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Abstract The mechanism of tumorigenesis associated

with nicotinamide adenine dinucleotide phosphate

(NADP?)-dependent isocitrate dehydrogenase 1 (IDH1)

mutations in gliomas is not fully understood. Loss of cata-

lytic activity leading to a decrease in a-ketoglutarate (aKG)

and gain of novel catalytic activity leading to production of

D-2-hydroxylglutarate (D-2-HG) are both found in IDH1-

mutated glioma cells. Both the decrease of aKG and accu-

mulation of D-2-HG inhibit the activity of multiple dioxy-

genases including prolyl hydroxylase domain-2 (PHD2),

collagen prolyl-4-hydroxylase, histone demethylases, and

the ten–eleven translocation (TET) family of 5-methylcyt-

osine hydroxylases. Here we correlated the products of these

dioxygenases after IDH1 gene mutations with tumorigenesis

in human astroglioma samples. DNA sequencing was carried

out for 253 astroglioma samples to identify IDH1 mutations.

Immunohistochemistry analysis was employed to verify the

levels of endostatin, dimethylated H3k79 (H3k79me2), and

5-hydroxymethylcytosine (5hmC) in these astroglioma

samples. IDH1 mutations occurred frequently in low grades

of astrocytoma. One case bearing both IDH1 and IDH2

mutations was identified. IDH1-mutated cases displayed

more frontal lobe location and p53-positive immunostaining

than wild-type cases. IDH1 mutations were associated with

increased histone methylation and decreased 5hmC. By

inhibiting endostatin expression, IDH1 mutations indirectly

promoted angiogenesis in gliomas. All these changes were

same in astroglioma at different malignancy grade. IDH1

mutations showed wide regulation of angiogenesis and

genome-wide change of histone and DNA methylation,

which were not suppressed as the malignancy level

progressed, suggesting an early role of IDH1 mutations in

astrocytoma tumorigenesis.
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Introduction

Somatic mutations of NADP?-dependent isocitrate dehy-

drogenase 1 (IDH1) are frequently observed in grade II-III

gliomas, secondary glioblastomas, and acute myeloid leu-

kemia (AML) [1–3]. IDH1 mutations have also been

reported in colon and prostate cancers, though with much

lower frequency [4]. All reported IDH1 mutations are

heterozygous and result in amino acid substitutions at a

single arginine residue (R132). Cytosolic IDH1 exists as a

homodimer and catalyzes oxidative decarboxylation of

isocitrate (ICT) to aKG [5]. Mutant IDH1 dominantly

inhibits wild-type IDH1 and causes a nearly 50 % decrease

in aKG concentration in cells expressing the IDH1R132H
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mutant [6]. Dang et al. [7] reported that IDH1R132

mutations observed in gliomas cause a gain of function,

namely reduction of aKG to D-2-HG in an NADPH-

dependent manner. This finding was later confirmed by

Ward et al. [3], who reported that D-2-HG also accumulates

in AML samples bearing IDH1R132 mutations. Accumu-

lation of a different enantiomer, L-2-HG, in a rare meta-

bolic disorder caused by a defect in L-2-HG dehydrogenase

in mitochondria that results in psychomotor retardation,

progressive ataxia, and leukodystrophy [8, 9] has been

shown to have increased risk of developing brain tumors

[10]. However, accumulation of D-2-HG, which is linked to

D-2-hydroxyglutaric aciduria, has not been reported as

associated with tumorigenesis [10]. Therefore, whether D-

2-HG acts as an oncometabolite and how it exerts tumor-

igenicity have yet to be elucidated.

2-HG and aKG are two structurally similar molecules

with the exception that the oxygen atom linked to C2 in

aKG is replaced by a hydroxyl group in 2-HG. This simi-

larity suggests the possibility that 2-HG may bind to and

function as a competitive inhibitor of aKG-dependent

dioxygenases. There are more than 60 dioxygenases whose

activities are dependent on or affected by aKG [11–14].

Many of these enzymes have a Km for aKG, at near-phys-

iological aKG concentrations, estimated at around 50 lM

[6], making their activities particularly susceptible to aKG

level fluctuation and aKG analog inhibition. Xu et al. [15]

reported that 2-HG is a competitive inhibitor of multiple

aKG dioxygenases, including the a-subunit collagen prolyl-

4-hydroxylases (CP4H), histone demethylases, and the TET

family 5-methylcytosine (5mC) hydroxylases.

The activity of collagen prolyl-4-hydroxylases (CP4H)

is dependent on aKG [16]. Prolyl hydroxylation is required

for biosynthesis of collagens, including production of

endostatin, a 20-kDa secreted peptide derived from prote-

olytic cleavage of type XVIII collagen that has been

implicated in inhibition of angiogenesis and tumor growth

[17, 18]. JmjC domain-containing histone demethylases are

another group of dioxygenases that require aKG, the

demethylation being coupled to conversion of aKG to

succinate [17]. A decrease in the activity of demethylases

is expected to increase histone methylation. Mammalian

genomes encode more than 30 JmjC domain-containing

demethylases that fall into seven subfamilies [19], each of

which recognize and remove methyl groups on distinct

residues on different histones, including several that target

specific methylation sites on histone H3. Increased H3K79

dimethylation (H3K79me2) was found in MLL-rearranged

mouse leukemia and human AML patients, making it an

interesting target for analysis since IDH1 mutations occur

at high frequency in AML [3, 20].

Cytosine methylation near gene transcription start sites

(TSSs) is critical for transcription silencing [21]. TET

hydroxylases, a group of aKG-dependent dioxygenases,

catalyze conversion of 5-methylcytosine (5mC) to 5-hy-

droxymethylcytosine (5hmC) [22], and their activity pro-

motes the silencing effect of cytosine methylation.

To gain further insight into how IDH1 mutations pro-

mote tumorigenesis, we analyzed the IDH1 mutation ratio

and the expression of the products of multiple dioxygen-

ases, including CP4H, histone demethylases, and the TET

family of 5mC hydroxylases, in a large number of Chinese

astroglioma samples at different malignancy grades.

Materials and methods

Tumor specimens

Paraffin-embedded glioma samples collected from the

Department of Neuropathology, Institute of Neurology,

Affiliated Huashan Hospital of Fudan University were

obtained with informed consent from patients. All tumor

sections were reviewed by two independent neuropathol-

ogists and diagnosed according to World Health Organi-

zation (WHO) criteria. Tumors were generally classified

into three subtypes: diffuse astrocytoma WHO grade II

(A II, 61 cases), anaplastic astrocytoma WHO grade III

(A III, 42 cases), and glioblastoma WHO grade IV (GBM,

150 cases). No oligodendrogliomas were included in our

samples.

Direct DNA sequencing for IDH1 mutations

For DNA extraction, consecutive sections of paraffin-

embedded samples were directly collected. Tissue samples

were then deparaffinized using dimethylbenzene and

washed with ethanol. Genomic DNA was isolated as pre-

viously described [26]. IDH1 and IDH2 mutations at R132

and R172, respectively, were assessed by bidirectional

cycle sequencing of polymerase chain reaction (PCR)-

amplified fragments. Primers used were IDH1-forward 50-
TGAGCTCTATATGCCATCACTGC-30 and IDH1-

reverse 50-CAATTTCATACCTTGCTTAATGGG-30, and

IDH2-forward 50-GTCTGGCTGTGTTGTTGCTTG-30 and

IDH2-reverse 50-CAGAGACAAGAGGATGGCTAGG-30,
respectively. PCR reactions were performed in volume of

15 ll, containing 19 PCR buffer, 0.2 mM deoxynucleotide

triphosphates (dNTPs), 1 mM of each primer, 6 % dime-

thyl sulfoxide (DMSO), 0.05 unit/ml platinum Taq (Invit-

rogen), and 3–10 ng DNA. A touchdown PCR program

was used for PCR amplification. PCR conditions were as

follows: 94 �C for 2 min; three cycles of 94 �C for 20 s,

64 �C for 15 s, 70 �C for 10 s; three cycles of 94 �C for

20 s, 61 �C for 15 s, 70 �C for 10 s; three cycles of 94 �C

for 20 s, 58 �C for 15 s, 70 �C for 10 s; and 35 cycles of
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94 �C for 20 s, 57 �C for 15 s, and 70 �C for 10 s,

followed by 70 �C for 5 min. Sequencing was performed

using the direct sequencing method (Invitrogen). Each

sample was analyzed in both sense and antisense

directions.

Immunohistochemistry (IHC)

IHC was performed on 5-lm-thick sections using a stan-

dard avidin–biotin–peroxidase technique with the labeled

streptavidin biotin (LSAB) kit (Dako, CA). Briefly, depa-

raffinized sections were incubated with 3 % H2O2 to

eliminate endogenous peroxidase activity for 30 min, fol-

lowed by blocking with 5 % normal goat serum. Primary

antibodies including anti-p53 (clone BP53-12, dilution

1:500; Sigma, USA), anti-endostatin (ab15685, dilution

1:200; Abcam, USA), anti-CD34 (dilution 1:100; Chang-

dao, China), anti-dimethyl-histone H3K79me2 (ab46154,

dilution 1:200; Abcam, USA), and anti-5-hydro-

xymethylcytosine (dilution 1:1,000; Active Motif, Carls-

bad, CA) were incubated at 37 �C for 1 h. Phosphate-

buffered saline (PBS) was used as negative control. Sec-

ondary antibody was then applied and incubated at 37 �C

for 1 h; sections were developed with diaminobenzidine

(DAB) kit and stopped with water.

Image analysis

To quantify the IHC-positive cells in glioma samples, five

areas (173 lm2 each) were randomly selected from each

sample and microscopically examined and analyzed by an

experienced neuropathologist. Images were captured using

a charge-coupled device (CCD) camera and analyzed using

Motic Images advanced software (version 3.2; Motic

China Group Co. Ltd.). Cells showing either positive

cytoplasmic or nuclear signals (brown) were counted as

positive signal and located automatically, while negative

cells showed either no signal or weak signal close to

background. The positive percentage of each field was

obtained by dividing the positive area by the total area.

Tumor blood vessel density was determined by calcu-

lating the area of tumor vessels (lm2) per high-power field

(173 lm2) in sections stained with antibodies against CD34

from five highly vascularized areas.

IHC statistics

All values were calculated as mean ± standard deviation

(SD). Statistical analysis was performed with using

SPSS 11.5. Statistical methods included one-way analysis

of variance (ANOVA) test, Tukey–Kramer multiple-com-

parison test, and Pearson’s v2 test. Linear correlation

analysis was used to examine the relation of nominal

variables referring to absence or presence of genetic

alterations within distinct tumor groups.

Results

IDH1 mutations in Chinese astroglioma samples

Among 253 astroglioma samples, 106 were detected to

hold IDH1 mutations (Supplementary Table 1). All mutant

samples bore heterozygous R132H (CGT ? CAT) muta-

tions. Notably, one case was found to have IDH1 and IDH2

mutations simultaneously. The IDH2 mutation in this case

was a heterozygous R172K (AGG ? AAG) mutation.

IDH1 mutations were more frequent in low-grade diffuse

astrocytoma (78.7 %) and anaplastic astrocytomas

(66.7 %), while in glioblastoma their occurrence was sig-

nificantly lower (20 %) (Table 1). GBM patients with

IDH1 mutations averaged 40.56 ± 14.85 years old and

were significantly younger than GBM patients without

IDH1 mutations, who averaged 51.33 ± 13.74 years old

(P \ 0.01) (Table 2). However, no differences were

observed among the ages of patients suffering from diffuse

astroglioma (WHO grade II) and anaplastic astroglioma

(WHO grade III) with or without IDH1 mutations. IHC

results also showed that the p53-positive immunostaining

rate in glioma samples bearing IDH1 mutations was sig-

nificantly higher (73/106, 68.87 %) than those having wild-

type enzymes (71/147, 48.29 %, P \ 0.01) (Table 2).

Pathological analysis showed that samples bearing IDH1

mutations were more frequently found in the frontal lobe

(57/106, 55.37 %), while this location preference was not

found in gliomas with wild-type IDH1, suggesting a pre-

viously unreported, yet interesting, feature for IDH1

mutations in gliomas (Table 2). The location of the tumors

was determined by preoperative magnetic resonance

imaging (MRI). The sample with both IDH1 and IDH2

Table 1 NADP? IDH mutations in astrogliomas

Diagnosis N IDH1

Wt Mut Mut (%)

Astrocytoma (WHO grade II) 61 13 48 78.7

Anaplastic astrocytoma

(WHO grade III)

42 14 28 66.7

Glioblastoma (WHO

grade IV)

150 120 30 20

Sequencing results of 253 glioma samples are shown. N numbers of

tumors, IDH1 isocitrate dehydrogenase 1, Wt wild type, Mut mutated,

Mut (%) percentage of tumors with mutations

One case bearing both IDH1 and IDH2 mutation in WHO grade II

astrogliomas was found
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mutations corresponded to a 38-year-old male with diag-

nosis of diffuse astrocytoma, WHO grade II, located in the

left front lobe (Supplementary Table 1).

Primary glioma samples with IDH1 mutations have

decreased endostatin levels

Parenchyma of normal brain showed very low endostatin

immunoreactivity. In glioma tissue, endostatin was detec-

ted both in the cytoplasm with a homogeneous labeling

pattern and in the extracellular matrix with a dot-like

pattern. In gliomas with no IDH1 mutations, expression of

endostatin showed a positive correlation with malignant

astrocytoma grades (P = 0.001, correlation coefficient,

r = 0.391), while in gliomas bearing IDH1 mutations,

expression of endostatin showed no difference among

malignant grades (P = 0.127, correlation coefficient,

r = -0.180). However, the overall positive expression of

endostatin in glioma samples bearing IDH1 mutations was

significantly decreased when compared with those without

IDH1 mutations at the same malignancy grade (P \ 0.05)

(Fig. 1a–c). These results show that IDH1 mutations

directly lead to a decrease in the levels of endostatin in

primary glioma samples.

Table 2 Characterization of astroglioma samples

IDH1 Location p53 Age (years)

FL (%) Others (%) ? (%) - (%) GBM cases

Mut 57 (53.77) 49 (46.23) 73 (68.87) 33 (31.13) 40.56 ± 14.85

Wt 48 (33.33) 99 (67.67) 71 (48.29) 76 (51.71) 51.33 ± 13.14

P value 0.001** 0.001** 0.005**

Clinical samples were characterized by IHC and pathologic measures; FL frontal lobe

Fig. 1 IDH1-mutation-bearing glioma samples have decreased endo-

statin levels and elevated angiogenesis. a, b. Representative endo-

statin staining in glioma samples without (a) or with (b) IDH1

mutations at the same malignancy grades. c IDH1 mutation inhibited

endostatin generation. Endostatin levels in glioma samples of

different malignancy grades and with or without IDH1 mutation

were quantified and compared. d, e Representative CD34 staining in

glioma samples without (d) or with (e) IDH1 mutations at the

same malignancy grades. f. IDH1-mutated gliomas have elevated

angiogenesis. Intensity of CD34 staining in glioma samples of

different malignancy grades and with or without IDH1 mutation was

quantified and compared. Tumors for IHC included: diffuse astrocy-

toma WHO grade II (A II, 61 cases), anaplastic astrocytoma WHO

grade III (A III, 42 cases), and glioblastomas WHO grade IV (GBM,

150 cases). Mean ± standard error of mean (SEM) is shown,

*P \ 0.05. One-way ANOVA test and further Tukey–Kramer

multiple-comparison test were used for statistical analysis
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Activated angiogenesis is observed in primary glioma

samples with IDH1 mutations

Given that decreased endostatin would contribute to

enhanced angiogenesis [17], we further wanted to confirm

the difference in tumor blood vessel density between the

IDH1 wild-type and mutated groups at different malig-

nancy grades. When blood vessels were stained with an

anti-CD34 antibody, we observed that blood vessel density

(expressed as vessels/field) positively correlated with

glioma malignancy regardless of IDH1 mutation status

(IDH1-mutated cases: P = 0.000, correlation coefficient,

r = 0.531; IDH1 wild-type cases: P = 0.000, correlation

coefficient, r = 0.285), consistent with the reported posi-

tive correlation between angiogenesis and glioma grade

[24]. However, vessel density in the IDH1-mutated sam-

ples was significantly higher than in IDH1 wild-type cases

at the same malignancy grade (P \ 0.05, Fig. 1d–f).

The correlation between endostatin expression and

tumor blood vessel density was negative in glioma tissues

(P = 0.045, correlation coefficient, r = -0.224), espe-

cially in IDH1-mutated grade IV gliomas (P = 0.013,

correlation coefficient, r = -0.559). In contrast, wild-type

cases showed no correlation between endostatin and tumor

blood vessel density (P = 0.627, correlation coefficient,

r = -0.058). These results indicate that IDH1 gene

mutations alter the expression of endostatin and further

influence blood vessel density in astrogliomas.

H3K79me2 levels are elevated in primary glioma

samples with IDH1 mutations

Histone demethylases are also aKG-dependent dioxygen-

ases. Since changes in histone methylation levels have

direct, broad impact in gene transcription and contribute to

tumorigenesis, it is important to find out whether gliomas

harboring IDH1 mutations have changes in histone

demethylation. An anti-H3K79me2 antibody detected dif-

ferent methylation levels in samples with and without

IDH1 mutations, with average H3K79me2 histone levels

of IDH1-mutated samples being significantly higher

(P \ 0.05). However, no positive correlation was found

between H3K79me2 levels and malignant grades, either

among samples bearing IDH1 mutations or among those

with wild-type IDH1 (Fig. 2a–c). These results suggest that

H3K79me2 levels in glioma cells are solely determined by

Fig. 2 Elevated H3K9me2 levels and decreased 5hmC levels in

IDH1-mutation-bearing gliomas. a, b Representative H3K9me2

staining in glioma samples with (a) or without (b) IDH1 mutations.

c IDH1-mutated gliomas have elevated H3K9me2 levels. H3K9me2

levels in glioma samples of different malignancy grades and with or

without IDH1 mutation were quantified and compared. d, e Repre-

sentative 5hmC staining in glioma samples with or without IDH1

mutations. f IDH1-mutated gliomas have decreased 5hmC level.

5hmC levels in glioma samples of different malignancy grades and

with or without IDH1 mutations were quantified and compared.

Tumors for IHC included: diffuse astrocytoma WHO grade II (A II,

61 cases), anaplastic astrocytoma WHO grade III (A III, 42 cases),

and glioblastoma WHO grade IV (GBM, 150 cases). Mean ± SEM is

shown, *P \ 0.05. One-way ANOVA test and further Tukey–Kramer

multiple-comparison test were used for statistical analysis
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IDH1 gene mutation status rather than by malignancy

grades.

5hmC levels are decreased in primary glioma samples

with IDH1 mutations

We also found that, in the absence of IDH1 gene mutations,

expression of 5hmC was similar among astrogliomas at

different malignancy grades. Glioma samples harboring

mutant IDH1 displayed significantly lower levels of 5hmC

compared with those containing wild-type IDH1

(P \ 0.05, Fig. 2d–f). These results provide in vivo evi-

dence that IDH1 mutations directly reduce the levels of

5hmC.

Discussion

Similarly to other sequencing reports, we found a high

frequency of IDH1 mutations in low-grade diffuse astro-

cytoma (78.7 %) and anaplastic astrocytoma (66.7 %),

while in glioblastoma the occurrence was significantly

lower (20 %). Furthermore, we also found that both IDH1

and IDH2 can coexist in the same patient. According to

Parsons et al. [1] and Balss et al. [22], NADP? IDH1

mutations can be used as a molecular marker for secondary

GBM. Therefore, even though there was no clinical evi-

dence indicated preexistence of a less malignant precursor

lesion, NADP? IDH1-mutated GBM in our experiment

could be diagnosed as secondary GBM.

We also found that those cases with IDH1 mutations

were more frontal lobe located, which is in accordance

with Lai et al. [23]. Also, IDH1-mutated cases showed

higher p53 immunopositivity, consistent with the previous

sequencing finding that TP53 gene mutations were closely

associated with IDH1 mutations [2].

Two distinct outcomes arise from IDH1 mutations: a

decrease of aKG and an accumulation of D-2-HG [6].

Although Dang et al. [7] found that aKG was not decreased

in IDH1 mutant tumors, Xu et al. [15] described that IDH1

mutations are capable of inhibiting dioxygenases, and this

effect, since 2-HG and aKG are structurally similar, may

be due to 2-HG binding to and functioning as a competitive

inhibitor of aKG-dependent dioxygenases. These results

integrate the loss of function model previously proposed by

Zhao et al. [6] with the gain of catalytic function model

proposed by Dang et al. [7].

Angiogenesis is recognized as a key event in the natural

progression of gliomas. Neovascularization in brain tumors

correlates directly with their biological aggressiveness,

degree of malignancy, and clinical recurrence, and inver-

sely with the postoperative survival of patients with glio-

mas [24]. In this study, we confirmed that an angiogenic-

related factor, endostatin, was changed to a state that

facilitates angiogenesis in IDH1-mutated cases. Our results

showed that, in IDH1 wild-type cases, the levels of endo-

statin had a positive correlation with malignancy grade,

which confirms previous observations [25]. On the con-

trary, in IDH1-mutated cases, no differences were observed

among different malignancy grades. Comparing cases with

the same malignancy grade, endostatin expression was

lower in the IDH1-mutated cases than in the IDH1 wild-

type cases, from astroglioma malignant grade II to gra-

de IV. These results indicate that IDH1 gene mutations

inhibited expression of endostatin and that high malig-

nancy levels would not eliminate this effect. This makes

pathological sense, because endostatin is only dependent

on the degree of inhibition of CP4H, i.e., on the degree of

decrease of aKG and accumulation of D-2-HG caused by

IDH1 mutations, but not dependent on malignancy grade.

Despite the fact that a variety of factors might influence

expression of endostatin, in this work we verified that

IDH1 mutations could inhibit its expression, which may

facilitate angiogenesis in IDH1-mutated cases. For IDH1

wild-type cases, other factors such as extracellular matrix

degradation may indirectly modulate levels of endostatin in

tumor tissues. Also, angiogenesis is regulated by the highly

coordinated function of various proteins with pro- and

antiangiogenic functions. Proangiogenic factors include

vascular endothelial growth factor (VEGF), fibroblast

growth factor, platelet-derived growth factor, insulin-like

growth factor, transforming growth factor, angiopoietins,

and several chemokines, while antiangiogenic factors

include thrombospondin-1, angiostatin, and endostatin

[26]. Therefore, the mechanisms that determine blood

vessel density in tumors may be complicated. IDH1

mutations were just partly involved in angiogenesis in

astroglioma.

H3K79 methylation levels were significantly increased

in IDH1-mutated cases compared with wild-type IDH1

cases and did not differ among malignancy grades in cases

either with or without IDH1 mutations. The decrease of

5hmC expression was also solely determined by the

NADP? IDH1 status without any correlation with tumor

malignancy. IDH1 gene mutations were therefore involved

in the epigenetic regulation of histone methylation, which

might further play an important role in controlling the

expression of genetic information through transcriptional

changes [25].

The mammalian genome is methylated predominantly at

the C5 position of cytosine bases within CpG dinucleotides

[27, 28]. 5mCs, especially when clustered, are important

transcriptional silencers at gene promoters and endogenous

retrotransposons in the genome [29]. Cytosine methylation

is catalyzed by a family of DNA methyltransferases

(DNMTs) [30]. 5hmC has been hypothesized as a potential
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intermediate for active DNA demethylation, and TET1

plays an important role through conversion of 5mC into

5hmC, which may further promote active DNA demeth-

ylation in mammalian cells. Here, we showed that IDH1

mutations are involved in the molecular mechanism

underlying dynamic changes of DNA methylation in as-

troglioma. As DNA methylation plays an important role in

tissue-specific gene expression, X chromosome inactiva-

tion, genomic imprinting, and nuclear reprogramming

[31, 32], we hypothesized that, by influencing DNA

methylation levels, IDH1 mutations also play critical roles

in gene expression in astroglioma.

Overall, our results show that IDH1 mutation occurred

frequently in low grades of astrocytomas. IDH1-mutated

cases were more frontal lobe located and p53 positive than

IDH1 wild-type cases. The finding that the influence of

IDH mutations is wide is particular exciting for us. By

inhibiting endostatin expression, IDH1 mutations could

indirectly promote angiogenesis in glioma. IDH1 mutations

could also influence the epigenetic regulation of both his-

tone and DNA methylation, which were not suppressed as

the malignancy level progressed, suggesting an early role

of IDH1 mutations in astrocytoma tumorigenesis.
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