
7 per group; Mean ±SEM).

(G) qRT-PCR to quantify IDH1 mRNA levels in CD133+ versus CD133- populations.

(H) H3K4me3 occupancy of GNG4, NDUFS1, and TNFAIP1 promoters as determined by 

ChIP-Seq in GICs expressing shScramble or shIDH1.

(I) qRT-PCR of GNG4, NDUFS1, and TNFAIP1 in GIC-387 expressing shScramble or 

shIDH1.

(J) GNG4, NDUFS1, and TNFAIP1 mRNA expression in the TCGA dataset (n=419).

* p<0.05; ** p<0.001; *** p<0.00001; **** p<0.0001; # p<0.0005, ## p<0.005, ### 

p<5×10−9, #### p<1×10−6. See also Figure S3.
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Figure 5. Knockdown of IDH1 sensitizes cells toward erlotinib-induced apoptosis by decreasing 
lipid and increasing ROS production
(A) EGFR copy number in GIC-20 and GIC-387.

(B) Western blot of pEGFR and IDH1 in GICs expressing shScramble or shIDH1 

(representative of 3 independent experiments).

(C) Annexin V positivity of GICs expressing pLKO or shIDH1 +/− E (n=3; Mean ± SD).

(D) Western blot of cleaved effector caspases in NSCs overexpressing IDH1 +/− E 

(representative of 3 independent experiments).
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(E–F) Western blot of cleaved effector caspases in GIC-387 expressing pLKO or shIDH1 +/

− E and co-treated with diMe-αKG, or Mev and Palm (each representative of 2 independent 
experiments).

(G–I) Levels of ROS (n=3; Mean ± SD), reduced glutathione (GSH) (n=2; Mean ± SD), and 

NADPH (n=2; Mean ± SD) in pLKO or shIDH1-expressing GIC-387 +/− E.

(J, K) Western blot of effector caspase activation in GIC-387 treated with EUK-134 or NAC, 

+/− E (representative of 2 independent experiments).

(L) NADPH/NADP+ quantification in shScramble and shIDH1-expressing GIC-387 cells +/

− diMe-αKG (n=5; Mean ± SD).

(M) Western Blot of ME1 in GIC-387 overexpressing ME1.

(N) Western blot of cleaved effector caspases in GIC-387 expressing shScramble and 

shIDH1 +/− E (representative of 3 independent experiments).

Histograms throughout represent densitometry done for effector cleaved caspase-3 and −7. * 

p<0.05; ** p<0.001; *** p<0.005; **** p<0.0005; # p<0.01. Veh, vehicle; E, erlotinib; 

diMe-αKG, diMe-α-ketoglutarate; Mev, mevalonate; Palm, palmitate; NAC, N-Acetyl-

Cysteine; ME1, malic enzyme 1: LS, large subunit; LS+N, large subunit plus N-peptide. See 
also Figure S4, S5.

Calvert et al. Page 26

Cell Rep. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. RTKi induce IDH1 expression through FoxO6
(A) qRT-PCR of IDH1 in GIC-387 +/− E.

(B–C) Western blot of IDH1 in GIC-387, GIC-20, and LN382 cells +/− TMZ or RTKi 

(representative of 2 independent experiments).

(D) Gene organization of the 3 IDH1 isoforms with the position of an intronic FoxO6 

binding site.

(E) ChIP using FoxO6 antibody, followed by qRT-PCR of IDH1 (representative of 3 
independent experiments).

(F) Western blot for IDH1, effector caspases, FoxO6, and total and phosphorylated Akt in 

LN382 cells treated with siFoxO6, +/− RTKi (representative of 3 independent experiments).

Veh, vehicle; E, erlotinib; LS, large subunit; LS+N, large subunit plus N-peptide; S+I, 

SU11274 + Imatinib; TMZ, temozolomide. See also Figure S6.

Calvert et al. Page 27

Cell Rep. Author manuscript; available in PMC 2017 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. GSK864, an inhibitor of mutant IDH1 with activity against wild-type IDH1, inhibits 
GBM cell growth, increases RTKi-induced apoptosis, inhibits tumor burden, and prolongs 
animal subject survival in vivo
(A) NADPH/NADP+ levels in GIC-387 expressing shScramble or shIDH1 +/− GSK864 

(representative of one experiment, done in triplicate; Mean ± SD).

(B) IDH1 western blot of transformed glioma cell lines, GICs, and primary human 

astrocytes (representative of 2 independent experiments). Histograms show relative levels of 

IDH1 protein as determined by densitometry.

(C) NADPH/NADP+ levels in primary astrocytes +/− GSK864 (n=2–3, Mean ± SD).
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(D–E) MTT assay of LN382 and GIC-387 treated with GSK864 +/− RTKi (n=6; Mean ± 
SD).

(F–I) Quantification of apoptosis in LN382 and GIC-387 treated with GSK864 +/− RTKi, by 

Annexin V positivity (n=3; Mean ± SD), and western blotting of effector caspase activation 

(representative of 3 independent experiments).

(J) ELDA of GIC-387 cells treated with GSK864. p-values between Vehicle and the 

following: 1µM, p=1.06×10−4; 5µM, p=1.06×10−4; 10µM, 9.43×10−11(n=15).

(K) Western blot of effector caspases in GIC-387 +/− GSK864, diMe-αKG, and/or E. 

(representative of 2 independent experiments).

(L, M) Bioluminescence imaging of luciferase-expressing explants derived from GIC-20 

cultures, treated with vehicle or GSK864 (n=9–10; Mean ± SEM).

(N) Kaplan-Meier survival curves of GIC-20 engrafted mice +/− GSK864 (n=9–10).

* p<0.05; ** p<0.01; *** p<0.00005; **** p<0.001; # p<0.00001; ## p<0.005; ### 

p<0.0001. Veh, vehicle; E, erltoinib; S+I, SU11274 + imatinib; GSK, GSK864; diMe-αKG, 

dimethyl-α-ketoglutarate.
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