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Background. Genetic and epigenetic profiling of glioblastomas has provided a comprehensive list of altered cancer genes of which only
O6-methylguanine-methyltransferase (MGMT) methylation is used thus far as a predictive marker in a clinical setting. We investigated
the prognostic significance of genetic and epigenetic alterations in glioblastoma patients.

Methods. We screened 98 human glioblastoma samples for genetic and epigenetic alterations in 10 genes and chromosomal loci by
PCR and multiplex ligation-dependent probe amplification (MLPA). We tested the association between these genetic and epigenetic
alterations and glioblastoma patient survival. Subsequently, we developed a 2-gene survival predictor.

Results. Multivariate analyses revealed that mutations in isocitrate dehydrogenase 1 (IDH1), promoter methylation of MGMT, irradi-
ation dosage, and Karnofsky Performance Status (KFS) were independent prognostic factors. A 2-gene predictor for glioblastoma sur-
vival was generated. Based on the genetic and epigenetic status of IDH1 and MGMT, glioblastoma patients were stratified into 3
clinically different genotypes: glioblastoma patients with IDH1mt/MGMTmet had the longest survival, followed by patients with
IDH1mt/MGMTunmet or IDH1wt/MGMTmet, and patients with IDH1wt/MGMTunmet had the shortest survival. This 2-gene predictor
was an independent prognostic factor and performed significantly better in predicting survival than either IDH1 mutations or
MGMT methylation alone. The predictor was validated in 3 external datasets.

Discussion. The combination of IDH1 mutations and MGMT methylation outperforms either IDH1 mutations or MGMT methylation
alone in predicting survival of glioblastoma patients. This information will help to increase our understanding of glioblastoma biology,
and it may be helpful for baseline comparisons in future clinical trials.

Keywords: genetic and epigenetic, glioblastoma, IDH1, MGMT, survival prediction.

Received 24 June 2013; accepted 10 January 2014
# The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.

Neuro-Oncology
Neuro-Oncology 16(9), 1263–1273, 2014
doi:10.1093/neuonc/nou005
Advance Access date 6 February 2014

1263

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/9/1263/1079132 by guest on 20 August 2022



Glioblastoma is the most common malignant brain tumor
and has a poor prognosis. Therapeutic advances have been
made in the past decade with the addition of temozolomide
chemotherapy to maximal safe tumor resection and radiother-
apy. However, median survival is still limited to only 15 months.1,2

Therefore, novel therapies are urgently needed. For optimal drug
development, it is essential to unravel the underlying oncogenic
mechanisms of glioblastoma.

Most glioblastomas are primary, meaning that they manifest
rapidly de novo without recognizable precursor lesions. Approxi-
mately 5% of glioblastomas are diagnosed in patients with a pre-
ceding low-grade glioma that has progressed to secondary
glioblastoma over a period of years.3 Both genotypes are consid-
ered to be histopathologically indistinguishable, but differences in
molecular alterations are apparent. Different genes have been
found to be involved in glioblastoma, by changes in gene expres-
sion, methylation, copy number alterations, and/or mutations.4

In the last several years, there has been a great increase in under-
standing molecular alterations and their consequences for the
pathology of glioblastoma.

For a long time, the most studied genetic hallmarks of glio-
blastoma were EGFRvIII, a truncated constitutively activated
form of EGFR, mutations in TP53, and deletions in PTEN.4 More re-
cently, methylation of the MGMT gene promoter appeared to be a
predictive factor for the response of glioblastoma patients to
temozolomide and radiotherapy, and hence their survival.1,5,6

Conflicting results have been reported on the methylation status
of MGMT as a positive prognostic marker independent of ther-
apy.7 – 9 Recently, genome-wide sequencing of glioblastoma has
revealed that the IDH1 and IDH2 genes, encoding isocitrate dehy-
drogenases 1 and 2, are mutated in a subset of glioblastoma.10,11

Interestingly, IDH1/2 mutations have been demonstrated pre-
dominantly in younger patients and secondary glioblast-
omas.11 – 15 Mutations in IDH1, but not IDH2, were shown to be
an independent positive prognostic marker for glioblastoma pa-
tient survival.15 – 17 Gene expression analysis studies18 – 20 have
allowed stratification of glioblastoma patients into the classical,
mesenchymal, proneural, and neural subtypes, which are charac-
terized by aberrations in and gene expression of EGFR, NF1, IDH1,
and PDGFRA and predict prognosis.20

We investigated the association between genetic and epigen-
etic alterations in IDH1/2, MGMT and other genes, chromosomal
loci, and survival of glioblastoma patients. These results led us
to propose a novel 2-gene predictor for glioblastoma survival
based on the combination of the IDH1 mutational status and
MGMT methylation status.

Materials and Methods

Patients, Tumor samples, and DNA Extraction

Glioblastoma samples were obtained from 98 patients with
known follow-up. The samples were retrieved from the tumor
bank maintained by the Departments of Neurosurgery and
Neuropathology at the Academic Medical Center (AMC) in Am-
sterdam. Oral consent for removal of the tissue and its storage
in the tumor bank for research purposes was obtained and docu-
mented in the patients’ medical charts. Consent for this project
was approved by the local ethics committee. Research was per-
formed on “waste” material and stored in a coded fashion.

Tumor samples were included only if at least 80% of the sample
consisted of cancer cells, as verified by hematoxylin and eosin
staining. Genomic DNA was isolated, as previously described.13

Matches between germline and tumor DNA were verified for all
samples by direct sequencing of 26 single nucleotide polymorph-
isms (SNPs) at 24 loci (data not shown).

Glioblastoma Patient Data

A retrospective survival analysis was performed for the 98 glio-
blastoma patients. Both primary (85) and secondary glioblast-
oma (13) cases were included, but recurrent glioblastoma
cases were not included. These patients had undergone brain
surgery at the AMC between 1988 and 2006 and were selected
when both clinical follow-up and a sufficient amount of tissue
for these and other analyses (previously published16,21 and un-
published results) were available. Patient characteristics are dis-
played in Table 1. Overall survival was calculated as time from
surgery to death. Event times were censored if the patient was
alive at the time of last follow-up. Follow-up for included
patients ranged from 15 days to 7.5 years (mean, 384 days).
Patients were treated with different regimens, either in trials or
with standard protocols. Patients were treated in the era before
chemoradiation was standard protocol;2 treatment consisted of
maximum safe tumor resection and radiotherapy. At relapse,
patients were treated with different regimens, either in trials
or on the basis of local protocols, including reirradiation (leading
to a total radiation dosage up to 78 Gy), chemoradiation (radio-
therapy with concomitant and adjuvant temozolomide
therapy), brachytherapy, carmustine wafers (gliadel), procarba-
zine/lomustine/vincristine (PCV), temozolomide, methotrexate,
and nicotinamine (as an enhancer during irradiation). The pre-
operatively determined KFS score was used to match other
studies.2

Mutation Analysis, Polymerase Chain Reaction,
and Sequencing Details

We investigated EGFR, IDH1, IDH2, PIK3CA, PTEN, and TP53 for
somatic mutations, genes known to be mutated in glioblastoma
in at least 10% of cases.22 Sequencing results of IDH1 and IDH2
have been published previously.16 PCR and sequencing primers
were designed using Primer 3 and synthesized by Invitrogen.
PCR primers were designed to amplify the selected 47 exons
and the flanking intron sequences, including splicing donor
and acceptor regions of the genes (Supplementary Table S1).
PCR products were �400 base pairs in length with multiple over-
lapping amplimers for larger exons. IDH2 was sequenced using
an M13 sequencing primer. Fifty PCRs were performed on each
sample in 384- and 96-well formats in 5 or 10 mL reaction
volumes, respectively. PCR conditions have been published pre-
viously.13 Changes previously described as SNPs were excluded
from further analyses. To ensure that the observed mutations
were not PCR or sequencing artifacts, amplicons (including non-
silent mutations) were independently reamplified and rese-
quenced in the corresponding tumors. All verified changes
were resequenced in parallel with the matched normal DNA to
distinguish between somatic mutations and SNPs not previously
described.
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Multiplex Ligation-dependent Probe Amplification
Experiments

Multiple ligation-dependent probe amplification (MLPA) analysis
was used to detect copy number changes of multiple loci simul-
taneously.23 All assays used were prepared by MRC-Holland. MLPA
assay P088 (lot number 0804, 0305, 0706, or 0608) was used to
detect complete or partial losses involving chromosome 1p
(15-16 probes depending on lot number), and 19q (8 probes).
MLPA assay P105 (lot number 0306, 0407, or 1008) was used
to detect copy number changes in the genes CDKN2A (5 probes),
PTEN (10-11 probes), and EGFR (11 probes) and to identify EGFR
rearrangements (EGFRD) such as EGFRvIII. As described previous-
ly, the sensitivity and specificity of these MLPA assays were fully
validated.24,25 As MLPA provides semiquantitative information

on copy number, we were able to distinguish between low-level
copy number gains, amplifications, and high copy-number ampli-
fications as well as hemizygous and homozygous deletions.

MLPA was performed as described by the manufacturer with
minor modifications, and data analysis was performed in Excel
(Microsoft), as described previously.25 MLPA copy number detection
thresholds were set at 1.2 and 0.8 for the detection of low-level
gains and hemizygous losses, respectively. Furthermore, ratios
,4:10 were considered to represent homozygous losses, ratios
.2:1 to represent amplifications, and ratios .10:1 to represent
high copy-number amplifications. As described previously,24 EGFR-
vIII was identified by assessing the average ratio for exon 2–7
probes and comparing the ratio with the average ratio of probes
for exons 1, 8, 13, 17, and 22 (EGFRvIII ratio). EGFRvIII ratios
,8:10 were considered to harbor the EGFRvIII deletion variant.24

Table 1. Baseline characteristics of 98 glioblastoma patients

Characteristic Specification Outcome Wild-type IDH1/2 (n¼ 80) Mutated IDH1 (n¼ 18) P value

Age Mean (range), in years 55 (27–80) 58 (27–80) 41 (28–62) ,.001*
Irradiation dosage Mean (range), Gy 41 (0–78) 39 (0–78) 48 (0–66) .193*
KFS Mean (range), in points 76 (50–90) 75 (50–90) 76 (50–90) .813*
Sex Male 53 (54%) 44 9 .796†

Female 45 (46%) 36 9
Surgical procedure Gross total removal 57 (58%) 46 11 .999†

Biopsy or partial resection 41 (42%) 34 7
Tumor occurrence Primary glioblastoma 85 (87%) 75 10 ,.001†

Secondary glioblastoma 13 (13%) 5 8
Overall survival Median (95% CI), in days 252 (206–318) 204 (157–250) 659 (565–752) ,.001‡

Progression free survival Median (95% CI), in days 131 (105–157) 115 (88–142) 258 (54–462) .001‡

CDKN2A Alteration Total 72 (74%) 65 7 .003†

Hemizygous loss 27 (28%)
Homozygous loss 43 (45%) 40 3 .028†

Gain 2 (2%)
EGFR Alteration total 70 (72%) 64 6 .001†

Gain 40 (42%)
Amplification 4 (4%)
High CNA 26 (27%) 26 0 .005†

Point mutation 5 (5%)
EGFRvIII 5 (5%)
EGFR deletion other than vIII 10 (10%)

IDH1 Mutation 18 (18%)
IDH2 Mutation 0 (0%)
MGMT Methylation 29 (30%) 19 10 .011†

PIK3CA Mutation 11 (10%)
PTEN Alteration total 69 (70%) 16 11 ,.001†

Mutation 24 (25%) 24 0 .005†

Hemizygous loss 64 (67%) 59 5 .002†

Homozygous loss 4 (4%)
No CNA 28 (29%) 17 11 ,.001†

TP53 Mutation 38 (39%) 23 15 ,.001†

1p/19q 1p and 19q loss (partial or complete) 9 (9%) 5 4 .056†

complete 1p and 19q loss 2 (2%)

Prevalence of genetic and epigenetic alterations and cross tabulation of IDH1 mutation status versus clinical characteristics and genetic and epigenetic
alterations are depicted. For genetic alterations, only significant findings are shown. Data are mean (range), number (%), or median (95% CI).
P values were calculated by the *Student’s t test (2-sided), †Fisher’s exact test (2-sided), and ‡log-rank test.
Abbreviations: CNA, copy number alteration; Gy, gray; KFS, Karnofsky Performance Status.
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Additionally, the individual probe ratios were inspected to confirm
the presence of EGFRvIII and/or to identify other EGFRD, as indi-
cated by a significant increase or decrease of the ratios identified
by repeated experiments and confirmed MLPA assay P315 evaluat-
ing all EGFR exons. For chromosome 1p and 19q losses, a distinc-
tion was made between complete and partial losses; the latter
were defined as a ratio ,8:10 for at least 3 adjacent probes but
not for all probes of these chromosome arms.

MGMT promoter methylation was assessed with MS-MLPA, as
described previously.26 The promoter of the MGMT gene was con-
sidered to be methylated when the MS-MLPA ratio was .5:10.27

Statistical Analysis

Statistical processing of data was performed using Excel 2002
(Microsoft) and SPSS 19 for Windows (IBM). Figures were con-
structed in SPSS 19 and Prism 5 (Graphpad Software). Associa-
tions between the different alterations were assessed by the
Fisher’s exact test. Differences in age and survival were tested
by the Student’ t test and log-rank test, respectively. Associations
between mutations and patient survival were tested with Cox re-
gression analyses. Parameters with P , .05 in the univariate ana-
lyses were incorporated into the multivariate analysis using a
Wald backward selection procedure (stepwise elimination of
parameters until all remaining parameters had P , .05). Because
many parameters were included in the multivariate model rela-
tive to the sample size, the reliability of the model was assessed
in a more conservative multivariate Cox regression analysis by in-
corporating only parameters with P , .01 in the univariate ana-
lyses. Log-minus-log plots were used to evaluate the adequacy
of the proportional hazards assumption.

A 2-gene predictor for survival in glioblastoma was designed, in-
corporating both IDH1 mutational status and MGMT promoter
methylation status. We classified tumors in 3 groups: “IDH1wt/
MGMTunmet” (no IDH1 mutation, no MGMT methylation),
“IDH1mt/MGMTunmet or IDH1wt/MGMTmet” (IDH1 mutation or
MGMT methylation), and “IDH1mt/MGMTmet” (IDH1 mutation
and MGMT methylation). This 2-gene predictor was validated in-
ternally, and externally in 3 additional glioblastoma datasets
using receiver-operating characteristic (ROC) curves, multivariate
Cox regression analyses, and -2 log-likelihood tests. The external
datasets were obtained from Mulholland et al (2012),28 The Cancer
Genome Atlas Network (TCGA; accessed November 27, 2012),22

and Boots-Sprenger et al (2013)27 and contained 182, 104, and
105 glioblastoma samples, respectively. In a merged dataset con-
taining all 4 datasets (n¼ 489 glioblastoma cases), we further
evaluated the performance of the 2-gene predictor in different
populations by testing for interaction between datasets and the
2-gene predictor in a multivariate Cox regression analysis.

Results
An overview of the prevalence of genetic and epigenetic altera-
tions identified in 98 glioblastoma patients with known follow-up
is shown in Table 1. A more detailed description of the observed
EGFR, IDH1, PIK3CA, PTEN, and TP53 mutations is given in Supple-
mentary Table S2. We found IDH1 mutations in 18 of 98 glioblast-
oma samples, 10 in primary glioblastomas (12%), and 8 in
secondary glioblastomas (62%). Of these mutations, 15 were
R132H, and one each was R132C, R132L, and R132G.16 We did

not identify any IDH2 mutations in our set of glioblastoma sam-
ples (Table 1). Glioblastoma patients with IDH1 mutations were
significantly younger than patients without IDH1/2 mutations,
and IDH1 mutations were observed more often in patients previ-
ously diagnosed with low-grade glioma (Table 1).

MGMT methylation was found in 30% of the samples. There
was no correlation between MGMT methylation and age. We
found high prevalences of IDH1 mutations and TP53 mutations
in glioblastoma samples with MGMT methylation (Supplementary
Table S3). Cases showing IDH1 mutations in combination with
TP53 mutations in our set included both non-R132H (n¼ 3) and
R132H (n¼ 12) mutations, in contrast to a previous report.29

Codeletion of chromosomes 1p and 19q (1p/19q codeletion) is
frequently observed in chemotherapy-sensitive oligodendrogli-
omas and is associated with prolonged survival in those
cases.30,31 Although 1p/19q codeletion has been observed in glio-
blastoma,14,32 no translocations have been identified. In our
dataset, codeletions involving chromosome arms of 1p and 19q
were found in 9% of the cases, with only 2% of tumors showing
complete 1p/19q codeletion (Table 1), which might be indicative
of a reported translocation.33 – 35 Loss of heterozygosity in 19q has
been reported as a marker of prolonged survival in glioblastoma
patients,33 but our study did not confirm this (Table 2).

In our set of 98 glioblastomas, alterations in PTEN and CDKN2A
and copy number alterations of EGFR were significantly more fre-
quent in primary glioblastomas (P¼ .001, P¼ .026, and P¼ .008,
respectively, Fisher’s exact test; Supplementary Table S3), whereas

Table 2. Prognostic univariate and multivariate Cox regression analyses in
98 glioblastoma patients using a stepwise Wald backward selection
procedure

Characteristic Univariate Multivariate

P value P value HR 95% CI for HR

Lower Upper

Age, per year ,.001 .056 1.019 0.999 1.040
Extent of resection .041 .089 0.651 0.397 1.068
KFS, per 10 points .001 ,.001 0.958 0.937 0.979
Radiotherapy, per Gy ,.001 ,.001 0.974 0.964 0.984
Secondary glioblastoma .075
CDKN2A alteration .120
EGFR alteration .018 .918 0.964 0.480 1.936
IDH1 mutation ,.001 .001 0.241 0.107 0.544
MGMT methylation .009 .001 0.396 0.227 0.689
PIK3CA mutation .025 .767 0.871 0.350 2.167
TP53 mutation .004 .694 0.886 0.484 1.622
PTEN mutation .125 .983 1.007 0.536 1.892
1p19q codeletion .687

KFS score, dosage of irradiation, IDH1 mutation, and MGMT methylation
were significant in the final step of the Wald procedure. For all other
patient characteristics, the values depicted are calculated in the step
prior to their removal. The normal and conservative multivariate
analyses included parameters that had P , .05 and P , .01 in the
univariate analyses.
Abbreviations: Gy, gray; KFS, Karnofsky Performance Status; HR, hazard
ratio.
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IDH1 mutations and complete loss of chromosome 1p occurred
more frequently in secondary glioblastomas, as reported previous-
ly.3,36,37 Although most secondary glioblastomas contained a
TP53 mutation (8 of 13), we did not observe significant differences
in mutation frequency in TP53 or PIK3CA mutations, or MGMT
methylation between primary and secondary glioblastomas.

IDH1 mutations were often accompanied by mutations in
TP53 and methylation of the MGMT promoter. In contrast, IDH1
mutations were negatively associated with alterations in
CDKN2A, EGFR, and PTEN (Table 1). These data reflect the robust
genetic differences between primary and secondary glioblast-
oma, as reported before (reviewed in 4,38). A new classification,
based only on genetic alterations, has recently been proposed.38

Survival Analysis

The median survival of the patients was 252 days (8.5 months;
Fig. 1A) with 35% and 16% of patients alive at 1 and 2 years, re-
spectively. Seven patients (7%) were considered to be long-term
survivors with survival longer than 3 years. Remarkably, the 2
patients who were still alive when the dataset was finalized (sur-
vival .5 and 7 years) had mutations in both IDH1 and PIK3CA.

First, we assessed whether any of the genetic alterations
was associated with survival by univariate analyses (Table 2).
The patients’ age, extent of resection, KFS, the dosage (Gy) of
radiotherapy received, mutations in IDH1, PIK3CA, PTEN and
TP53, alterations of EGFR, and methylation of the MGMT promoter
were found to be significantly associated with survival.

Fig. 1. Kaplan–Meier survival curves of 98 glioblastoma patients. (A) Overall survival curve. (B) Survival curves comparing IDH1-mutated with
nonmutated glioblastoma patients. (C) Survival curves comparing MGMT-methylated and non-MGMT-methylated glioblastoma patients. (D) Survival
curves of patients with IDH1 wild-type and unmethylated MGMT promoter; IDH1 wild-type and methylated MGMT promoter; IDH1 mutation and
unmethylated MGMT promoter; IDH1 mutation and methylated MGMT promoter. P values were calculated by the log-rank test. Abbreviations: M.S.,
median survival.
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In a multivariate Cox regression analysis incorporating para-
meters with P , .05 in the univariate analyses, the prognostic sig-
nificance of radiotherapy, the KFS score, IDH1 mutations, and
MGMT methylation was confirmed after correction for age, extent
of resection, and the aforementioned genetic statuses of EGFR,
PIK3CA, PTEN, and TP53 (Table 2). The adequacy of the proportional
hazards assumption of the Cox regression model was evaluated in
log-minus-log plots, which showed parallel lines (Supplementary
Fig. S1). This indicates that the proportional hazards assumption
holds firm and supports the reliability of the Cox regression
model. A more conservative multivariate analysis, incorporating
only parameters that had P , .01 in the univariate analyses,
revealed the same parameters to be independent prognostic fac-
tors (data not shown).

Glioblastoma patients with IDH1 mutations had a median
overall survival of 659 days versus 219 days for patients without
an IDH1 mutation (Fig. 1B), as we described previously.16 Methy-
lation of the MGMT promoter was associated with a median over-
all survival of 436 days versus 219 days in patients without a
methylated MGMT promoter (Fig. 1C). Patients with both an
IDH1 mutation and MGMT methylation had the best survival, fol-
lowed by patients with only an IDH1 mutation, then by patients
with only MGMT methylation, and last by patients without an
IDH1 mutation or MGMT methylation (Fig. 1D). Patients with
only an IDH1 mutation did not have significantly different survival
from patients with only MGMT methylation.

Two-gene Predictor

Based on recent reports1,39,40 and our results confirming the inde-
pendent prognostic importance of mutations in IDH1 (IDH1mt vs.
IDH1wt) and methylation of MGMT (MGMTmet vs MGMTunmet), we
generated a 2-gene predictor for glioblastoma survival based on
the genetic and epigenetic statuses of IDH1 and MGMT. This pre-
dictor stratifies patients into 3 groups: patients with “IDH1wt/
MGMTunmet” glioblastoma (61 patients), “IDH1mt/MGMTunmet
or IDH1wt/MGMTmet” glioblastoma (27 patients), and “IDH1mt/
MGMTmet” glioblastoma (10 patients). In Cox regression analyses,
a significant difference was identified in overall survival between
the 3 genotypes (Fig. 2A). Patients with IDH1mt/MGMTmet glio-
blastoma had the longest survival, followed by patients with
IDH1mt/MGMTunmet or IDH1wt/MGMTmet glioblastoma, while
patients with IDH1wt/MGMTunmet glioblastoma had the shortest
survival.

To investigate whether this 2-gene predictor could predict glio-
blastoma patient survival better than the individual genetic and
epigenetic statuses of IDH1 and MGMT alone, ROC curves were
generated for 1- and 2-year survival. Higher area under the
curve (AUC) values were retrieved for the 2-gene predictor com-
pared with both IDH1 mutation and MGMT methylation alone
(Supplementary Table S4), which indicated stronger association
for the 2-gene predictor with glioblastoma patient survival. To fur-
ther investigate performance of the 2-gene predictor for glio-
blastoma patient survival prediction, -2 log-likelihood tests were
conducted to compare the 2-gene predictor with the genetic and
epigenetic statuses of IDH1 and MGMT alone. These tests indi-
cated that the combined consideration of both IDH1 mutations
and MGMT methylation provides better survival predictions than
IDH1 mutations (P , .0001) or MGMT methylation (P¼ .008)
alone.

Next, this 2-gene predictor was validated in 3 external datasets
containing different prevalences of IDH1 mutations and MGMT
methylation (Supplementary Table S5). Also in these datasets,
the patients with IDH1wt/MGMTunmet, IDH1mt/MGMTunmet, or
IDH1wt/MGMTmet and IDH1mt/MGMTmet glioblastoma had the
shortest, intermediate, and longest survivals, respectively
(Fig. 2B–D).22,27,28 A multivariate Cox regression analysis confirmed
the independent prognostic significance of the 2-gene predictor in
2 of the 3 external datasets after correction for radiotherapy and
patient’s age (Table 3). Other possible confounding factors were
not or only limitedly available and could not be corrected for.
Log-minus-log plots confirmed the proportional hazards assump-
tion of the Cox models (Supplementary Fig. S2). The 2-gene pre-
dictor outperformed the individual statuses of IDH1 and MGMT in
survival prediction in these 3 external datasets as well (P¼ .001 vs
IDH1 mutations and P¼ .004 vs MGMT methylation; -2
log-likelihood test using AUC values (Supplementary Table S4)).

In addition, multivariate Cox regression analysis was con-
ducted on the combined 3 external datasets. No interaction be-
tween the datasets and the predictor was identified (P¼ .403;
Supplementary Table S6). This suggests that the performance of
the 2-gene predictor is independent of the population and
increases its significance. Additionally, the predictive value of
the 2-gene predictor was compared with IDH1 mutations and
MGMT methylation alone. In 2 multivariate Cox regression ana-
lyses controlling for either IDH1 mutation or MGMT methylation,
the 2-gene predictor was an independent prognostic factor (Sup-
plementary Table S7). This indicates that the 2-gene predictor
harbors significant additional prognostic information to the prog-
nostic information of the genetic and epigenetic statuses of IDH1
and MGMT.

Discussion
Here, we present a novel 2-gene predictor for glioblastoma sur-
vival based on mutations in IDH1 and methylation of MGMT,
which is more predictive of survival than either IDH1 mutations
or MGMT methylation alone.

We initially screened 98 human glioblastoma samples for
genetic and epigenetic alterations in 10 genes and chromosomal
loci. The survival outcome of our patient cohort reflects the dis-
mal prognosis of glioblastoma patients, as described in the litera-
ture. Because chemoradiation was not standard treatment at the
time these patients were included, most patients in our cohort did
not receive chemoradiation according to the Stupp protocol.2

Thus, our cohort may not completely reflect the predictive virtue
of MGMT methylation to treatment with temozolomide.5 How-
ever, a methylated MGMT promoter was an independent prognos-
tic factor in our study (Table 2), as was shown previously in some
other studies.7 – 9 There is still controversy about the limit of the
predictive and prognostic value of MGMT, and further research is
warranted.41 The median survival in our study (8.5 months) is
shorter than that reported in other studies (9–12 months) in
which patients did not yet have temozolomide as the standard
treatment.1,2 However, 7 patients (7%) were considered to be
long-term survivors with survival over 3 years, which is slightly
higher than reported previously (2%– 5%).31,33 KFS and age
have similar distributions in other studies,2,31 and the prevalence
of identified genetic alterations was in concordance with previous
reports,4 except for EGFR. In EGFR, the mutation frequency is
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lower than reported previously because we sequenced only
exons belonging to the kinase domain, whereas Lee et al
found mutations predominantly in the extracellular domain.42

In multivariate analyses, we found the mutational status of
IDH1, the methylation status of the MGMT promoter, the KFS
score, and the dosage of irradiation to be independent prognos-
tic factors (Table 2), which concurs with previous studies.6,43 – 49

We used the preoperatively determined KFS score in this ana-
lysis. This could have led to selection bias because patients
with higher pretreatment KFS scores may receive more aggres-
sive treatment. As there was no significant difference between
the preoperative and 2–3 week postoperative KFS scores in our
study (data not shown), this suggests that the independent
prognostic status of the KFS score was not the result of
selection bias.

In contrast to other studies,50 – 53 the extent of tumor resection
was not an independent prognostic factor in our population. This
may be the result of different methods for determining the extent
of resection. In our study, this information was derived from the
surgeon’s postoperative report. In other studies,50 – 53 the extent
of resection is defined on the basis of a postoperative MRI,
which is a more objective method.

In our study, the occurrence of a secondary glioblastoma was
a significant prognostic factor for progression-free survival but
not for overall survival, as described in other studies (Supplemen-
tary Table S3).36,54 This can be due to the small number of sec-
ondary glioblastomas in our set or the assumption that some
of our “primary” glioblastomas were actually secondary glioblast-
omas, for which no clinical, radiological, or histological evidence
of evolution from a low-grade glioma was found.38

Fig. 2. Kaplan–Meier survival curves of a 2-gene prognostic model in which glioblastoma patients are stratified into 3 groups (IDH1wt/MGMTunmet,
IDH1mt/MGMTunmet or IDH1wt/MGMTmet, and IDH1mt/MGMTmet). (A) Survival curves comparing 98 glioblastoma patients who were stratified using
the 2-gene predictor. (B–D) Survival curves comparing the 3 groups of the 2-gene predictor in 3 external datasets: (B) Mulholland et al, 2012,28 (C)
Boots-Sprenger et al, 2013,27 and (D) TCGA, 2012.22 P values were calculated by Cox proportional hazard models. Abbreviations: M.S., median survival.
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Two-gene Predictor

We developed a novel 2-gene predictor that comprises both gen-
etics and epigenetics and outperforms either mutations in IDH1
or methylation of the MGMT promoter alone for prediction of glio-
blastoma survival. This predictor stratifies glioblastoma patients
into 3 groups and is an independent prognostic factor for overall
survival in our dataset and external datasets. IDH1mt/MGMTmet
glioblastoma patients had the longest survival, whereas patients
with IDH1wt/MGMTunmet glioblastomas had the shortest sur-
vival. Patients with IDH1mt/MGMTunmet or IDH1wt/MGMTmet
glioblastomas had a longer survival than the IDH1wt/MGMTun-
met genotype but shorter than the IDH1mt/MGMTmet genotype.
Between the patient groups with IDH1mt/MGMTunmet and
IDH1wt/MGMTmet glioblastomas, there was no significant differ-
ence in survival. The 2-gene predictor performs well in different
populations with various prevalences of alterations in IDH1 and
MGMT and different median ages and overall survival. The
2-gene predictor was an independent prognostic factor in 2 of
3 external datasets. In multivariate analysis, the 2-gene predictor
was not significant in the Boots-Sprenger dataset (P¼ .081). This
may be due to the fact that this dataset has a relatively small
number of patients for which complete follow-up information
was available (n¼ 68).

Biological Significance of the 2-gene Predictor

In contrast to our genetic and epigenetic alterations study, distinct
molecular prognostic subclasses (proneural, neural, classical, and
mesenchymal) in glioblastoma have previously been identified by
expression-profiling studies.19,20,55 Proneural glioblastomas resem-
ble secondary glioblastomas in that they are characterized by IDH1
mutations and TP53 and PDGFRA alterations and correlate with a
better prognosis and younger age.20 The favorable prognosis of this
proneural subtype is restricted to tumors that have the glioma CpG
island methylator phenotype (G-CIMP), which has been described
as being tightly associated with IDH1 mutations.56 Indeed, IDH1
mutations have been shown to be “sufficient to establish the gli-
oma hypermethylator phenotype.”40 In addition, the G-CIMP sta-
tus correlates well with MGMT promoter methylation in low-grade
glioma,40 and glioblastoma.57 This suggests that IDH1 mutations
may directly or indirectly promote MGMT methylation. A substan-
tial number of patients with IDH1-mutated glioblastomas in our
study (Table 1) and those of others22,27,43,58 did not have MGMT
methylation. Notably, IDH1 mutations are very early events in
the development of glioma,59 and both the IDH1 mutational60,61

and MGMT methylation status generally do not change during
treatment. In 89% of glioblastoma patients, the methylation sta-
tus of MGMT in the primary tumor was retained at recurrence.62

This robustness of MGMT methylation status may suggest that
there are biological differences between glioblastomas in which
an IDH1 mutation has directly or indirectly promoted MGMT methy-
lation compared with glioblastomas in which an IDH1 mutation
has not established MGMT methylation.

In addition, our results show that there are also differences in
terms of survival between IDH1-mutated glioblastomas with and
without MGMT methylation. The survival time of glioblastoma
patients with only an IDH1 mutation is shorter than that for
patients with both IDH1 mutations and MGMT methylation
(Fig. 1D), as previously reported.32,43,44 These results suggest
that the group of IDH1-mutated patients is not homogenous
and that the prognosis is not only dependent on the IDH1 muta-
tional status but also on MGMT methylation or potentially G-CIMP
status. As the survival advantage in our study is quite large (me-
dian, 326 days; 95% CI, 264–388 days) versus 818 days (95% CI,
532–1104 days in 489 glioblastoma patients), there may be a
synergistic effect between IDH1 and MGMT that needs to be fur-
ther (mechanistically) explored. It was recently suggested that
there may be a mechanistic link between IDH1 mutations and
MGMT methylation.63 MGMT methylation is predictive for the re-
sponse to temozolomide in IDH1-mutated high-grade glioma,
and is prognostic in IDH1 wild-type WHO high-grade glioma.63 Be-
cause the patients in our cohort and the external validation
cohorts did not all receive chemoradiation according to the
Stupp protocol,2 the predictive power of the 2-gene predictor
may be different in our study compared with cohorts treated
according to the Stupp protocol. As MGMT methylation is predict-
ive for temozolomide response,5 this may suggest that the results
we present here underestimate the predictive power of the
2-gene predictor in cohorts treated with chemoradiation. More re-
search is needed in such cohorts to investigate this assumption.

Comparison with Other Prognostic Predictors

Other prognostic predictors based on both genetic and genetic
and epigenetic alterations have been described recently.

Table 3. Prognostic multivariate Cox regression analyses in the datasets of
Mulholland et al (A), The Cancer Genome Atlas (B), and Boots-Sprenger
et al (C)

Characteristic Multivariate analysis

P value HR 95% CI for HR

Lower Upper

A
Age, per year ,.001 1.041 1.026 1.055
Radiotherapy ,.001 0.518 0.370 0.727
2-gene prognostic model: .001 Reference

IDH1mt/MGMTunmet or
IDH1wt/MGMTmet

.003 0.626 0.459 0.854

IDH1mt/MGMTmet .006 0.384 0.194 0.763
B

Age, per year .016 1.019 1.003 1.035
Radiotherapy .000 0.129 0.054 0.309
2-gene prognostic model: .002 Reference

IDH1mt/MGMTunmet or
IDH1wt/MGMTmet

.002 0.470 0.291 0.759

IDH1mt/MGMTmet .029 0.242 0.068 0.862
C

Age, per year .023 1.023 1.003 1.042
Radiotherapy .249 0.789 0.527 1.181
2-gene prognostic model: .081 Reference

IDH1mt/MGMTunmet or
IDH1wt/MGMTmet

.061 0.612 0.366 1.023

IDH1mt/MGMTmet .162 0.543 0.231 1.277

P values are calculated by Cox proportional hazard models.
Abbreviations: Gy, gray; HR, hazard ratio.
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Predictors combining 1p/19q codeletion and either IDH1 muta-
tional status64 or G-CIMP65 were described in (anaplastic) oligo-
dendroglioma. In support of our 2-gene predictor, other studies
have described a correlation with progression-free survival
based on the genetic and epigenetic statuses of IDH1 and/or
MGMT in both low-grade and high-grade glioma and secondary
glioblastoma.32,43,44,63,66,67 According to the data presented
here, the 2-gene predictor is valid for both primary and secondary
glioblastoma patients. Our dataset and the 3 external datasets all
contain both primary and secondary glioblastoma.

Possible Improvements of the 2-gene Predictor

Recently, a combined analysis of MGMT protein expression and
MGMT promoter methylation was described, which optimized
prognostic predictions for glioblastoma patient survival.68 It is
possible that a predictor with more prognostic power could be
conceived by combining the mutational status of IDH1 with this
combined MGMT analysis.

Only a few cases of IDH2 mutations have been described in
glioblastoma thus far.27,32 IDH2 mutations occur less frequently
in gliomas and are mainly found in oligodendrogliomas.69 In
WHO grade III glioma, IDH2 is considered to have the same prog-
nostic effect as IDH1.11 Therefore, IDH1 and IDH2 mutations are
handled as one in most of the glioma literature. However, defini-
tive confirmation is not available on the prognostic status of IDH2
in glioblastoma. A single IDH2 mutation was found in the
Boots-Sprenger et al dataset,27 but none was found in our data-
set and the other external validation datasets. We did not include
the IDH2 mutation from the Boots-Sprenger et al dataset in the
results described here.27 Whether IDH2 mutations are included
in the 2-gene predictor or not, the results of the 2-gene predictor
do not change. Tests in datasets with more patients with IDH2
mutations are needed to confirm whether this 2-gene predictor
should be extended with IDH2 mutations to a 3-gene predictor.

Future Implications

The 2-gene predictor uses 2 well-established genetic and epigen-
etic alterations that will most likely play a role in future therapeut-
ic options for glioblastoma patients. Recently, 2 independent
clinical trials in elderly patients with MGMT methylated WHO
grade III astrocytoma70 or glioblastoma70,71 reported that temo-
zolomide treatment alone resulted in a better outcome than radio-
therapy only. In contrast, radiotherapy alone was better than
temozolomide alone in patients with unmethylated MGMT. These
results suggest that the genetic and epigenetic status of MGMT
allows individualized therapy in elderly patients who are not trea-
ted with a combination of temozolomide and radiotherapy. In
addition, second-line treated glioblastoma patients are being
stratified into different arms on the basis of MGMT methylation sta-
tus in clinical trials with new agents.72,73 Very recently, an IDH1
mutant-specific inhibitor was described,74 which is expected to be-
come available for clinical trials in the near future.75 This context
underlines the clinical significance of both IDH1 mutations and
MGMT methylation. It may soon become reality that molecular
changes provide a rationale for treatment of newly diagnosed glio-
blastoma patients. The 2-gene predictor demonstrates that the
group of glioblastoma patients with IDH1 mutations or MGMT
methylation is not homogenous in terms of prognosis: it matters

whether there is co-occurrence. Further research on the underlying
mechanisms may increase our biological understanding of glio-
blastoma. In addition, we propose that clinical trials, which include
glioblastoma patients with IDH1 mutations or MGMT methylation,
report the frequencies of IDH1mt/MGMTunmet or IDH1wt/
MGMTmet glioblastoma and IDH1mt/MGMTmet glioblastoma in
each arm. This will be a helpful addition to baseline comparisons
in future clinical trials.
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(http://neuro-oncology.oxfordjournals.org/).

Funding
This work was supported by grants from ABC2 (AAvT), Italian Association
for Cancer Research (AIRC; AB), Italian Ministry of Health, Regione Pie-
monte (AB), Italian Ministry of University and Research, CRT Progetto Alfieri
(AB), Association for International Cancer Research (AICRUK; AB) and EU
FP6 contract 037297 (AB). F.E. Bleeker was supported by a NWO travel
grant and a Netherlands Genomic Initiative Fellowship. R.J. Molenaar
was supported by an AMC PhD Scholarship.

Acknowledgments
The authors thank Mrs W. Tigchelaar for sample handling.

Conflict of interest statement. Alberto Bardelli is a shareholder of Horizon
Discovery Limited.

References
1. Stupp R, Hegi ME, Mason WP, et al. Effects of radiotherapy with

concomitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomised phase III study:
5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009;10(5):
459–466.

2. Stupp R, Mason WP, van den Bent MJ, et al. Radiotherapy plus
concomitant and adjuvant temozolomide for glioblastoma. N Engl
J Med. 2005;352(10):987–996.

3. Ohgaki H, Kleihues P. Genetic pathways to primary and secondary
glioblastoma. Am J Pathol. 2007;170(5):1445–1453.

4. Bleeker FE, Molenaar RJ, Leenstra S. Recent advances in the
molecular understanding of glioblastoma. J Neurooncol. 2012;
108(1):11–27.

5. Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing and benefit
from temozolomide in glioblastoma. N Engl J Med. 2005;352(10):
997–1003.

6. Weller M, Felsberg J, Hartmann C, et al. Molecular predictors of
progression-free and overall survival in patients with newly
diagnosed glioblastoma: a prospective translational study of the
German Glioma Network. J Clin Oncol. 2009;27(34):5743–5750.

7. Zawlik I, Vaccarella S, Kita D, et al. Promoter methylation and
polymorphisms of the MGMT gene in glioblastomas: a population-
based study. Neuroepidemiology. 2009;32(1):21–29.

8. Nagarajan RP, Costello JF. Epigenetic mechanisms in glioblastoma
multiforme. Semin Cancer Biol. 2009;19(3):188–197.

Molenaar et al.: Glioblastoma survival prediction by IDH1 and MGMT

Neuro-Oncology 1271

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/9/1263/1079132 by guest on 20 August 2022

http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou005/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou005/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou005/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou005/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou005/-/DC1


9. Martinez R, Esteller M. The DNA methylome of glioblastoma
multiforme. Neurobiol Dis. 2010;39(1):40–46.

10. Parsons DW, Jones S, Zhang X, et al. An integrated genomic analysis
of human glioblastoma multiforme. Science. 2008;321(5897):
1807–1812.

11. Yan H, Parsons DW, Jin G, et al. IDH1 and IDH2 mutations in gliomas.
N Engl J Med. 2009;360(8):765–773.

12. Balss J, Meyer J, Mueller W, et al. Analysis of the IDH1 codon 132
mutation in brain tumors. Acta Neuropathol. 2008;116(6):597–602.

13. Bleeker FE, Lamba S, Leenstra S, et al. IDH1 mutations at residue
p.R132 (IDH1(R132)) occur frequently in high-grade gliomas but
not in other solid tumors. Hum Mutat. 2009;30(1):7–11.

14. Ichimura K, Pearson DM, Kocialkowski S, et al. IDH1 mutations are
present in the majority of common adult gliomas but rare in
primary glioblastomas. Neuro Oncol. 2009;11(4):341–347.

15. Nobusawa S, Watanabe T, Kleihues P, et al. IDH1 mutations as
molecular signature and predictive factor of secondary
glioblastomas. Clin Cancer Res. 2009;15(19):6002–6007.

16. Bleeker FE, Atai NA, Lamba S, et al. The prognostic IDH1(R132)
mutation is associated with reduced NADP+-dependent IDH
activity in glioblastoma. Acta Neuropathol. 2010;119(4):487–494.

17. Sanson M, Marie Y, Paris S, et al. Isocitrate dehydrogenase 1 codon
132 mutation is an important prognostic biomarker in gliomas. J Clin
Oncol. 2009;27(25):4150–4154.

18. Gravendeel LA, Kouwenhoven MC, Gevaert O, et al. Intrinsic gene
expression profiles of gliomas are a better predictor of survival
than histology. Cancer Res. 2009;69(23):9065–9072.

19. Phillips HS, Kharbanda S, Chen R, et al. Molecular subclasses of
high-grade glioma predict prognosis, delineate a pattern of
disease progression, and resemble stages in neurogenesis. Cancer
Cell. 2006;9(3):157–173.

20. Verhaak RG, Hoadley KA, Purdom E, et al. Integrated genomic
analysis identifies clinically relevant subtypes of glioblastoma
characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1.
Cancer Cell. 2010;17(1):98–110.

21. Bleeker FE, Lamba S, Zanon C, et al. Absence of AKT1 mutations in
glioblastoma. PLoS One. 2009;4(5):e5638.

22. TCGAN. Comprehensive genomic characterization defines human
glioblastoma genes and core pathways. Nature. 2008;455(7216):
1061–1068.

23. Schouten JP, McElgunn CJ, Waaijer R, et al. Relative quantification of
40 nucleic acid sequences by multiplex ligation-dependent probe
amplification. Nucleic Acids Res. 2002;30(12):e57.

24. Jeuken J, Sijben A, Alenda C, et al. Robust detection of EGFR copy
number changes and EGFR variant III: technical aspects and
relevance for glioma diagnostics. Brain Pathol. 2009;19(4):661–671.

25. Jeuken J, Cornelissen S, Boots-Sprenger S, et al. Multiplex
ligation-dependent probe amplification: a diagnostic tool for
simultaneous identification of different genetic markers in glial
tumors. J Mol Diagn. 2006;8(4):433–443.

26. Jeuken JW, Cornelissen SJ, Vriezen M, et al. MS-MLPA: an attractive
alternative laboratory assay for robust, reliable, and
semiquantitative detection of MGMT promoter hypermethylation in
gliomas. Lab Invest. 2007;87(10):1055–1065.

27. Boots-Sprenger SH, Sijben A, Rijntjes J, et al. Significance of complete
1p/19q co-deletion, IDH1 mutation and MGMT promoter
methylation in gliomas: use with caution. Mod Pathol. 2013;26(7):
922–929.

28. Mulholland S, Pearson DM, Hamoudi RA, et al. MGMT CpG island is
invariably methylated in adult astrocytic and oligodendroglial

tumors with IDH1 or IDH2 mutations. Int J Cancer. 2012;131(5):
1104–1113.

29. Gravendeel LA, Kloosterhof NK, Bralten LB, et al. Segregation of
non-p.R132H mutations in IDH1 in distinct molecular subtypes of
glioma. Hum Mutat. 2010;31(3):E1186–E1199.

30. French PJ, Swagemakers SM, Nagel JH, et al. Gene expression profiles
associated with treatment response in oligodendrogliomas. Cancer
Res. 2005;65(24):11335–11344.

31. Krex D, Klink B, Hartmann C, et al. Long-term survival with
glioblastoma multiforme. Brain. 2007;130(Pt 10):2596–2606.

32. SongTao Q, Lei Y, Si G, et al. IDH mutations predict longer survival and
response to temozolomide in secondary glioblastoma. Cancer Sci.
2012;103(2):269–273.

33. Burton EC, Lamborn KR, Feuerstein BG, et al. Genetic aberrations
defined by comparative genomic hybridization distinguish
long-term from typical survivors of glioblastoma. Cancer Res. 2002;
62(21):6205–6210.

34. Nakamura M, Yang F, Fujisawa H, et al. Loss of heterozygosity on
chromosome 19 in secondary glioblastomas. J Neuropathol Exp
Neurol. 2000;59(6):539–543.

35. Institute WTS. Catalogue Of Somatic Mutations In Cancer (COSMIC).

36. Ohgaki H, Dessen P, Jourde B, et al. Genetic pathways to
glioblastoma: a population-based study. Cancer Res. 2004;64(19):
6892–6899.

37. Eoli M, Menghi F, Bruzzone MG, et al. Methylation of O6-
methylguanine DNA methyltransferase and loss of heterozygosity
on 19q and/or 17p are overlapping features of secondary
glioblastomas with prolonged survival. Clin Cancer Res. 2007;13(9):
2606–2613.

38. Ohgaki H, Kleihues P. The definition of primary and secondary
glioblastoma. Clin Cancer Res. 2013;19(4):764–772.

39. Lu C, Ward PS, Kapoor GS, et al. IDH mutation impairs histone
demethylation and results in a block to cell differentiation. Nature.
2012;483(7390):474–478.

40. Turcan S, Rohle D, Goenka A, et al. IDH1 mutation is sufficient to
establish the glioma hypermethylator phenotype. Nature. 2012;
483(7390):479–483.

41. Fietkau R, Putz F, Lahmer G, et al. Can MGMT promoter methylation
status be used as a prognostic and predictive marker for glio-
blastoma multiforme at the present time?: A word of caution.
Strahlenther Onkol. 2013;189(12):993–995.

42. Lee JC, Vivanco I, Beroukhim R, et al. Epidermal growth factor
receptor activation in glioblastoma through novel missense
mutations in the extracellular domain. PLoS Med. 2006;3(12):e485.

43. Hartmann C, Hentschel B, Wick W, et al. Patients with IDH1 wild type
anaplastic astrocytomas exhibit worse prognosis than
IDH1-mutated glioblastomas, and IDH1 mutation status accounts
for the unfavorable prognostic effect of higher age: implications
for classification of gliomas. Acta Neuropathol. 2010;120(6):
707–718.

44. Juratli TA, Kirsch M, Geiger K, et al. The prognostic value of IDH
mutations and MGMT promoter status in secondary high-grade
gliomas. J Neurooncol. 2012;110(3):325–333.

45. Carrillo JA, Lai A, Nghiemphu PL, et al. Relationship between tumor
enhancement, edema, IDH1 mutational status, MGMT promoter
methylation, and survival in glioblastoma. Am J Neuroradiol. 2012;
33(7):1349–1355.

46. Leibel SA, Sheline GE. Radiation therapy for neoplasms of the brain. J
Neurosurg. 1987;66(1):1–22.

Molenaar et al.: Glioblastoma survival prediction by IDH1 and MGMT

1272

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/9/1263/1079132 by guest on 20 August 2022



47. Walker MD, Strike TA, Sheline GE. An analysis of dose-effect
relationship in the radiotherapy of malignant gliomas. Int J Radiat
Oncol Biol Phys. 1979;5(10):1725–1731.

48. Zinn PO, Colen RR, Kasper EM, et al. Extent of resection and
radiotherapy in GBM: A 1973 to 2007 surveillance, epidemiology
and end results analysis of 21,783 patients. Int J Oncol. 2013;
42(3):929–934.

49. Chaudhry NS, Shah AH, Ferraro N, et al. Predictors of long-term
survival in patients with glioblastoma multiforme: advancements
from the last quarter century. Cancer Invest. 2013;31(5):287–308.

50. Bloch O, Han SJ, Cha S, et al. Impact of extent of resection for
recurrent glioblastoma on overall survival: clinical article. J
Neurosurg. 2012;117(6):1032–1038.

51. Kuhnt D, Becker A, Ganslandt O, et al. Correlation of the extent of
tumor volume resection and patient survival in surgery of
glioblastoma multiforme with high-field intraoperative MRI
guidance. Neuro Oncol. 2011;13(12):1339–1348.

52. Ewelt C, Goeppert M, Rapp M, et al. Glioblastoma multiforme of the
elderly: the prognostic effect of resection on survival. J Neurooncol.
2011;103(3):611–618.

53. Wang Y, Chen X, Zhang Z, et al. Comparison of the clinical efficacy of
temozolomide (TMZ) versus nimustine (ACNU)-based chemotherapy
in newly diagnosed glioblastoma. Neurosurg Rev. 2014;37(1):73–78.

54. Scoccianti S, Magrini SM, Ricardi U, et al. Patterns of care and survival
in a retrospective analysis of 1059 patients with glioblastoma
multiforme treated between 2002 and 2007: a multicenter study
by the Central Nervous System Study Group of Airo (italian
Association of Radiation Oncology). Neurosurgery. 2010;67(2):
446–458.

55. Lee Y, Scheck AC, Cloughesy TF, et al. Gene expression analysis of
glioblastomas identifies the major molecular basis for the
prognostic benefit of younger age. BMC Med Genomics. 2008;1:52.

56. Noushmehr H, Weisenberger DJ, Diefes K, et al. Identification of a
CpG island methylator phenotype that defines a distinct subgroup
of glioma. Cancer Cell. 2010;17(5):510–522.

57. van den Bent MJ, Gravendeel LA, Gorlia T, et al. A hypermethylated
phenotype is a better predictor of survival than MGMT methylation in
anaplastic oligodendroglial brain tumors: a report from EORTC study
26951. Clin Cancer Res. 2011;17(22):7148–7155.

58. Toedt G, Barbus S, Wolter M, et al. Molecular signatures classify
astrocytic gliomas by IDH1 mutation status. Int J Cancer. 2011;
128(5):1095–1103.

59. Watanabe T, Nobusawa S, Kleihues P, et al. IDH1 mutations are early
events in the development of astrocytomas and oligodendrogliomas.
Am J Pathol. 2009;174(4):1149–1153.

60. Kanamori M, Kumabe T, Shibahara I, et al. Clinical and histological
characteristics of recurrent oligodendroglial tumors: comparison
between primary and recurrent tumors in 18 cases. Brain Tumor
Pathol. 2013;30(3):151–159.

61. Kim JH, Bae Kim Y, Han JH, et al. Pathologic diagnosis of recurrent
glioblastoma: morphologic, immunohistochemical, and molecular
analysis of 20 paired cases. Am J Surg Pathol. 2012;36(4):620–628.

62. Felsberg J, Thon N, Eigenbrod S, et al. Promoter methylation and
expression of MGMT and the DNA mismatch repair genes MLH1,
MSH2, MSH6 and PMS2 in paired primary and recurrent
glioblastomas. Int J Cancer. 2011;129(3):659–670.

63. Wick W, Meisner C, Hentschel B, et al. Prognostic or predictive value
of MGMT promoter methylation in gliomas depends on IDH1
mutation. Neurology. 2013;81(17):1515–1522.

64. Frenel JS, Leux C, Loussouarn D, et al. Combining two biomarkers,
IDH1/2 mutations and 1p/19q codeletion, to stratify anaplastic
oligodendroglioma in three groups: a single-center experience. J
Neurooncol. 2013;114(1):85–91.

65. Mur P, Mollejo M, Ruano Y, et al. Codeletion of 1p and 19q determines
distinct gene methylation and expression profiles in IDH-mutated
oligodendroglial tumors. Acta Neuropathol. 2013;126(2):277–289.

66. Leu S, von Felten S, Frank S, et al. IDH/MGMT-driven molecular
classification of low-grade glioma is a strong predictor for
long-term survival. Neuro Oncol. 2013;15(4):469–479.

67. Leibetseder A, Ackerl M, Flechl B, et al. Outcome and molecular
characteristics of adolescent and young adult patients with newly
diagnosed primary glioblastoma: a study of the Society of Austrian
Neurooncology (SANO). Neuro Oncol. 2013;15(1):112–121.

68. Bady P, Sciuscio D, Diserens AC, et al. MGMT methylation analysis of
glioblastoma on the Infinium methylation BeadChip identifies two
distinct CpG regions associated with gene silencing and outcome,
yielding a prediction model for comparisons across datasets,
tumor grades, and CIMP-status. Acta Neuropathol. 2012;124(4):
547–560.

69. Hartmann C, Meyer J, Balss J, et al. Type and frequency of IDH1 and
IDH2 mutations are related to astrocytic and oligodendroglial
differentiation and age: a study of 1,010 diffuse gliomas. Acta
Neuropathol. 2009;118(4):469–474.

70. Wick W, Platten M, Meisner C, et al. Temozolomide chemotherapy
alone versus radiotherapy alone for malignant astrocytoma in the
elderly: the NOA-08 randomised, phase 3 trial. Lancet Oncol. 2012;
13(7):707–715.

71. Malmstrom A, Gronberg BH, Marosi C, et al. Temozolomide versus
standard 6-week radiotherapy versus hypofractionated radiotherapy
in patients older than 60 years with glioblastoma: the Nordic
randomised, phase 3 trial. Lancet Oncol. 2012;13(9):916–926.

72. Motomura K, Natsume A, Kishida Y, et al. Benefits of interferon-B and
temozolomide combination therapy for newly diagnosed primary
glioblastoma with the unmethylated MGMT promoter: A
multicenter study. Cancer. 2011;117(8):1721–1730.

73. ClinicalTrials.gov. http://www.clinicaltrials.gov/ct2/results?Term=
MGMT+glioblastoma&Search=Search. Accessed June 18, 2013.

74. Rohle D, Popovici-Muller J, Palaskas N, et al. An inhibitor of mutant
IDH1 delays growth and promotes differentiation of glioma cells.
Science. 2013;340(6132):626–630.

75. Williams R. Cancer Growth Curtailed. The Scientist 2013; http://www.
the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-
Curtailed/. Accessed June 12, 2013.

Molenaar et al.: Glioblastoma survival prediction by IDH1 and MGMT

Neuro-Oncology 1273

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/16/9/1263/1079132 by guest on 20 August 2022

http://www.clinicaltrials.gov/ct2/results?Term=MGMT+glioblastoma&amp;Search=Search
http://www.clinicaltrials.gov/ct2/results?Term=MGMT+glioblastoma&amp;Search=Search
http://www.clinicaltrials.gov/ct2/results?Term=MGMT+glioblastoma&amp;Search=Search
http://www.clinicaltrials.gov/ct2/results?Term=MGMT+glioblastoma&amp;Search=Search
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/
http://www.the-scientist.com/?Articles.view/articleNo/35002/title/Cancer-Growth-Curtailed/

