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Background:Malignant gliomas have disproportionally high morbidity and mortality. Heterozygous mutations in the
isocitrate dehydrogenase 1 (IDH1) gene are most common in glioma, resulting in predominantly arginine to histidine
substitution at codon 132. Because IDH1R132H requires a wild-type allele to produce (D)-2-hydroxyglutarate for epige-
netic reprogramming, loss of IDH1R132H heterozygosity is associated with glioma progression in an IDH1-wildtype-like
phenotype. Although previous studies have reported that transgenic IDH1R132H induces the expression of nestin—a
neural stem-cellmarker, the underlyingmechanism remains unclear. Furthermore, this finding seems at oddswith bet-
ter outcome of IDH1R132H glioma because of a negative association of nestin with overall survival.
Methods: Gene expression was compared between IDH1R132H-hemizygous and IDH1R132H-heterozygous glioma cells
under adherent and spheroid growth conditions. The results were validated for (D)-2-hydroxyglutarate responsiveness
by pharmacologic agents, associations with DNA methylation by bioinformatic analysis, and associations with overall
survival. Bisulfite DNA sequencing, chromatin immunoprecipitation, and pharmacological approach were used.
Findings: Neural stem-cell marker genes, including CD44, NES, and PROM1, are generally downregulated in IDH-
mutant gliomas and IDH1R132H-heterozygous spheroid growth compared respectively with IDH-wildtype gliomas
and IDH1R132H-hemizygous spheroid growth, in agreement with their negative associations with patient outcome. In
contrast,CD24 is specifically upregulated and apparently associated with better survival. CD24 andNES expression re-
spond differentially to alteration of (D)-2-hydroxyglutarate levels. CD24 upregulation is associated with histone and
DNA demethylation as opposed to hypermethylation in the downregulated genes.
Interpretation:The better outcome of IDH-mutant glioma is orchestrated exquisitely through epigenetic reprogramming
that directs bidirectional expression of neural stem-cell marker genes.
Introduction

Gliomas represent 81% of primary brain malignancy and cause signifi-
cant morbidity and mortality [1]. Whereas glioblastoma (WHO grade IV)
—the most common and advanced form of glioma—has a 5-year survival
of only 5.5%, WHO grade II and grade III (lower-grade) gliomas—owing
to the inevitable recurrence and progression—contribute disproportion-
ately to the high mortality and morbidity [2]. Despite the emergence of
novel therapeutics including molecular targeting, the outcome remains
dismal.

The human IDH1 gene encodes the cytosolic isocitrate dehydroge-
nase that catalyzes the conversion of isocitrate and NADP+ to 2-
oxoglutarate (aka α-ketoglutarate) and NADPH. Hotspot heterozygous
mutations in IDH1 occur in >70% of the lower-grade gliomas and
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secondary glioblastomas, resulting predominantly in the substitution
of arginine 132 with histidine [3]. The mutant enzyme IDH1R132H ac-
quires a neomorphic activity that converts 2-oxoglutarate and NADPH
further to (D)-2-hydroxyglutarate (D-2HG) [4,5], thereby leading to
NADP+/NADPH imbalance [6,7]. High concentrations of D-2HG inhibit
2-oxoglutarate-dependent histone demethylases and 5-methylcytosine
hydroxylases, leading to hypermethylation of lysine residues in histones
and CpG islands in DNA [8,9]. It is generally believed that the epigenetic
reprogramming through histone and DNA hypermethylation recapitu-
lates the glioma-CpG island methylator phenotype to block cell differen-
tiation and drive IDH-mutant glioma development [9–11].

Interestingly, IDH1R132H neomorphic activity requires the expression of
wild-type IDH1; IDH1R132H alone is insufficient to produce D-2HG [12–14].
As such, IDH1R132H-hemizygous glioma cells (resulting from the loss of
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remaining wild-type allele) show drastic reduction of D-2HG [15]. Loss of
IDH1R132H heterozygosity occurs frequently in patient-derived xenografts
and ex vivo spheroid cultures and is associated with glioma progression
[3]. Compared with IDH1R132H-heterozygous glioma cells, IDH1R132H-
hemizygous cells manifest robust anchorage-independent growth and ag-
gressive tumor growth [15,16]. Furthermore, IDH1R132H-hemizygous
spheroid growth exhibits significant enrichment of the mesenchymal sub-
type gene set of glioblastoma and a transcriptomic profile resembling that
of IDH1-wildtype glioma [16]. Although uncommon in glioma, loss of
IDH1R132H heterozygosity and copy number alterations at the IDH1 locus
are associated with glioma recurrence and progression [12,17]. Accord-
ingly, we have proposed that loss of IDH1R132H heterozygosity, but not nec-
essarily IDH1R132H itself, promotes glioma progression [3].

Previous studies showed that transgenic IDH1R132H in contrast to
wild-type IDH1 induced nestin expression in immortalized human astro-
cytes, in correlation with general increases of DNA and histone methyl-
ation marks, a key piece of evidence for oncogenic transformation via
blocking cell differentiation and adopting a stem-like phenotype
[10,18]. Furthermore, treatment of TS603 glioma cells with the
IDH1R132H inhibitor AGI-5198 reduced the number of nestin-positive
cells, thereby promoting differentiation [9]. These studies suggest the
possibility of epigenetic modifications specific for NES (encoding
nestin) upregulation in IDH1R132H-heterozygous cells, even though the
underlying mechanism remains unclear. Moreover, this finding is ap-
parently at odds with the clinical observation that nestin is an adverse
predictor whereas IDH1R132H is a favorable predictor of survival in
lower-grade glioma [19,20]. In this study, by taking advantage of the
IDH1-wildtype-like phenotype of IDH1R132H hemizygosity [16], we began
by comparing nestin expression between IDH1R132H-heterozygous and
IDH1R132H-hemizygous cells cultured in adherent and spheroid growth con-
ditions to seek an in-depth understanding of neural stem-cell marker gene
expression in relation to IDH1R132H heterozygosity.

Materials and methods

Spheroid growth and treatment

BT142 mut/− (ATCC) was used to generate IDH1R132H-heterozygous
BT142 mut/IDH1 through a transgene that expresses YFP, P2A, and
IDH1, whereas IDH1R132H-hemizygous BT142 mut/YFP* was created simi-
larly with an engineered stop codon at P2A [15]. IDH1R132H-heterozygous
(IMA mut/+) and IDH1-deleted IDH1R132H-hemizygous (IMA mut/−) gli-
oma cells were described previously [12]. Adherent and neural spheroid
cultures were performed as described previously [15,21]. Briefly, adherent
culture was maintained in a complete growth medium consisting of 45%
stem cell medium, 45% DMEM, and 10% FBS, whereas spheroid culture
used a neurobasal medium supplemented with B-27, 10 ng/mL bFGF, and
20 ng/mL EGF (Invitrogen).

To ensure adequate treatment with epigenetic agents, cells were first
grown in adherent culture with 3 μM AGI-5198 (Sigma-Aldrich, St. Louis,
MO, USA) in reference to DMSO or 1 mM octyl-(R)-2HG (Sigma-Aldrich)
in reference to ethanol for 3 or 5 days. Likewise, 5 μM 5-aza-2′-
deoxycytidine (DAC; TCI America, Portland, OR, USA), UNC0642, or
UNC1999 (MedChemExpress, Monmouth, NJ, USA) was administered to
adherent cells with medium replacement every other day for a total of
5 days in reference to vehicle control. Treated cells were subsequently
seeded at a density of 5 × 104 per well in a 48-well plate for spheroid
growth, with continued dosing every three days. Unless otherwise speci-
fied, spheroid growth was terminated 7 days after seeding for further
analyses.

Gene expression

For reverse transcription–quantitative PCR, total RNA was extracted
from IDH1R132H-heterozygous and IDH1R132H-hemizygous BT142 cells cul-
tured under spheroid conditions in 3 biological replicates [16] and was
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converted to cDNA as previously described [15]. Quantitative PCRwas per-
formed in quadruplicate with LightScanner Master Mix (BioFire Diagnos-
tics, Salt Lake City, UT, USA) using the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA). The primer
sets are listed in Supplementary Table 1. The annealing temperature was
set at 63 °C for 45 cycles. Quantitation cycle (Cq) values were obtained
through CFX Manager Software (Bio-Rad) and were normalized by the Cq
values of three reference genes: RPL30, YWHAZ, and UBC.

Western blot analysis was performed essentially as described previously
[15,22]. Spheroid cultures between 40 and 100 μmwere collectedwith cell
sifters. The same membranes were probed with various antibodies with di-
lutions as follows: 1:500 anti-Nestin (GenScript, Piscataway, NJ, USA),
1:500 anti-IDH1 (Biovision, Milpitas, CA, USA), and 1:500 anti-IDH1R132H

(EMD Millipore, Burlington, MA, USA).
Bisulfite sequencing

Bisulfite conversion was conducted with 500 ng of genomic DNA of
BT142 cells using the EZ DNA Methylation Kit (Zymo Research, Irvine,
CA, USA). The UCSC Genome Browser on Human DEC. 2013 (GRCH38.
HG38) Assembly and MethPrimer [23] were used for primer design (Sup-
plementary Table 2). After 30-cycle amplification, PCR products were puri-
fied using DNA Clean & Concentrator-5 Kit (Zymo Research) and ligated
into pGEM-T vector for bacterial transformation and DNA sequencing.
Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed essentially as de-
scribed previously [24]. Three biological replicates of BT142 mut/YFP*
and BT142 mut/IDH1 cells in spheroid culture were prepared with 2
× 106 cells per replicate. The antibodies used for immunoprecipitation
were anti-H3K4me3 (EMD Millipore), anti-H3K27me3 (Cell Signaling,
Danvers,MA, USA), and anti-H3 (Abcam, Cambridge,MA, USA). The levels
ofNES and CD24 trimethylation at H3K4 andH3K27were determinedwith
quantitative PCR as described above and were normalized by the Cq values
of matched samples immunoprecipitated with the anti-H3 antibody. The
primer sets are listed in Supplementary Table 3. Annealing temperatures
were set at 63 °C for 45 cycles.
Bioinformatic analysis

The genomic data sets of GSE16011 and The Cancer Genome Atlas
(TCGA) Brain Lower Grade Glioma (TCGA-LGG) were acquired as de-
scribed previously [25,26]. GSE16011 contains 136 cases of IDH-wild-
type and 80 cases of IDH1-mutant gliomas of World Health Organization
(WHO) grade II to grade IV, and TCGA-LGG contains 53 cases of IDH-
wild-type and 233 cases of IDH-mutant gliomas of WHO grade II to grade
III. Comparative analyses of gene expression and DNA methylation based
on IDH status were performed as described previously [25]. Likewise, Pear-
son correlations between DNA methylation and gene expression were per-
formed using Prism 8 (GraphPad, San Diego, CA, USA).
Survival

Kaplan–Meier overall survival analysis of the GSE16011 data set was
performed using the R2: Genomic Analysis and Visualization Platform
(http://r2.amc.nl) with the Kaplan scan. The p values were Bonferroni
corrected. Log-rank (Mantel-Cox) tests were performed according to the
z-scores of gene expression from the TCGA-LGG data set using Prism8.Mul-
tivariate Cox regressions based on gene expression, sex, age, and tumor
grades of the TCGA-LGG data set were performed using OncoLnc (http://
www.oncolnc.org) with p values corrected by false-discovery rate (FDR).
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Statistical analysis

Unpaired t-tests with Welch's correction were used for comparative
analysis of genomic data sets. Quantitative PCR and bisulfite sequencing
data were analyzed in unpaired t-tests with Welch's correction or one-way
ANOVA using Prism 8. Two-tailed p values were used for statistical
significance (ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001;
and ****p < 0.0001).

Results

Pronounced NES upregulation in IDH1R132H-hemizygous but not IDH1R132H-
heterozygous spheroids

Our recent study indicates an IDH1-wildtype-like phenotype in
IDH1R132H-hemizygous spheroids but not in those with restored
IDH1R132H heterozygosity through an IDH1-wildtype transgene [15,16].
Furthermore, the IDH1-wildtype-like phenotype and the enrichment of glio-
blastoma mesenchymal subtype gene set were seen only in spheroid but
not adherent culture [16]. Accordingly, we comparedNES expression in rela-
tion to IDH1R132H heterozygosity in both culture conditions. In contrast to less
than twofold upregulation in adherent IDH1R132H-heterozygous BT142 cells,
NES expression was upregulated by 16-fold in IDH1R132H-hemizygous spher-
oid growth (Fig. 1A). Likewise, nearly 10-fold NES upregulation was seen in
spheroid growth of IDH1R132H-hemizygous IMA glioma cells (owing to ge-
netic deletion of wild-type IDH1) [12,15] compared with IDH1R132H-
heterozygous spheroid growth (Fig. 1B). Of note, the striking increase of
NES expression is specific to the spheroid culture of IDH1R132H-hemizygous
cells. Furthermore, nestin protein levels were readily detectable in the spher-
oid culture of IDH1R132H-hemizygous, but not IDH1R132H-heterozygous, cells
(Fig. 1C), which is in agreement with nestin expression in IDH1R132H-
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Fig. 1. Striking NES upregulation in IDH1R132H-hemizygous spheroids. A and B,
Quantitative PCR analysis showed marked increases of NES expression in
IDH1R132H-hemizygous (hem) BT142 (A, n = 12) and IMA (B, n = 8) spheroids
(3D) in contrast to modest increases in IDH1R132H-heterozygous (het) adherent
cells (2D). C. Nestin protein abundance was detected in IDH1R132H-hemizygous,
but not IDH1R132H-heterozygous, spheroids. Conspicuous loss or decrease of
IDH1R132H protein levels in IDH1R132H-heterozygous spheroids accompanied by
decreased total IDH1 levels. Of note, sodium glutamate was used to facilitate
spheroid growth of IDH1R132H-heterozygous cells.
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hemizygous, but not IDH1R132H-heterozygous, orthotopic xenografts [16].
In keeping with this, there was a conspicuous loss or decrease of IDH1R132H

protein levels in IDH1R132H-heterozygous spheroid, but not adherent, growth
accompanied by decreased total IDH1 levels. This finding is in agreement
with themarked reduction of D-2HG levels in IDH1R132H-heterozygous spher-
oids and the selection against IDH1R132H expression by an epigenetic mecha-
nism during anchorage-independent growth [15,21]. Of note, glutamate was
added to stimulate spheroid growth of IDH1R132H-heterozygous cells [21] for
the sake of yielding sufficient cell lysates; however, no obvious effects were
observed on NES mRNA levels in the treated cells (Supplementary Fig. 1).
Taken together, these results indicate thatNES expression in spheroid growth
is biologicallymore relevant than in adherent growth [3,16] and is consistent
with stimulated IDH1R132H-hemizygous spheroid growth but inhibited
IDH1R132H-heterozygous spheroid growth observed previously [15].

NES downregulation in IDH-mutant glioma

To test the notion that NES expression in spheroid growth is more rele-
vant to glioma biology, we compared NES expression between IDH-mutant
and IDH-wildtype gliomas using two independent genomic data sets:
GSE16011 and TCGA-LGG. The mean z-scores of NES transcript in
GSE16011 were 0.1790 and −0.3043 (p = 0.0005, 95% CI = −0.7507
to −0.2160) between IDH-wildtype and IDH-mutant samples (Fig. 2A).
Furthermore, in agreement with the previous report that nestin is an ad-
verse predictor of lower-grade gliomas [20],NES expressionwas negatively
associated with overall survival (Supplementary Fig. 2A). Moreover, NES
upregulation in IDH-wildtype glioma versus IDH-mutant glioma was con-
firmed in TCGA-LGG: 0.5967 versus −0.1799 (p = 0.0002, 95% CI =
−0.7507 to −0.2160) (Fig. 2B). Together, these results not only indicate
NES downregulation in IDH-mutant glioma, in agreement with better pa-
tient outcome, but also corroborate the biological relevance of spheroid cul-
ture to NES expression, which is repressed in IDH1R132H-heterozygous cells
but markedly upregulated upon loss of IDH1R132H heterozygosity.

CD24 upregulation specifically in IDH-mutant glioma

Our observation that NES expression is downregulated in IDH-mutant
glioma compared with IDH-wildtype glioma is apparently at odds with
the previous reports that nestin levels were much higher in immortalized
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Fig. 2. Stem-cell marker gene expression in IDH-mutant glioma. A and B, Violin
plots showing significant downregulation of CD44, NES, and PROM1 but
upregulation of CD24 and SOX2 in IDH-mutant glioma (mIDH) compared with
IDH-wildtype (IDH) glioma from the GSE16011 (A) and TCGA-LGG (B) data sets.
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human astrocytes transduced with IDH1R132H in reference to wild-type
IDH1 [10,18]. To provide further evidence, we sought to examine the ex-
pression of additional glioma stem-cell marker genes, including CD24,
CD44, PROM1 (prominin 1, akaCD133), and SOX2 (sex-determining region
Y-box 2) in patient samples. Interestingly, we observed an extremely signif-
icant increase of mean CD24 expression in IDH-mutant glioma of GSE16011;
the mean z-scores of CD24 transcript in IDH-wildtype and IDH-mutant sam-
ples were −0.2425 and 0.4122, respectively (p < 0.0001, 95% CI =
0.4011 to 0.9082), with a similar finding in TCGA-LGG: −0.2264 and
0.05148 (p = 0.0021, 95% CI = 0.1017 to 0.4541) (Fig. 2A, B). Further-
more, three- and fourfold increases of CD24 expression were detected in
IDH1R132H-heterozygous BT142 and IMA spheroid growth compared with
IDH1R132H-hemizygous ones (Fig. 3A, B), which is similar to a previous find-
ing of CD24 upregulation in immortalized human astrocytes with long-term
IDH1R132H expression in reference to those without [27]. Moreover, we ob-
served significant associations of CD24 upregulation with better overall sur-
vival in both GSE16011 and TCGA-LGG (Fig. 3C, D). The result from
multivariate Cox regression analysis confirmed the survival benefit of CD24
expression with a significant Cox coefficient of−0.28 (Table 1), which is ap-
parently in contrast to the implication of CD24 in gliomagenesis [27].

Similar to NES downregulation in IDH-mutant glioma, both CD44 and
PROM1 transcript levels were significantly lower in IDH-mutant glioma
than in IDH-wildtype glioma (Fig. 2), and in IDH1R132H-heterozygous
BT142 and IMA spheroids than in IDH1R132H-hemizygous ones (Fig. 3A,
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Fig. 3.CD24upregulation specifically in IDH1R132H-heterozygous glioma cells. A and
B.Quantitative PCR revealed significant upregulation ofCD24 but downregulation of
other specified stem-cell marker genes in both IDH1R132H-heterozygous BT142 (A)
and IMA (B) spheroids compared with their IDH1R132H-hemizygous controls (n =
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shown in Kaplan–Meier survival analysis of the GSE16011 data set with
Bonferroni-corrected p = 6.8e−07 (C) and log-rank test of the TCGA-LGG data set
(D).
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B). Both CD44 and PROM1 were negatively associated with overall
survival, with a significant Cox coefficient of 0.40 and 0.26, respectively
(Supplementary Fig. 2; Table 1). Oddly, SOX2 transcript levels were signif-
icantly higher in IDH-mutant glioma than in IDH-wildtype glioma (Fig. 2)
but significantly lower in IDH1R132H-heterozygous BT142 and IMA spher-
oids than in IDH1R132H-hemizygous ones (Fig. 3A, B). Furthermore, the as-
sociation of SOX2 expression with overall survival seemed ambiguous
(Supplementary Fig. 2; Table 1). Nevertheless, these results support the no-
tion that CD24 is upregulated specifically among the neural stem-cell
markers in IDH-mutant glioma whereas the downregulation of CD44,
NES, and PROM1 is in agreement with the better patient outcome.

Differential regulation of CD24 and NES expression by D-2HG

Previously, we showed a marked decrease of D-2HG in IDH1R132H-
hemizygous cells compared with IDH1R132H-heterozygous cells [15]. There-
fore, we sought to ascertain whether octyl-(R)-2HG—amembrane-permeant
precursor form of D-2HG—could alter CD24 and NES expression in
IDH1R132H-hemizygous cells. Indeed, such treatment led to an approximately
fivefold increase ofCD24 expression but an eightfold decrease ofNES expres-
sion in IDH1R132H-hemizygous BT142 spheroids (Fig. 4A) along with nearly
fourfold inhibition of spheroid growth (Supplementary Fig. 3A). In
IDH1R132H-heterozygous spheroids, however, such treatment had no effect
on CD24 expression but further decreased NES expression by tenfold
(Fig. 4B) alongwithmoderate inhibition of spheroid growth (Supplementary
Fig. 3A). Conversely, treatment of IDH1R132H-heterozygous spheroids with
AGI-5198—a potent IDH1R132H inhibitor [9]—resulted in 70% decrease in
CD24 expression, but a 14-fold increase ofNES expression along with nearly
threefold increase of spheroid growth (Supplementary Fig. 3B), in contrast to
modest effects on IDH1R132H-hemizygous spheroids (Fig. 4C, D). Consis-
tently, AGI-5198 increased CD44 expression in IDH1R132H-heterozygous
spheroids, whereas octyl-(R)-2HG inhibited CD44 and PROM1 expression
in both types of spheroids. Similar results were obtained in IMA spheroids
(Supplementary Figs. 3 and 4). Thus, our finding not only supports differen-
tial regulation of CD24 and NES in IDH1R132H-heterozygous cells but also
suggests a distinct epigenetic mechanism underlying CD24 upregulation.

Correlation of DNA methylation with neural stem-cell marker gene expression

IDH-mutant glioma is known to be associated with genome-wide DNA
hypermethylation owing to D-2HG inhibition of the TET 5-methylcytosine
hydroxylases, even though DNA hypomethylation also occurs to a lesser ex-
tent [28,29]. To provide evidence for an association of gene expressionwith
epigenetic modification, we compared DNAmethylation of neural stem-cell
marker genes between IDH-mutant and IDH-wildtype gliomas using the
TCGA-LGG data set. Whereas the mean values of DNA methylation for
CD44, NES, PROM1, and SOX2 in IDH-wildtype glioma were in a descend-
ing order (0.5980, 0.3635, 0.1381, and 0.09519), significant increases of
DNA methylation (0.9023, 0.5389, 0.4503, and 0.04857) were evident in
IDH-mutant glioma (Fig. 5A). Of note, SOX2 remained essentially
hypomethylated, with a minute difference in the mean values between
the two glioma types. Furthermore, we observed significant inverse correla-
tions betweenDNAmethylation and gene expression in IDH-mutant glioma,
albeit with PROM1 showing relatively weak Pearson R2 (Fig. 5B). In IDH-
wildtype glioma, however, only CD44 and NES showed extremely signifi-
cant correlations. These results suggest that heterozygous IDH1R132H in-
duces the downregulation of neural stem-cell marker genes through
epigenetic reprogramming.

Distinctive epigenetic modifications at the CD24 locus

To gain insight into epigeneticmodification ofCD24, whichwas unavail-
able from the TCGA-LGG data set, we performed bisulfite sequencing of
CD24 in reference to NES with genomic DNA extracted from IDH1R132H-
heterozygous and IDH1R132H-hemizygous BT142 cells. Within the CD24 pro-
moter region examined, we observed an average of 28%CpGmethylation in



Table 1
Cox regression analysis of listed genes from the TCGA-LGG data set.

1Listed in an ascending order.
2Insignificant FDR-corrected p-values indicated in gray.
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IDH1R132H-hemizygous cells versus 6% in IDH1R132H-heterozygous cells—a
more than fourfold decrease of DNA methylation (Fig. 6A, B). In contrast,
the NES promoter region showed a greater than eightfold increase in DNA
methylation in IDH1R132H-heterozygous cells. This result suggests that the
upregulation of CD24 in IDH-mutant glioma is associated with a decrease
of DNA methylation.

Moreover, we assessed specific changes in histone methylation at
the gene locus of CD24 in reference to NES using the transcriptional
activation mark—trimethylation of histone 3 lysine 4 (H3K4me3)—
and the repression mark—trimethylation of histone 3 lysine 27
(H3K27me3) [30]. Chromatin immunoprecipitation revealed that
IDH1R132H-heterozygous spheroid growth exhibited a 6-fold decrease
of H3K27me3 at the CD24 locus while a ~5.5-fold increase at the
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NES locus compared with IDH1R132H-hemizygous spheroid growth
(Fig. 6C). Interestingly, H3K4me3 was increased for both genes,
suggesting the possibility of bivalent histone modifications [31].
Taken together, these results support the notion that heterozygous
IDH1R132H induces epigenetic modifications specific for CD24 upregu-
lation, whereas loss of IDH1R132H heterozygosity alters epigenetic
modifications to promote IDH1-wildtype-like gene expression.

Complex effects of epigenetic inhibitors on neural stem-cell marker gene
expression

To test the functional relevance of epigenetic modifications to gene ex-
pression, we employed inhibitors of DNA methyltransferase and histone
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demethylases in IDH1R132H-heterozygous cells. Treatment with the DNA
methyltransferase inhibitor 5-aza-2′-deoxycytidine resulted in a general
downregulation of glioma stem-cell marker genes in comparison with the
vehicle controls (Fig. 7A). Thisfinding apparently differs from increased tis-
sue factor (F3) expression after 5-aza-2′-deoxycytidine treatment [32] but
may support the previous finding that treatment with 5-azacytidine effec-
tively results in glioma regression [33]. Treatment with the histonemethyl-
transferases G9a/GLP inhibitor UNC0642, which has been shown to
reverse histone H3K9methylation and restoreAtm expression [34], yielded
a modest increase inNES expression but downregulation of the other genes
(Fig. 7B). However, treatment with the histone methyltransferase EZH2/
EZH1 inhibitor UNC1999, which removes H3K27me3, resulted in a rever-
sal of gene expression—CD44 and NES upregulation but CD24 and
PROM1 downregulation (Fig. 7C). Although the results indicate differential
mechanisms of epigenetic regulation in IDH-mutant glioma, the precise
mechanism for individual genes requires further investigation.

Discussion

The transgenic IDH1R132H effect on nestin expression was a key piece
of evidence supporting the notion that IDH1R132H induces oncogenic
transformation through epigenetic changes that block neural differenti-
ation and adopt a stem-like phenotype [9,10,18]. However, our analy-
ses of patient data and DNA and histone modifications indicate NES
downregulation in IDH-mutant gliomas and IDH1R132H-heterozygous
6

spheroid growth compared respectively with IDH-wildtype gliomas
and IDH1R132H-hemizygous spheroid growth. Furthermore, NES expres-
sion is well correlated with epigenetic modifications, supporting epige-
netic inhibition of NES expression in IDH-mutant glioma. The NES
downregulation is in agreement with glioma patient outcome, which
is associated negatively with nestin but positively with IDH1R132H

[6,19,20]. Moreover, the general downregulation of neural stem-cell
marker genes in IDH-mutant glioma compared with IDH-wildtype gli-
oma is consistent with the inhibition of anchorage-independent growth
of IDH1R132H-heterozygous cells [15,16] and the retardation of glioma
growth [16,35,36]. The modest increase of NES expression in adherent
IDH1R132H-heterozygous cells compared with IDH1R132H-hemizygous
cells, however, might explain the previous finding [9,10,18] presum-
ably obtained under similar growth conditions. In light of our recent
studies that anchorage-independent growth is more relevant to
IDH1R132H glioma biology [15,16], we conclude therefore that hetero-
zygous IDH1R132H epigenetically suppresses NES expression.

Of note, despiteNES downregulation in IDH-mutant glioma, our studies
also suggest that nestin is nonessential to anchorage-independent growth
and tumor growth. We provided evidence here that although extracellular
glutamate stimulated IDH1R132H-heterozygous cells for spheroid growth,
no NES upregulation was detected at the transcript and protein levels. Like-
wise, in orthotopic transplantation models, nestin was expressed in tumors
derived from IDH1R132H-hemizygous, but not IDH1R132H-heterozygous, gli-
oma cells [16]. Thus, these findings not only are consistent with the term of
stem-cell marker but, more importantly, support the notion of a tissue-
specific role for glutamate in IDH1R132H glioma biology [3,16,21].

Interestingly, heterozygous IDH1R132H induced CD24 upregulation in
stark contrast to the general downregulation of glioma stem-cell marker
genes. CD24—a glycosylphosphatidylinositol-anchored molecule—is a
marker of neural cell lineage tumors [37] and has been implicated in
IDH1R132H gliomagenesis [27]. Likewise,CD24 expression is generally asso-
ciated with cancer progression and poor survival including glioblastoma
[38,39]. Furthermore, CD24 has been identified as a novel ‘don't eat me’
signal of cancer cells through the interaction with Siglec-10 expressed in
tumor-associated macrophages [40]. Surprisingly, we observed an associa-
tion of CD24 expression with better survival in both single- and multi-
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variate analyses. Of note, intracellular CD24 expression is required for the
inactivation of remnant activity of mutant TP53, and high-level CD24 ex-
pression is associated with TP53 mutations in TCGA lower-grade glioma
[41]. Moreover, CD24 expresses differential isoforms according to the tis-
sue of origin, differentiation status, and post-translational modifications
[37]. Therefore, further studies are warranted to unravel the molecular in-
tricacies between TP53mutations, CD24 upregulation, and CD24 isoforms.

Mechanistically, we provided evidence that IDH1R132H-heterozygous
cells not only responded to AGI-5198 by decreasing CD24 expression
while increasing NES expression but also exhibited DNA hypomethylation
at the CD24 locus, consistent with the previous reporting of the existence
of DNA hypomethylation despite genome-wide DNA hypermethylation in
IDH-mutant glioma [28,29]. Conversely, octyl-(R)-2HG treatment specifi-
cally increased CD24 expression in IDH1R132H-hemizygous cells. Further-
more, the divergent trend of DNA methylation and gene expression
between CD24 and NES is in good agreement with the levels of transcrip-
tional repressive H3K27me3—significantly lower in CD24 but much higher
inNES. Further investigations are required, however, to determine whether
the H3K27me3 level is key to the differential expression of CD24 and NES
because the H3K27me3 inhibitor UNC1999 increased the expression of
NES and CD44 but, unexpectedly, decreased the expression of CD24 in
IDH1R132H-heterozygous cells. Moreover, previous studies showed that
the accumulation of H3K9me3—another histone-repressive mark—was
particularly noticeable in IDH-mutant cells [18] and the use of H3K9me3
inhibitor UNC0642 reduced H3K9 methylation and increased Atm
7

expression [34]. The consequence of UNC0642 treatment in this study,
however, was gene downregulation in general, suggesting the complexity
of epigenetic regulation in IDH-mutant cells. An integrated genomic ap-
proach is expected to reveal how differential gene expression in response
to these treatments correlates with epigenetic changes of these neural
stem cell marker genes. Nevertheless, our results support the notion that
CD24 is upregulated specifically in IDH-mutant glioma in association with
epigenetic modifications.

A relatively small number of genes are known to be markedly upregu-
lated and biologically relevant to IDH1R132H glioma. GLUD2 (glutamate de-
hydrogenase 2) is upregulated in IDH-mutant glioma to alleviate IDH1
mutation-inducedmetabolic stress and promote glioma growth [42,43]. In-
terestingly, GLUD2 upregulation also has positive correlation with patient
survival (Table 1; data not shown). PDGFRA is another example of aberrant
upregulation via DNA hypermethylation that compromises the binding of
methylation-sensitive insulator protein CTCF for gene activation [44], but
whether PDGFRA upregulation promotes IDH-mutant gliomagenesis re-
quires further investigation, especially considering its association with bet-
ter overall survival [25] and has a negative Cox coefficient in multivariate
analysis (Table 1). Moreover, ATM (ataxia telangiectasia mutated) upregu-
lation was reported in a mouse model of IDH1R132H glioma with Trp53 and
Atrx mutations [45], but Atm downregulation was shown in a myeloid
lineage-specific conditional Idh1-mutated mouse model [34]. Nonetheless,
the prognostic value of ATM expression in glioma patients seems less clear
(Table 1; data not shown).

In sum,we presented evidence for the general downregulation of neural
stem-cell marker genes including nestin in IDH-mutant glioma but mark-
edly upregulated upon loss of IDH1R132H heterozygosity. However, CD24
is specifically upregulated in IDH-mutant glioma in association with re-
duced DNA methylation and histone-repressive mark. Further studies are
warranted to determine the underlying mechanism and biological role of
CD24 expression in IDH-mutant glioma.
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