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Abstract
Purpose  Somatic mutations of the isocitrate dehydrogenase 1 (IDH1) gene, mostly substituting Arg132 with histidine, are 
associated with better patient survival, but glioma recurrence and progression are nearly inevitable, resulting in disproportion-
ate morbidity and mortality. Our previous studies demonstrated that in contrast to hemizygous IDH1R132H (loss of wild-type 
allele), heterozygous IDH1R132H is intrinsically glioma suppressive but its suppression of three-dimensional (3D) growth is 
negated by extracellular glutamate and reducing equivalent. This study sought to understand the importance of 3D culture 
in IDH1R132H biology and the underlying mechanism of the glutamate effect.
Methods  RNA sequencing data of IDH1R132H-heterozygous and IDH1R132H-hemizygous glioma cells cultured under two-
dimensional (2D) and 3D conditions were subjected to unsupervised hierarchal clustering and gene set enrichment analysis. 
IDH1R132H-heterozygous and IDH1R132H-hemizygous tumor growth were compared in subcutaneous and intracranial trans-
plantations. Short-hairpin RNA against glutamate dehydrogenase 2 gene (GLUD2) expression was employed to determine 
the effects of glutamate and the mutant IDH1 inhibitor AGI-5198 on redox potential in IDH1R132H-heterozygous cells.
Results  In contrast to IDH1R132H-heterozygous cells, 3D-cultured but not 2D-cultured IDH1R132H-hemizygous cells were 
clustered with more malignant gliomas, possessed the glioblastoma mesenchymal signature, and exhibited aggressive tumor 
growth. Although both extracellular glutamate and AGI-5198 stimulated redox potential for 3D growth of IDH1R132H-
heterozygous cells, GLUD2 expression was required for glutamate, but not AGI-5198, stimulation.
Conclusion  3D culture is more relevant to IDH1R132H glioma biology. The importance of redox homeostasis in IDH1R132H 
glioma suggests that metabolic pathway(s) can be explored for therapeutic targeting, whereas IDH1R132H inhibitors may have 
counterproductive consequences in patient treatment.
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Introduction

Malignant gliomas represent 81% of primary brain malig-
nancy and cause significant mortality and morbidity [1]. 
Glioblastoma—World Health Organization (WHO) grade 

IV, the most common and advanced form of glioma—has a 
5-year survival of only 5.5%, and the inevitable recurrence 
and progression of WHO grade II and III (lower-grade) glio-
mas also contribute to the disproportionately high mortal-
ity and morbidity [2]. As such, there is an unmet need to 
improve the current treatment strategy.

Somatic IDH1 missense mutations occur in > 70% of the 
lower-grade gliomas and secondary glioblastomas, substi-
tuting arginine 132 with histidine at a frequency of 92% 
among gliomas with mutations [3-6]. IDH1 is a cytosolic 
enzyme that produces 2-oxoglutarate and NADPH, which 
are further converted by the IDH1R132H neomorphic activity 
to D-2-hydroxyglutarate (D-2HG) [7]. High levels of D-2HG 
induce hypermethylation of lysine residues in histones and 
CpG islands in DNA through inhibition of histone demethy-
lases and 5-methylcytosine hydroxylases [8], blocking cell 
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differentiation and establishing the glioma-CpG island meth-
ylator phenotype (G-CIMP), respectively [9, 10].

Although IDH1R132H is believed to be oncogenic, this 
theory is predicated primarily on the findings of exogenous 
IDH1R132H expression, which have yet to be corroborated 
by endogenous, heterozygous IDH1R132H [11]. The use of 
exogenous IDH1R132H in reference to wild-type IDH1 has 
been virtually the norm because heterozygous IDH1R132H 
is scarcely preserved in experimental systems [12-15]. By 
exploring IDH1R132H-hemizygous BT142 mut/ − glioma 
cells [14, 16], we demonstrated that restoration of IDH1R132H 
heterozygosity (by a wild-type IDH1 transgene) restores 
D-2HG production and suppresses anchorage-independent 
three-dimensional (3D) spheroid growth [17]. Conversely, 
selection against IDH1R132H heterozygosity or exogenous 
IDH1R132H transgene occurs during 3D growth in vitro and 
in vivo but not during anchorage-dependent two-dimensional 
(2D) adherent growth [17, 18]. The antagonism between 
IDH1R132H heterozygosity and 3D growth indicates that 
IDH1R132H is tumor suppressive, as supported by the lack 
of gliomagenesis in heterozygous Idh1R132H mice [19-21]. 
Furthermore, IDH1R132H not only reduced glioma incidence 
and extended survival in Trp53-deficient background [21-
24] but also obliterated gliomagenesis in Trp53-proficient 
background [18].

It should be noted, however, that IDH1R132H tumor-sup-
pressive activity is undermined by events including loss of 
IDH1R132H heterozygosity, inactivation of tumor-suppressor 
genes, and abundant extracellular metabolites [11]. In par-
ticular, IDH1R132H suppression of 3D growth can be negated 
by glutamate and the reducing agent N-acetyl cysteine 
(NAC) [17, 18]. IDH1R132H gliomas depend on upregulation 
of hominoid-specific GLUD2 (glutamate dehydrogenase 2) 
to alleviate metabolic stress [23, 25-27], but the underlying 
mechanism remains unclear. We sought to determine the 
importance of 3D culture and the mechanism of glutamate 
effect in IDH1R132H biology.

Methods

Cell culture and spheroid quantification

The anaplastic oligoastrocytoma BT142 mut/ − cells, 
which showed no TP53 mutation but inconclusive chromo-
some 1p/19q codeletion [16], were purchased from ATCC 
(Manassas, VA). IDH1R132H heterozygosity was restored by 
reintroduction of a transgene expressing YFP–IDH1 to yield 
IDH1R132H-heterozygous BT142 mut/IDH1 in reference to 
IDH1R132H-hemizygous BT142 mut/YFP* [17]. A firefly 
luciferase gene in the lentiviral vector pLenti6.3/TO/luc [28] 
was transduced into the cells. Conditions for 2D and 3D 
cultures were described previously [17]. For quantification 

of neurosphere growth, spheroids were dissociated with 
StemPro Accutase (ThermoFischer, Waltham, MA) and 
quantified in triplicate using Bright-Glo Luciferase Assay 
(Promega, Madison, WI) or CellTiter-Glo Luminescent Cell 
Viability Assay (Promega) according to the manufacturers’ 
recommendations.

Chemical treatment

Adherent cells were treated with 3 µM AGI-5198 (Sigma-
Aldrich, St. Louis, MO) for 3 or 5 days in reference to vehi-
cle control. Culture medium was replaced every other day 
to maintain the concentrations for 5 days before the cells 
were seeded at a density of 5 × 104 per well in a 48-well 
plate for spheroid growth, with continued dosing every three 
days. Generally, spheroid growth was photographed 7 days 
after seeding and terminated for further analyses. For animal 
studies, 150 mg/kg AGI-5198 [29] was administered orally 
daily. Spheroid cultures involving the addition of sodium 
glutamate, NAC, and oxaloacetate (Sigma-Aldrich) were 
performed as described previously [17, 18] with additional 
dosing every other day.

Gene expression

Total RNA was extracted and converted to cDNA as 
described [17]. Quantitative PCR was performed in quad-
ruplicate with LightScanner Master Mix (BioFire Diagnos-
tics, Salt Lake City, UT) using CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad Laboratories, Hercules, 
CA). The primer sets are listed in Supplementary Table 1. 
Annealing temperature was set at 63 ºC for 45 cycles. Quan-
titation cycle (Cq) values were obtained through CFX Man-
ager Software (Bio-Rad) and normalized by the Cq values of 
reference genes RPL30, YWHAZ, and UBC. Western blotting 
was performed as described [17, 28] with1:2000 anti-GLUD 
(Invitrogen, Carlsbad, CA).

RNA sequencing and analysis

Total RNA was extracted as above from IDH1R132H-hemizy-
gous and IDH1R132H-heterozygous BT142 cells in three 
biological replicates. The RNA library was prepared using 
Illumina Truseq Stranded mRNA Library Preparation Kit 
(San Diego, CA) with polyA selection and sequenced with 
HiSeq 50 Cycle Single-Read Sequencing (Illumina). The 
reads were aligned to the reference human genome hg38; 
H_sapiens_Dec_2013, GRCh38. USeq [30] was used to 
generate log2-fold change ratios for each gene. Gene set 
enrichment analysis (GSEA)  was performed using the 
java GSEA desktop application (Broad Institute, Cambridge, 
MA) [31] for comparison between IDH1R132H-hemizygous 
and IDH1R132H-heterozygous cells. The MSigDB gene sets 
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(Broad Institute) hallmark, KEGG, and Verhaak_Glioblas-
toma [32] were used. Top-10 gene sets were obtained based 
on highest normalized enrichment score (NES) in concomi-
tance with most significant false discovery rate (FDR) and 
nominal p-value. Both FDRs and nominal p-values were 
presented in ± log10 conforming to the direction of NES. 
Unsupervised hierarchical clustering was performed using 
the hciR package in RStudio. Heatmaps of top-40 genes and 
specified gene sets were generated according to adjusted 
p-values of the top genes. The TCGA (The Cancer Genome 
Atlas) Lower-Grade Glioma (TCGA-LGG) data set was 
downloaded using TCGAbiolinks and joined with the above 
RNA-sequencing data. After correction of batch effect, a 
heatmap of sample distances was generated to reveal the 
distribution of IDH-wildtype and IDH-mutant gliomas as 
well as 2D- and 3D-cultured IDH1R132H-heterozygous and 
IDH1R132H-hemizygous cells.

Xenograft mouse models

Tumor transplantation experiments and procedures were 
approved by the University of Utah Institutional Animal 
Care and Use Committee and were performed as described 
[18, 28]. Non-obese diabetic/severe-combined immunodefi-
cient IL-2Rg-null mice of both sexes were used at the age of 
6–10 weeks. Transplantations required 2 × 106 BT142 cells 
for subcutaneous injections and 2 × 104 cells for intracranial 
injections. Bioluminescent imaging with inhalant isoflurane 
was performed essentially as described [18, 28]. Biolumi-
nescent intensity as a surrogate of tumor volume was quan-
titatively analyzed using LivingImage software (Xenogen, 
Alameda, CA).

Tumors were harvested 6–8 weeks after injection for for-
malin fixation and paraffin embedding. Histological assess-
ment and immunohistochemistry analysis were as previ-
ously described [18]. Primary antibodies were diluted as 
follows: 1:10,000 anti-5hmC (Invitrogen), 1:25 anti-Nestin 
(Invitrogen), and 1:500 anti-GLUD (Invitrogen). To confirm 
IDH1R132H heterozygosity in the resultant tumor, genomic 
DNA was extracted from paraffin-embedded intracranial 
tumors using DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
Germany). PCR amplification and DNA sequencing were 
performed to distinguish YFP* from YFP‑IDH1 transgene 
[17].

GLUD2 knockdown

A GLUD2-specific small-hairpin (sh) RNA targeting the 
open reading frame (5′-CAT​GTC​AGC​TAT​GGC​CGT​T-3′) 
was expressed in the SMARTvector Inducible Lentiviral 
System (Dharmacon, Lafayette, CO). Transduced BT142 
mut/IDH1 cells were enriched by fluorescence-activated 
cell sorting and selected with 1 µg/ml puromycin for 7 days. 

GLUD2 shRNA expression was induced by doxycycline at 
1 µg/ml for in-vitro studies and 2 mg/ml in the drinking 
water for in vivo studies. GLUD2 knockdown was confirmed 
at the RNA and protein levels for ≥ 48 h after the induction 
or with ethanol control.

Redox assays

Intracellular reduced (GSH) and oxidized (GSSG) glu-
tathione and NADP+ and NADPH concentrations were 
determined using the GSH/GSSG-Glo and NADP/NADPH-
Glo assays (Promega), respectively, according to the manu-
facturer’s recommendations. The GSH/GSSG-Glo Assay 
was performed with 1 × 104 cells per condition. For NADP/
NADPH-Glo assay, 5 × 103 cells per condition were used 
for acid and base treatments. Both assays were performed 
in triplicate.

Results

3D culture distinguishes IDH1R132H‑hemizygous 
from IDH1R132H‑heterozygous cells in gene 
expression profile

To understand the impact of 2D and 3D cultures on gene 
expression of IDH1R132H glioma cells, we performed RNA 
sequencing of IDH1R132H-hemizygous and IDH1R132H-hete-
rozygous BT142 cells [17]. Unsupervised hierarchical clus-
tering revealed that 3D-cultured IDH1R132H-heterozygous 
cells belonged to a specific cluster, whereas 2D-cultured 
IDH1R132H-heterozygous cells clustered with 2D- and 
3D-cultured IDH1R132H-hemizygous cells (Fig. 1a), a find-
ing in agreement with the differential growth of IDH1R132H-
hemizygous and IDH1R132H-heterozygous cells in 3D, but 
not 2D, culture [17]. GSEA confirmed profound differences 
in the top-10 gene sets between 3D and 2D cultures. Notably, 
Oxidative_Phosphorylation was most significantly enriched 
in 3D-cultured IDH1R132H-hemizygous cells with both 
KEGG and Hallmark gene sets (Fig. 1b,c; Supplementary 
Fig. 1a), in agreement with the reports that malignant glio-
mas rely on oxidative phosphorylation for aggressive growth 
[33] and hemizygous IDH1R132H promotes 3D growth [17]. 
By contrast, Oxidative_Phosphorylation in 2D-cultured 
IDH1R132H-hemizygous cells was neither significant in the 
KEGG gene sets nor among the top 10 of Hallmark gene 
sets (Fig. 1b; Supplementary Fig. 1b, c). As expected, the 
significantly enriched genes in Oxidative_Phosphoryla-
tion were upregulated in IDH1R132H-hemizygous cells but 
downregulated in IDH1R132H-heterozygous cells (Fig. 1d). 
Furthermore, 3D and 2D cultures gave rise to divergent 
directions of enrichment between IDH1R132H-hemizygous 
and IDH1R132H-heterozygous cells among gene sets shared 
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in the top-10 lists, including KEGG Lysosome and Hallmark 
E2F_Targets and G2M_Checkpoint (Fig. 1b; Supplementary 
Fig. 1).

Previous transcriptomic studies indicated that 3D cul-
ture of various cancer cell types is closer to in-vivo tumor 
growth than 2D culture [34, 35]. To test the relevance of 3D 
culture to glioma biology, we incorporated the clustering 
analysis the TCGA-LGG data set consisting of 168 cases 

of IDH-mutant with 1p/19q codeletion, 246 cases of IDH-
mutant without codeletion, and 93 cases of IDH-wildtype 
(Fig. 2). Hierarchical clustering gave rise to two major clus-
ters: Cluster 1 composed essentially of IDH-mutant glio-
mas with or without codeletion and Cluster 2 containing 
both IDH-wildtype and IDH-mutant gliomas mostly with-
out codeletion (Supplementary Table 2). In contrast to the 
congregation of 2D-cultured IDH1R132H cells, 3D-culture 

Fig. 1   A distinct gene expression profile from 3D-cultured 
IDH1R132H-heterozygous cells. a Unsupervised hierarchical cluster-
ing of RNA-sequencing data from 2D- and 3D-cultured IDH1R132H-
heterozygous (het) and IDH1R132H-hemizygous (hem) BT142 cells 
revealing a unique cluster of 3D-cultured IDH1R132H-heterozygous 
cells distinct from the rest. Each column represents a single sample. 
Top-20 upregulated (red) and downregulated (blue) genes are indi-
cated. b Differential enrichment of KEGG gene sets between 3D 

and 2D cultures. The top-10 gene sets based on the most significant 
false-discovery rates (FDR) and nominal p-values were plotted with 
the normalized enrichment scores (NES) and the log10-transformed 
nominal p-values and FDR. Orange dashed lines indicate the cutoff 
for FDR and nominal p-values at 0.05, and asterisks indicate the gene 
sets shared between 3D and 2D cultures (see Supplementary Fig. 1). 
c, d Oxidative phosphorylation gene set enrichment plot (c) and hier-
archical clustering (d) of 3D-cultured IDH1R132H glioma cells
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IDH1R132H-hemizygous cells belonged to the more malig-
nant Cluster 2 whereas IDH1R132H-heterozygous cells were 
in the less malignant Cluster 1. Taken together, these results 
support the notion that 3D culture improves cell-line model 
systems for cancer research [34], particularly in the investi-
gation of IDH1R132H biology.

Tumorigenicity of IDH1R132H‑heterozygous glioma 
cells is context dependent

IDH-mutant gliomas exhibit G-CIMP and belong to the 
proneural subtype [36], whereas recurrent gliomas are 
associated with decreased DNA methylation, mesenchy-
mal transformation, and enrichment of the tumor-initiating 
marker gene CD44 [37, 38]. Interestingly, we observed sig-
nificant enrichment of the Verhaak_GBM_Mesenchymal 
gene set in 3D-, but not 2D-, cultured IDH1R132H-hemizy-
gous cells (Fig. 3a). The vast majority of genes in Verhaak_
GBM_Mesenchymal were upregulated in the IDH1R132H-
hemizygous cells, including CTSC (cathepsin C), ALDH3B1 
(aldehyde dehydrogenase 3 family member B1), and CHI3L1 
(chitinase-3-like 1, aka YKL-40) (Fig. 3b). Furthermore, 
quantitative PCR analysis of CD44 mRNA levels revealed 
a marked increase in IDH1R132H-hemizygous BT142 [39]. 

Together, these results suggest that loss of IDH1R132H het-
erozygosity is associated with mesenchymal transition.

Next, we tested whether IDH1R132H-hemizygous BT142 
cells were more tumorigenic. Subcutaneous xenograft stud-
ies showed robust tumor growth of IDH1R132H-hemizygous 
cells; however, IDH1R132H heterozygosity obliterated tumo-
rigenesis (Supplementary Fig. 2a–c), which supports our 
previous findings that heterozygous IDH1R132H suppresses 
anchorage-independent growth and is intrinsically tumor 
suppressive [17, 18]. By contrast, in an orthotopic model, 
IDH1R132H-heterozygous cells exhibited tumor growth, albeit 
much smaller than that of IDH1R132H-hemizygous cells (Sup-
plementary Fig. 2d, e). Histological examination confirmed 
pronounced reduction of cellularity and Ki67 staining in 
IDH1R132H-heterozygous tumors even though IDH1R132H 
staining remained strong but heterogeneous (Fig. 3c). How-
ever, selection against the IDH1 transgene was indicated by 
the YFP marker gene, which was much less expressed in 
IDH1R132H-heterozygous cells than IDH1R132H-hemizygous 
cells [17]. These results not only support the notion that 
the glutamate-rich cerebral environment is conducive to the 
growth of IDH1R132H glioma [18] but also indicate loss of 
IDH1R132H heterozygosity as a mechanism of glioma pro-
gression [40, 41].

Fig. 2   3D culture distinguishes IDH1R132H-heterozygous cells from 
IDH1R132H-hemizygous cells. Unsupervised hierarchical clustering 
was performed by incorporating the above RNA-sequencing result 
with the TCGA-LGG data set consisting of IDH-mutant and 1p/19q 

codeleted, IDH-mutant (without codeletion), and IDH-wildtype 
gliomas. Enlarged views underscore that 3D culture distinguishes 
IDH1R132H-heterozygous (het) cells and IDH1R132H-hemizygous 
(hem) in the clustering
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Glutamate boosts redox homeostasis for 3D growth 
of IDH1R132H‑heterozygous cells

IDH-mutant gliomas depend on glutamate to alleviate meta-
bolic stress through GLUD2 upregulation [23, 25-27]. We 
asked first whether GLUD2 is required for glutamate stimu-
lation of 3D growth by transducing IDH1R132H-heterozygous 
cells with a doxycycline-inducible GLUD2 shRNA. The 
addition of doxycycline resulted in marked reduction of 
GLUD2 expression at mRNA and protein levels (Fig. 4a,b). 
As expected, GLUD2-depleted cells were no longer respon-
sive to glutamate but remained highly responsive to NAC, 
with a sevenfold increase in 3D growth (Fig. 4c; Supple-
mentary Fig. 3a). In light of the critical role of increased 
redox potential in 3D growth [17, 42], this finding suggested 
a role for glutamate in redox homeostasis. Indeed, gluta-
mate treatment of IDH1R132H-heterozygous cells increased 
the reduced to oxidized glutathione ratio (GSH/GSSG) by 

twofold, resulting from a 12% increase of GSH concomitant 
with a 47% decrease in GSSG, a finding similar to the treat-
ment with NAC and oxaloacetate (Supplementary Fig. 3b), 
which are known to increase redox potential [17, 43]. Fur-
thermore, glutamate treatment also significantly increased 
NADPH/NADP+ ratio by mainly decreasing NADP+ con-
centration (Supplementary Fig.  3c). GLUD2 depletion, 
however, completely blocked the effect of glutamate but not 
of NAC (Fig. 4d,e). Taken together, these results indicate 
that glutamate boosts redox homeostasis through GLUD2 to 
increase GSH/GSSG and NADPH/NADP+ ratios.

AGI‑5198 enhances redox potential 
of IDH1R132H‑heterozygous glioma cells independent 
of the glutamate pathway

Although the IDH1R132H inhibitor AGI-5198 is potently 
effective in diminishing D-2HG levels in vivo, its effect on 

Fig. 3   Loss of IDH1R132H heterozygosity drives glioma progression. 
a Enrichment of glioblastoma mesenchymal gene set in 3D-, but not 
2D-, cultured IDH1R132H-hemizygous BT142 cells. b Hierarchical 
clustering of 3D-cultured cells using the Verhaak_GBM_Mesenchy-
mal gene set. c Histological examination of intracranial tumor growth 

derived from IDH1R132H-hemizygous and IDH1R132H-heterozygous 
BT142. Micrographs of hematoxylin‑eosin (H‑E) and immunohis-
tochemical staining are presented with 20 × objectives and specified 
antibodies. Scale bar: 200 μm
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tumor growth in preclinical studies remains controversial 
[11]. We observed that AGI-5198 stimulated 3D growth of 
IDH1R132H-heterozygous BT142 by twofold irrespective of 
GLUD2 status (Fig. 5a), suggesting a GLUD2-independent 
mechanism of AGI-5198. The stimulatory effect of AGI-
5198 on 3D growth prompted us to ask whether AGI-5198 
could induce tumor growth in the presence of GLUD2 
shRNA. Two weeks after intracranial transplantation, 
injected mice were divided randomly into group 1 treated 
with doxycycline only and group 2 treated with doxycycline 
and AGI-5198. Despite the initially equivalent biolumines-
cent signals in the two groups, group 1 exhibited no tumor 
development—a steady decline in bioluminescent signal, 

whereas group 2 exhibited increasing tumor growth as a 
function of time (Fig. 5c). Tumor incidence was corrobo-
rated by direct imaging of autopsied brains (Fig. 5d) and 
confirmed by histological examination (data not shown). In 
support of preclinical studies showing shortened survival in 
intracranial tumor models treated with IDH1R132H inhibitor 
[44], our results indicated that AGI-5198 promotes glioma 
growth independent of the glutamate pathway.

AGI-5198 has been shown to reduce radiosensitivity by 
restoring NADPH levels [45]. Although GLUD2 depletion 
increased GSSG concentration by 22%, AGI-5198 treatment 
elevated GSH/GSSG ratios similarly in GLUD2-proficient 
and -deficient cells by increasing GSH concentrations 

Fig. 4   Glutamate depends 
on GLUD2 to boost redox 
homeostasis of IDH1R132H-het-
erozygous cells for 3D growth. 
Doxycycline (+ Dox) induction 
of GLUD2 shRNA markedly 
reduced GLUD2 expression at 
mRNA (a) and protein (b) lev-
els in IDH1R132H-heterozygous 
BT142 cells. c GLUD2 shRNA 
(Dox) obliterated glutamate 
(+ Glu) but not N-acetyl 
cysteine (+ NAC) stimulation of 
3D growth. Results are plotted 
in log2 ratios of treated over 
untreated (+ / −). Similarly, 
GLUD2 shRNA blocked gluta-
mate effects to increase GSH/
GSSG (d) and NADPH/NADP+ 
(e) ratios (n = 6) in reference to 
untreated cells (Ctr). One-way 
ANOVA was used in reference 
to the untreated



434	 Journal of Neuro-Oncology (2020) 146:427–437

1 3

and decreasing GSSG concentrations (Fig. 5e). Whereas 
NADPH concentration decreased modestly in GLUD2-
proficient cells with glutamate treatment (Supplementary 
Fig. 3c), AGI-5198 treatment of GLUD2-deficient cells 
yielded a modest NADPH concentration increase and pro-
nounced NADP+ concentration decrease, consequently 
a lesser increase in NADPH/NADP+ ratio than AGI-
5198–treated GLUD2-proficient cells (Fig. 5f). Together 
with the requirement of GLUD2 for glutamate stimulation 
of redox potential, these results indicate that AGI-5198 
independently enhances redox potential to promote glioma 
growth of IDH1R132H-heterozygous cells.

Discussion

Choosing the proper IDH1R132H model systems is critical 
to the understanding of IDH1R132H glioma biology. Studies 
with endogenous model systems have demonstrated that het-
erozygous, but not hemizygous, IDH1R132H is tumor suppres-
sive, in accordance with its association with better survival 
and the association of hemizygous IDH1R132H with malig-
nant progression. In contrast, studies with exogenous expres-
sion tend to support the oncogenic theory where selection 
against IDH1R132H heterozygosity during 3D growth has 

essentially been overlooked [11]. We provide evidence that 
3D, but not 2D, culture distinguished IDH1R132H-hemizy-
gous cells from IDH1R132H-heterozygous cells (Fig.  1). 
Specifically, 3D-cultured IDH1R132H-heterozygous cells 
belonged to the cluster of lower malignancy, whereas 
3D-cultured IDH1R132H-hemizygous cells fell into the cluster 
of higher malignancy; in contrast, 2D cultures gave rise to 
clustering together of these two cell types (Fig. 2). Further-
more, the glioblastoma mesenchymal gene set was exclu-
sively enriched in 3D-cultured IDH1R132H-hemizygous cells 
(Fig. 3), consistent with the report that glioblastoma hetero-
geneity and molecular signatures are better represented by 
3D than 2D culture [35]. The mesenchymal characterization 
of IDH1R132H-hemizygous cells is consistent with aggres-
sive tumor growth (Fig. 3), less D-2HG production [17], and 
IDH1 and/or IDH1R132H copy-number alteration in glioma 
progression [40, 41]. Thus, 3D culture is more relevant to 
IDH1R132H glioma biology.

Glutamate metabolism has been recognized for its impor-
tance in IDH1R132H glioma growth. GLUD2 upregulation 
promotes lipid synthesis by increasing 2-oxoglutarate and 
citrate concentrations through the TCA cycle [25]. Further-
more, GLUD2 upregulation stimulates amino acid uptake 
for glutamate-dependent TCA cycle anaplerosis and glu-
tathione recycling [23]. Likewise, upregulation of GLUD1 

Fig. 5   AGI-5198 promotes 3D growth of IDH1R132H-heterozygous 
cells by boosting redox potential independent of the glutamate/
GLUD2 pathway. a AGI-5198 treatment increased 3D growth of 
IDH1R132H-heterozygous BT142 irrespective of doxycycline induc-
tion. RLU, relative luciferase units. b A diagram depicts how extra-
cellular glutamate (Glu) and AGI-5198 independently negate 
IDH1R132H tumor-suppressive activity by enhancing redox homeo-

stasis in glioma. AGI-5198 induced intracerebral tumor growth, as 
indicated by bioluminescent imaging of live animals (c) and autop-
sied brains (d), of IDH1R132H-heterozygous BT142 in the presence of 
doxycycline induction. The starting time of both treatments is indi-
cated. AGI-5198 treatment resulted in increased GSH/GSSG (e) and 
NAPDH/NADP+ (f) ratios independent of doxycycline induction
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and GLUD2 in IDH1R132H gliomas is believed to provide 
sufficient NADPH and 2-oxoglutarate for TCA cycle ana-
plerosis [26, 27]. In keeping with our previous observation 
that glutamate, similar to NAC, stimulated 3D growth of 
IDH1R132H gliomagenic cells [18], this study indicates that 
the glutamate effect is to increase GSH/GSSG and NADPH/
NADP+ ratios in IDH1R132H-heterozygous cells (Fig. 4), 
which is consistent with the metabolic changes of depleted 
glutathione and glutamate in IDH1R132H cells [46]. It should 
be noted, however, that the increased NADPH/NADP+ ratio 
arose from marked reduction of NADP+ concentrations 
without any increase of NADPH concentrations, support-
ing the role of GLUD2 in glutathione recycling [23]. Impor-
tantly, results from the rescue of GLUD2-depleted cells by 
NAC but not glutamate strongly indicate that glutamate 
stimulation of redox potential is sufficient to promote 3D 
growth of IDH1R132H-heterozygous cells (Fig. 5b). Although 
the mechanism underlying the glutamate effect on redox 
homeostasis requires further investigation, GLUD2 has been 
proposed as a therapeutic target of IDH1R132H glioma [23, 
27].

AGI-5198 was reported initially to inhibit subcutaneous 
IDH1R132H glioma growth [29], but further studies failed 
to reproduce the finding despite near-complete inhibition 
of D-2HG [47]. In contrast, AGI-5198 has been shown to 
decrease radiosensitivity and cisplatin killing of IDH1R132H 
cancer cells by reducing reactive oxygen species [45, 48]. 
Furthermore, treatment of glioma patients with a mutant-
selective IDH1 inhibitor revealed a trend of inverse corre-
lation between D-2HG and GSH levels [49]. Results from 
this study showed that AGI-5198 increased redox potential 
and promoted 3D growth of IDH1R132H-heterozygous cells 
(Fig. 5), which maintain a low level of reducing equivalent 
associated with limited 3D growth [17]. Although the mech-
anism underlying redox regulation in IDH1R132H glioma cells 
requires further investigations, our results indicate that the 
effect of AGI-5198 is independent of the glutamate/GLUD2 
pathway but converging on boosting redox homeostasis 
(Fig. 5b). Together with the result that AGI-5198 revived 
GLUD2-deficient tumor growth (Fig. 5c, d), these results 
not only provide an explanation for the disappointing and 
even detrimental outcomes of preclinical studies with IDH1 
inhibitors [44, 47, 50] but also indicate the need to explore 
additional therapeutic targets including glutathione metabo-
lism [51-53].

The evidence that AGI-5198 promotes glioma growth 
by boosting redox homeostasis lend credence to our origi-
nal hypothesis that IDH mutations in glioma are beneficial 
[54]. Although the field of glioma research is still debat-
ing whether IDH1R132H is oncogenic or tumor suppressive, 
results from this study warn of counterproductive outcomes 
from the treatment of glioma patients with IDH1R132H inhibi-
tors [11]. Our finding that glutamate and AGI-5198 negate 

IDH1R132H tumor-suppressive activity via independently 
boosting redox potential suggests a metabolic vulnerability 
for therapeutic targeting.
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