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MGMT methylation analysis of glioblastoma on the Infinium
methylation Bead Chip identifies two distinct CpG regions associated
with gene silencing and outcome, yielding a prediction model

for comparisons across datasets, tumor grades, and CIMP-status
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Abstract The methylation status of the O°-methylgua-
nine-DNA methyltransferase (MGMT) gene is an important
predictive biomarker for benefit from alkylating agent
therapy in glioblastoma. Recent studies in anaplastic gli-
oma suggest a prognostic value for MGMT methylation.
Investigation of pathogenetic and epigenetic features of
this intriguingly distinct behavior requires accurate MGMT
classification to assess high throughput molecular data-
bases. Promoter methylation-mediated gene silencing is
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strongly dependent on the location of the methylated CpGs,
complicating classification. Using the HumanMethyla-
tion450 (HM-450K) BeadChip interrogating 176 CpGs
annotated for the MGMT gene, with 14 located in the
promoter, two distinct regions in the CpG island of the
promoter were identified with high importance for gene
silencing and outcome prediction. A logistic regression
model (MGMT-STP27) comprising probes cg1243587 and
cgl12981137 provided good classification properties and
prognostic value (kappa = 0.85; log-rank p < 0.001) using
a training-set of 63 glioblastomas from homogenously
treated patients, for whom MGMT methylation was previ-
ously shown to be predictive for outcome based on
classification by methylation-specific PCR. MGMT-STP27
was successfully validated in an independent cohort of
chemo-radiotherapy-treated glioblastoma patients (n = 50;
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kappa = 0.88; outcome, log-rank p < 0.001). Lower
prevalence of MGMT methylation among CpG island
methylator phenotype (CIMP) positive tumors was found
in glioblastomas from The Cancer Genome Atlas than in
low grade and anaplastic glioma cohorts, while in CIMP-
negative gliomas MGMT was classified as methylated in
approximately 50 % regardless of tumor grade. The pro-
posed MGMT-STP27 prediction model allows mining of
datasets derived on the HM-450K or HM-27K BeadChip to
explore effects of distinct epigenetic context of MGMT
methylation suspected to modulate treatment resistance in
different tumor types.

Keywords MGMT - DNA methylation - MSP -
Infinium methylation platform - Prediction model

Introduction

High throughput platforms for genome wide DNA meth-
ylation analysis have allowed establishing the methylome
of large series of patient samples. Pattern analysis of
respective datasets has identified CpG island methylator
phenotypes (CIMP) for several tumor types such as colon
cancer [19, 21, 42] and more recently also glioma
(G-CIMP) [29, 43, 45]. However, classification of sam-
ples as being silenced by aberrant methylation for a given
gene is not obvious, since the relationship between CpG-
methylation at individual sites, the extent of the overall
CpG island methylation, and their effect on gene silencing
is strongly dependent on the location within the gene [46].
Promoter methylation of the repair gene O°-methylgua-
nine-DNA methyltransferase (MGMT) is a predictive
factor for benefit from alkylating agent therapy in glio-
blastoma patients [3, 16, 33]. The predictive value of the
MGMT status is supported by recent findings in two
clinical trials, comparing radiotherapy versus temozolo-
mide (TMZ) treatment. In these trials for elderly patients,
retrospective analysis of the MGMT methylation status
was associated with prediction of good outcome in the
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TMZ-, but not the RT-arm [24, 52]. Furthermore, the
MGMT status has been prospectively validated in a phase
III trial as biomarker for favorable outcome in glioblas-
toma patients treated with temozolomide [12]. Repair by
MGMT reverses alkylation at the O®-position of guanine,
one of the most toxic lesions induced by alkylating agents
such as temozolomide (TMZ), thereby blunting the
treatment effect [18, 30]. Hence, the MGMT methylation
status has become a biomarker used for patient stratifi-
cation or patient selection in clinical trials for
glioblastoma patients [12, 39, 50]. Surprisingly, recent
studies in anaplastic glioma (WHO grade III) suggest a
prognostic value [44, 51]. In order to investigate patho-
genetic and epigenetic features associated with this
intriguingly distinct behavior of anaplastic glioma com-
pared to glioblastoma, it is of high interest analyzing large
datasets of glioma for which DNA methylome data have
been reported, and classifying them by their MGMT gene
promoter methylation status for integration into multi-
dimensional molecular and clinical data analysis. Several
glioma datasets comprising methylome data obtained
on the Infinium HumanMethylation27 (HM-27K) or
HM-450K BeadChip that interrogate at single-nucleotide
resolution over 27,000 or 485,000 methylation sites
per sample, respectively, have become publicly available
[7, 29, 43, 45]. The most comprehensive glioblastoma
dataset with over 200 samples is from The Cancer Gen-
ome Atlas [29, 40], widely used for hypothesis generation
and validation in brain tumor research [17, 48, 53];
however, the MGMT methylation status has not yet been
annotated.

The objective of this study was to propose a model
determining the probability of MGMT promoter methyla-
tion allowing classification into methylated and
unmethylated samples based on CpG methylation data
obtained on the widely used HM-450K or HM-27K
BeadChip. The model can be applied to other datasets for
example to further investigation of the relationship of
MGMT methylation with CIMP and other molecular and
clinical parameters. The basic idea was to train the model
using methylation-specific PCR (MSP)-based classification
that we have shown to predict favorable outcome in a
homogenously and prospectively treated glioblastoma
patient population and for which we have obtained HM-
450K data [15, 16]. Standard treatment included the
alkylating agent temozomoide (TMZ) concomitant with
and adjuvant to radiotherapy [36, 38]. At the same time,
this study allowed investigation of the relationship between
location-specific CpG methylation, MGMT gene expression
and outcome, supporting the mechanistic hypothesis that
methylation-dependent gene silencing results in loss of
expression and subsequently benefit from alkylating agent
therapy in glioblastoma.
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Material and methods
Patient samples and external data sets

DNA methylation profiles were established for 63 glio-
blastoma tissues from 59 patients and five non-tumoral
brain tissues (epilepsy surgery). All glioblastoma patients
were treated within a phase II or a randomized phase III
trial [36, 38] and provided written informed consent for
molecular studies of their tumors. The protocols were
approved by the ethics committees at each participating
center and the respective competent authorities. For this
patient cohort (M-GBM) that served as training set,
detailed clinical information, treatment [37] and molecular
data was available, including gene expression data [26],
and the MGMT methylation status based on classic meth-
ylation-specific PCR (MSP) [15, 16].

Four external glioma DNA methylation datasets associated
with clinical information were used: the first, prospectively
collected glioblastoma samples of a cohort of 50 patients
(E-GBM) treated with combined chemo-radiotherapy with
TMZ (Stupp protocol) for which HM-27K and methylation-
specific pyrosequencing-based (MS-PSeq) MGMT methyla-
tion information was available [7] (see supplementary Figure
S1 for location of five interrogated CpGs). The second dataset
with HM-27K information consisted of 241 glioblastoma
samples (TCGA-GBM, survival information available for 239
samples) and was downloaded from The Cancer Genome
Atlas (TCGA) website (http://tcga-data.nci.nih.gov/tcga/tcga
Home?2.jsp) [29, 40]. The third comprised HM-27K data from
67 anaplastic glioma (WHO grade III) (VB-Glioma-III) [45]
of a cohort of homogenously treated patients, including
MGMT methylation classification based on methylation-
specific multiplex ligation-dependent probe amplification
(MS-MLPA) (see Figure S1 for location of the 3 interrogated
CpGs, probes used are described [44]). The fourth dataset
comprised 71 low grade and anaplastic glioma samples (29
WHO grade II and 42 grade III) profiled on the HM-450K
(T-Glioma-II/IIT) [43].

DNA methylation analysis

DNA was isolated from frozen tissues whereof 1.0-ug DNA
was converted by bisulfite using the EZ DNA Methylation™
Kit (# D5001 Zymo Research Corporation) according to the
manufacturer’s instructions. DNA methylation analysis was
performed on the HM-450K (Illumina) as recommended at the
Genomics platform at the University of Geneva. For each
interrogated CpG two site-specific probes are present, one
designed for the methylated and another for the unmethylated
locus to which the chemically converted DNA gets hybrid-
ized. Single-base extension of the hybridized probes
incorporates a labeled ddNTP, which allows subsequent

quantification of methylated and unmethylated alleles (http://
www.illumina.com/technology/infinium_methylation_assay.
ilmn).

Data analysis

The intensities of methylated and unmethylated signals
were normalized using the Illumina GenomeStudio pro-
gram. In the annotation file 176 CpG probes were
associated with the MGMT gene, whereof 25 are shared
with the HM-27K that was used in three of the four
external datasets. The DNA methylation information was
summarized by M-value as recommended by Du et al. [4]:

max(signal B,0) + 1
max(signal A,0) + 1

M-value = log2 (

The terms ‘signal A’ and ‘signal B’ correspond to the
intensities of the unmethylated and methylated probes.

Statistical methods

The relationship between the methylation status of the MGMT
promoter defined by MSP and the probes located in the MGMT
promoter region (CHR10: 131264700-131266300, genome
build 37) (Fig. 1; Fig. S1) present on the HK-450K was
evaluated by logistic regressions [25, 28]. A two-step proce-
dure was used to construct the model to calculate the
probability of MGMT promoter methylation for subsequent
binary classification. In the first step, all univariate models
were tested and only probes significantly associated with the
MSP classification were selected using the log-likelihood ratio
test (LRT) and Bonferroni correction for multiple testing. In a
second step, we determined the optimal model built by step-
wise logistic model building based on the corrected Akaike’s
criterion (AICc) [1, 20, 47] that limits overfitting. Two models
were constructed, one with all selected probes, and one using
only the probes common to both, the HM-27K and HM-450K
platforms. The model performance was assessed by internal-
validation based on a bootstrap procedure with optimism/bias
correction [13]. This procedure validates the process used to fit
the original model and it provides a bias value defined by the
difference between the index from the original dataset and the
average of indices from the resampling procedure (200 repe-
titions). The kappa index and the proportion of correct
classification were used to evaluate the concordance between
the observed and the predicted methylation status. The
M-value distributions of the probes selected by the model
were compared by pairwise quantile-quantile representation
(QQ-plot) for the five datasets and non-parametric Smirnov—
Kolmogorov test for equal distribution.

For the external datasets, the probability of MGMT
promoter methylation and subsequent classification were
determined using the model compatible with the HM-27K

@ Springer
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Fig. 1 CpG methylation of the MGMT promoter region, MGMT
expression and patient survival in M-GBM. a The Spearman and
Pearson correlations between gene expression (probe 204880 _at from
Affymetrix U133plus2) and M-value of the 18 CpG methylation
probes from the Infinium humanmethyltion 450K BeadChip (HM-
450K) of the M-GBM cohort are visualized on a scale representing
the physical location in the CpG island of the promoter region
encompassing the transcription start site (TSS) (genome build 37).
b The associations between overall survival (OS) and CpG methyl-
ation of distinct probes are displayed (p values, univariate Cox
regression model and log-likelihood ratio test; p values, minus-log10-
transformed). The p value for classification by MSP is indicated at its
physical location (primer set, red). ¢ The associations between MGMT
promoter methylation classification based on MSP and the 18 selected
CpG methylation probes from the HM-450K are shown (logistic
regression and log-likelihood ratio test; p values, minus-logl0-
transformed). The dotted gray lines in b and ¢ correspond to the
threshold of 0.05. The graph at the bottom indicates the physical

platform. The probability values were associated with
Wald-based confidence intervals (CI 95 %) to evaluate the
uncertainty of the model [9]. CIMP positive tumors were
identified using unsupervised clustering methods similar to
Noushmehr et al. and Turcan et al. [29, 43]. The relation-
ship between the predicted MGMT status and the presence
of CIMP was assessed by Chi-squared tests with p values

@ Springer

location of the TSS (TSSI, according to Harris et al. [14]; TSS2
according to gene build 19); the location of the CpG island/individual
CpGs green; the differentially methylated regions 1 and 2, DMR1 and
2, as defined by Malley et al. [23] blue; the primers for MSP [6] red;
the region for MS-clone sequencing in glioblastoma, MS-CSeq [34];
the CpGs interrogated by methylation specific multiplex ligation-
dependent probe amplification, MS-MPLA purple [44], and methyl-
ation-specific pyrosequencing, MS-PSeq pink [7]. The names of the
CpG probes interrogated on HM-450K are given on the right. Probes
present on both platforms (HM-450K and HM-27K) are indicated by
triangles, probes only present on the HM-450K are represented by
squares. See supplementary Figure S1 for exact locations of CpGs
interrogated by the different assays. The symbols are explained on the
right hand side. We note that the CpG methylation probes (8, 9, 10
and 16) most correlated with expression also correspond to the probes
highly associated with survival, and most correlated with MSP-based
MGMT methylation prediction

computed by Monte Carlo simulation, because cell counts
were expected to be inferior to five [31].

The Kaplan—-Meier (KM) curves and log-rank tests were
estimated for each dataset and predictor [13, 41]. Univar-
iate and multivariate survival models were assessed using
the Cox proportional hazards regression model and the
LRT.
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Analyses and graphical representations were performed
using R-2.14.2 and the R packages design and survival
[32].

Results

Calibration model to predict the methylation status
of the MGMT promoter using the HM-450K platform

The prediction model is based on a glioblastoma patient
cohort treated with standard chemo-radiotherapy within
two prospective clinical trials. The MGMT promoter
methylation status of this cohort was available from classic
MSP discriminating methylated and unmethylated samples.
Most importantly, the results of this MSP-test have been
shown to be of predictive value for benefit from the addi-
tion of temozolomide chemotherapy [15, 16, 26, 37]. The
results of the MSP assay were considered as reference for
model construction. A total of 63 glioblastoma samples
(M-GBM) and five non-tumoral brain tissues were analyzed
on the HM-450K Beadarray platform. The five non-tumoral
brain tissues were classified as MGMT unmethylated based
on MSP. The clinical and molecular information of patient
samples is summarized in Table S1. Of the 176 CpG probes
on the HM-450K annotated as mapping to the MGMT gene,
14 are in the CpG island located in the MGMT promoter
region encompassing the transcription start site (TSS)
(Fig. 1). This CpG island has been shown to be determinant
for regulation of expression [8, 23, 27, 35]. The remaining
CpGs are mostly found in the MGMT gene body (Supple-
mentary Figure S2). The detection call rate for these 14
CpG island-associated probes was equal to 1.00, indicating
reliable detection.

Association of probes with MSP, MGMT expression
and outcome

Eleven probes located in the TSS-encompassing CpG
island of the MGMT promoter were significantly associated
with the previously MSP-defined MGMT methylation sta-
tus (Fig. 1). We observed two prediction peaks. The
strongest association was reached by the probes
¢g12434587 and ¢g12981137, respectively (No. 10 and 16
in Fig. 1). Of note, the CpG tested by the probe
cg12981137 (CHR 10: 131265575, genome build 37) is
also interrogated by the reverse primer of the MSP assay
(Supplementary Fig. S1) [6]. Strikingly, the highest nega-
tive correlation between methylation and gene expression
(estimated by Affymetrix U133plus2, [26]) was observed
for the same two probes (Spearman correlation coefficients
—0.543 and —0.571, respectively). The negative correla-
tion is consistent with promoter methylation mediated

down-regulation of MGMT expression. Similarly, these
two probes were the most negatively correlated with
MGMT gene expression in the E-GBM and the TCGA-
GBM dataset for which expression data were available
(Supplementary Fig. S3). The association of MGMT
expression and DNA methylation at individual CpGs is
visualized in a scatter plot for the M-GBM data set
including non-tumoral brain tissues in the Supplementary
Figure S4. Remarkably, the probes in vicinity to the TSS
(probes 12-14 in Fig. 1) were at best weakly associated
with the MSP results (Fig. 1). The strongest association
with overall survival (OS) peaked at the same two probes,
¢g12434587 and ¢g12981137, with p values of <10~ and
<10™*, while again no association was found at CpGs in
the vicinity of the TSS, and the 5’ and 3’ edges of the CpG
island (Fig. 1). The p values for OS prediction of these two
probes were similar to the one for the MSP-based meth-
ylation classification (p < 107°). The association of OS
with methylation at individual CpGs is shown for all
datasets in Figure S3. Taken together, the CpG methylation
probes (8, 9, 10 and 16) most correlated with expression
also correspond to the probes highly associated with
survival, and most correlated with MSP-based MGMT
methylation prediction.

In order to test if other methylated CpGs are relevant for
MGMT silencing, we investigated the remaining CpGs,
mainly located in the gene body. No negative correlation
was observed between methylation and expression and no
association with outcome (Supplementary Figure S2).

Stepwise model building

We aimed at building an optimal methylation predictor
using multiple probes. In the first step, the 11 probes sig-
nificantly associated with MSP-defined methylation were
selected. The prediction performances with individual
probes were very high. Expectedly, the highest sensitivity
and specificity values were obtained for the probes
cg12981137 and cg12434587 (0.906 and 0.944; 0.875 and
0.944) (Fig. 1). Nonetheless, stepwise model building (see
“Methods”) indicated that MSP assay classification could
be predicted even better using two or more probes.

The best model based on probes shared with the HM-
27K platform (see Fig. 1) comprised the two probes
cg12434587 and cg12981137 (MGMT-STP27 model). The
adjustment of the model was of high quality (supplemen-
tary Table S2). The sensitivity and specificity were equal to
0.969 and 0.889, respectively (Fig. 2). The proportion of
correct classification (0.926), the kappa index (0.853), and
the AUC (0.974) confirm the good performance of the
model. The hazard risks (HR) based on MSP and the
MGMT-STP27 model were similar (log-rank test for both,
p < 0.001; MSP, HR = 0.229, 95 % confidence interval

@ Springer



552 Acta Neuropathol (2012) 124:547-560

a Expected values b ROC curve c OS vs MGMT-MSP

3 - u - E Emn - M ‘C_’ -
2
= @ | o _| >
g° ° =
Q o | £ o 3
n o E S} S
= o o cutoff: 0.36 ©
g »n sens: 0.97 =
S o] " o q o | spec: 0.89 %
D o observe o pv+: 0.89

— w
= _ o R pr-:097
Y ] mE Cl - U - auc: 0.
e T T T T T e N T T T T T
-4 -2 0 2 4 6 00 02 04 06 08 1.0 0 30 60
Response (link scale) 1-Specificity Time (months)

d OS vs MGMT-STP27

Survival Probability

0.00

0 30 60

Time (months)
(X2=15.45;df=1; p<0.001)

Fig. 2 Performance of the stepwise logistic regression model
(MGMT-STP27) for prediction of methylation status of the MGMT
promoter. a Displays the estimated probability of methylation against
the logit-transformed response fitted for the M-GBM dataset. The
observed values are given by full black squares, indicating same or
different classification by STP27 or MSP. Fitted values and their
confidence intervals [CI] at 95 %, estimated by simulation, corre-
spond to the red line and gray area, respectively. Dark green dotted
lines indicate the threshold used to define methylated and unmethy-
lated samples. b The receiver operating characteristic (ROC) curve is
provided, where sensitivity (true positive rate) is plotted against

(CI 95 %) = [0.115, 0.454]; MGMT-STP27, HR = 0.277,
CI 95 % = [0.145, 0.529]) (Fig. 2). The equation for this
model is given below:

logit(y) = 4.3215 + 0.5271 - cg12434587

+0.9265 - cg12981137

The methylation probability y can be computed using
the inverse logit function. For classification, we used a
probability cut-off of 0.358, which empirically maximized
the sum of sensitivity and specificity (supplementary Table
S2; annotation of M-GBM sample classification
supplementary Table S1). The classification by STP27
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1-specificity (false positive rate). Accuracy is measured by the area
under the ROC curve (AUC). Performance criteria are given for the
optimal cut-off below the curve: optimal cut-off, sensitivity (sens),
specificity (spec), positive predictive value (pv+), negative predictive
value (pv—) and area under the curve (auc). The Kaplan—Meier curves
for 58 patients are displayed for MSP-based classification (c) for the
predicted methylation status obtained by the MGMT-STP27 model
(d), and with additional stratification by treatment arm (RT + TMZ
or RT treatment arm) (e) to visualize the predictive value of MGMT
methylation for benefit from TMZ. Results of log-rank tests are given
below each survival representation. M methylated, U unmethylated

and MSP is visualized in Fig. 2a. Furthermore, the
classification by STP27 is projected onto the scatter plots
comparing expression and DNA methylation at individual
CpGs, reclassification from MSP-based prediction are
indicated (Supplemental Figure S4).

The second model, obtained using all 11 probes avail-
able on the HM-450K platform contained 4 probes: the two
probes also selected in MGMT-STP27 (cgl2981137,
cgl12434587) plus cg02022136 and cg23998405. The
improvement over MGMT-STP27 is only marginal (infe-
rior to 1 unit of the AICc, supplementary Table S2).
However, the latter model showed a high inflated variance
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Fig. 3 Validation of MGMT-STP27 in external datasets. The plots
a and d represent the estimated probability of methylation against
logit-transformed response fitted for the E-GBM, and VB-Glioma-III
datasets using STP27. Fitted values and their prediction intervals [PI]
at 95 %, estimated by simulation, correspond to the red line and gray
area, respectively. Dark green dotted lines indicate the threshold used
to define methylated and unmethylated samples according to STP27.
The observed values are visualized by full black squares, indicating

factor (8.9, supplementary Table S2) that reflects a problem
of multi-colinearity. Consequently, this model was not
considered for further analyses.

The internal validation based on the bootstrap procedure
showed that the model MGMT-STP27 was relatively stable.
The unbiased diagnostic accuracy (proportion of correct
classification) was estimated to 91.24 %, against 92.65 %
initially computed on the original dataset. For the kappa index,
the difference between unbiased and original value was only
equal to 0.03 units (supplementary Table S3).

External validation of MGMT-STP27

We validated the use of the MGMT-STP27 model in an
external data-set of 50 glioblastoma (E-GBM) analyzed on

0 30 60 90 120 180 240
Time (months)
(X2=4.64;df=1; p=0.031)

0 30 60 90 120 180 240
Time (months)
(X2=4.77;df=1; p=0.029)

same or different classification by STP27 or MS-PSeq for E-GBM
and MS-MLPA test for VB-Glioma-III, respectively. The Kaplan—
Meier curves are based on classification by MS-PSeq for E-GBM (b),
the MS-MLPA test for VB-Glioma-III (e), and based on the
respective predicted methylation status using MGMT-STP27, in
(c, f). Results of log-rank tests are given below each survival
representation. M methylated, U unmethylated

the HM-27K [7]. We dichotomized the MS-PSeq infor-
mation of the MGMT promoter available for 47 cases into
methylated and unmethylated. The cut-off was estimated at
7.28 % average methylation based on a fitted regression
model visualized in supplementary Figure S5 which is
similar to previous reports applying a cut-off of 8 % using
the same MS-PSeq kit [10, 33]. The correspondence
between the predicted status of MGMT promoter methyl-
ation using MGMT-STP27 and MS-PSeq information was
very high, as visualized in Fig. 3a with a proportion of
correct classification of 0.936, a kappa index of 0.875, and
sensitivity and specificity equal to 0.931 and 0.944,
respectively. Outcome prediction using MS-PSeq infor-
mation or MGMT-STP27 was as follows: p = 0.019,
HR = 0.454, CI 95 % [0.232; 0.891] for MS-PSeq, and
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p < 0.001, HR = 0.305, CI 95 % = [0.156; 0.596] for
MGMT-STP27 (Fig. 3).

Next, we tested the model in a dataset from a cohort of
anaplastic oligodendroglioma and anaplastic oligoastrocy-
toma (WHO grade III) (VB-Glioma-III, n = 67) generated
with the 27K-platform [45]. The methylation status of the
MGMT promoter was available from MS-MLPA for most
cases (n = 62). We observed a good concordance (Fig. 3d)
with a good classification rate of 0.839, a kappa index of
0.628, and sensitivity and specificity equal to 0.975 and
0.609, respectively. As reported by van den Bent et al. [45],
MGMT methylation as determined by MS-MLPA was
significantly associated with favorable outcome of the
patients with a p value of 0.031 (log-rank test)
(HR = 0.527, CI 95 % = [0.292, 0.952]). This is similar
to the prediction by our MGMT-STP27 model with a
p value of 0.029 (HR = 0.500, CI 95 % = [0.266, 0.941])
as visualized in Fig. 3.

Prediction of MGMT methylation status
in TCGA-GBM cohort and a glioma
grade II and III data set

The good performance of the MGMT-STP27 model in the
two external data-sets suggests that we can appropriately
predict the MGMT methylation status using common probes
between the HM-450K and HM-27K platforms. Prediction
of the MGMT methylation status in 241 glioblastoma avail-
able from TCGA (TCGA-GBM) with HM-27K data
revealed a methylation frequency of 50 % (120/241) (see
annotation of samples in supplementary Table S4 that also
includes more recent samples analyzed on the HM-450K
platform) similar to our M-GBM cohort. Patients from the
TCGA-GBM dataset (n = 239) with a MGMT methylated
glioblastoma had a more favorable outcome (p = 0.047,log-
rank test, Fig. 4). The HR for the predicted methylation
status was equal to 0.737 (CI1 95 % = [0.545, 0.997]).

The prediction of the MGMT methylation status using
MGMT-STP27 in a cohort of grade II and III gliomas
(T-Glioma-II/IIT) with HM-450K data, determined a methyl-
ation frequency of 79 % (32/42) in grade III glioma and 86 %
(25/29) in grade II. The favorable outcome associated with
MGMT methylation was confirmed as visualized in Fig. 4.

Associations of MGMT methylation across tumor
grades of glioma

Next, we asked whether MGMT is part of the genes asso-
ciated with CIMP using the TCGA-GBM data set [29].
Glioblastoma with a methylated MGMT promoter were
significantly enriched among CIMP cases (15/20, 75 %
against 105/221, 48 %; p = 0.023, Table S5). However,
the two MGMT probes selected in our prediction model do
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not cluster with the CIMP core genes as visualized in the
heatmap of supplementary Figure S6. Classification of the
glioblastoma into the three methylation clusters (CIMP+,
and 2 non-CIMP clusters) as published by Noushmehr et al.
[29] were available for 81 samples with HM-27K DNA
methylation (Fig. 5, Supplementary Fig. S6). The 10
CIMP+ samples defined by the authors were all in the
CIMP cluster obtained by unsupervised clustering methods
in the present study. The distribution of samples with
methylated MGMT was not significantly different for the
two non-CIMP methylation clusters (p = 0.214, Monte
Carlo simulation) defined by Noushmehr et al. [29].

No association was found between the MGMT status and
any of the expression-based glioblastoma subtypes pro-
posed by Verhaak et al. [48] (p = 0.518, Monte Carlo
simulation) (Fig. 5; Table S5).

In contrast, in both the VB-Glioma-III and the T-Gli-
oma-II/III datasets basically all tumors clustering together
displaying CIMP were classified as MGMT methylated by
the MGMT-STP27 model (32/32 and 48/49), while the
CIMP-negative tumors exhibited a methylation frequency
of 54 % (19/35) and 50 % (11/22) that is similar to the
three glioblastoma datasets (Figs. 5, 6). Hence, the asso-
ciation of methylated MGMT with CIMP was much
stronger in low grade and anaplastic glioma than in the
TCGA-GBM. The difference is highly statistically signifi-
cant (Chi-squared test with p value estimated by Monte
Carlo simulation; 32/32 vs. 15/20, p < 0.005 for VB-Gli-
oma-III and 48/49 vs. 15/20, p < 0.005 for T-Glioma-II/
III). In the VB-Glioma-III dataset this association was
retained when using the CIMP classification published by
van den Bent et al. (MGMT methylated among CIMP+,
30/30; Fig. 5).

Comparisons of M-value distribution across datasets
and platforms

The pairwise comparisons of the M-value distribution for
the two probes cg12434587 and cgl12981137 across data-
sets revealed that M-value were generally higher in the
grade II/III glioma (VB-Glioma-III, T-Glioma-II/IIl) as
compared to glioblastoma (M-GBM and TCGA-GBM)
(p < 0.05 from Kolmogorov—Smirnov tests, supplementary
Figure S7). However, the comparisons between the glio-
blastoma datasets, analyzed on the HM-450K (M-GBM)
and the HM-27K (TCGA-GBM), respectively, showed
similar M-value distributions (p = 0.260 and p = 0.145,
supplementary Figure S7). Likewise, the M-value distri-
butions among the datasets of grade II and III gliomas
analyzed on the HM-27K (VB-Glioma-III) and the HM-
450K (T-Glioma-II/IIT), respectively, were similar
(p = 0.435 and p = 0.233, supplementary Figure S7).
Hence, indicating that differences observed between the
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Fig. 4 MGMT-STP27 based prediction in external datasets. The first
plots in (a) and (c) represent the estimated values (probability of
methylation fitted against response fitted in link space) for the GBM-
TCGA and T-Glioma-II/III datasets. Fitted values and their prediction
intervals [PI] at 95 %, estimated by simulation, correspond to the red
line and gray area, respectively. Dark green dotted lines indicate the

studies were not due to a platform effect, but rather result
from biological differences. Consequently, this could affect
(bias) the prediction quality of the methylation status of
MGMT for grade II and III glioma by MGMT-STP27, and
may explain the higher number of positive calls by
MGMT-STP27 when compared to MS-MLPA (specificity
of only 0.609 when using MGMT-STP27 as predictor of
MS-MLPA methylation calls). However, outcome predic-
tion was equally good for both methylation call methods in
the VB-Glioma-III data (Fig. 3).

Discussion

The analysis of the MGMT gene in glioblastoma using
HM-450K methylation data has shown a strong CpG

Time (months) Time (months)

(X2=4.69;df=1; p=0.03)

threshold used to define methylated and unmethylated samples. The
white squares correspond to the deduced methylation status. The
Kaplan—Meier curves are based on classification by prediction using
MGMT-STP27 for TCGA-GBM (b), T-Glioma II/III (d), or only
T-Glioma-III (e), Results of log-rank tests are given below each
survival representation. M methylated, U unmethylated

location-dependent effect on patient outcome. To our
knowledge, this is the first report describing the spatial
relationship of CpG methylation in the MGMT promoter
and the gene body and outcome of patients treated with
alkylating agent therapy. Two regions of methylated CpGs
with strong association to patient survival were identified
(p < 0.0001 after Bonferroni’s correction) that are sepa-
rated by a prediction minimum at the TSS. The two
identified regions were also associated with the strongest
negative correlation to MGMT gene expression, consistent
with CpG methylation-mediated gene silencing and con-
sequent sensitization to alkylating agent therapy due to lack
of MGMT-mediated repair in this homogenously treated
patient population. The two regions identified encompass
the differentially methylated regions 1 and 2 (DMR1 and 2,
Fig. 1) proposed by Malley et al. [23] to be most relevant
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Fig. 5 Distribution of MGMT methylation and CIMP status. The
dendrogram for each dataset is provided. The five datasets were
centered and normalized by probes followed by unsupervised
hierarchical classifications of the 1,000 most variable probes (auto-
somes only) using Ward’s algorithm and Euclidean distance to
establish CIMP classification (green rectangle for non-CIMP and red
for CIMP). The methylation status of the MGMT promoter predicted
by MGMT-STP27, blue for unmethylated, and red for methylated, is
provided as label. Sample description comprise CIMP status as
established in the respective original publication (if available),
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gender, IDHI status (mutated or not, with additional annotation for
TCGA-GBM,; u unvalidated; v validated), classification into methyl-
ation clusters according to Noushmehr et al. [29] (cluster annotation
Level 4 data, TCGA data portal), and gene expression based
glioblastoma classification using a modified model from Verhaak
et al. [48], tumor grade (for T-Glioma-II/IIT), and methylation status
of MGMT promoter based on MSP, MS-MLPA, and MS-PSeq,
unmethylated, light green; methylated, darkgreen. The color code for
the labels is displayed



Acta Neuropathol (2012) 124:547-560 557
Fig. 6 Proportion of predictgd a Proportion of CIMP+ b Proportion of MGMT+
MGMT promoter methylation in
CIMP+ or CIMP— gliomas. For M-GBM — 483, 8 GBM M-GBM — 35/63
all five glioma datasets, the 8 Glioma-Ii/ll
proportion of CIMP+ (a),
the proportion of MGMT E_GBM - 350 E_GBM - 29/50
methylation (b), and the
proportion of MGMT
methylation in CIMP+ (c¢) and TCGA_GBM - 20241 TCGA-GEM - 120/241
CIMP— (d) tumors,
respectively, are given. The
CIMP status and the MGMT VB-Glioma-Ill — 357 VB-Glioma-Ill — Y,
promoter methylation status are
derived from unsupervised
classification and MGMT- T-Glioma-II/il - e an T-Glioma-Ii/il - 250,
STP27, respectively T T T T T 1 T T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Proportion (Cl 95%) Proportion (Cl 95%)
c Proportion of MGMT+ in CIMP+ d Proportion of MGMT+ in CIMP-
M-GBM — — % M-GBM S99,
E-GBM — 2=/3 E-GBM — *ﬂé‘”—*
TCGA-GBM — 18,20 TCGA-GBM — 19—542—2«1
VB-Glioma-IIl i25/32 VB-Glioma-Ill — 1935
T-Glioma-I/ll — ﬁiﬂ/ﬁg T-Glioma-I/ll — 922
T T T T T 1 T T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Proportion (Cl 95%)

for gene silencing when methylated in glioblastoma cell
lines and xenografts. Shah et al. [35] defined three relevant
regions, of which R2 and R3 encompass DMR1 and 2, and
methylation of two of these three regions were associated
with favorable progression free survival in their population
of 44 glioblastoma patients treated with RT and concomi-
tant and adjuvant TMZ. Most importantly, the region
interrogated for diagnostic purposes using MSP [5, 16]
overlaps with the CpGs associated with best outcome
prediction identified here. In contrast, none of the 161
CpGs interrogated outside the CpG island, located mostly
in the gene body, showed an association with outcome, or a
negative correlation with MGMT expression (Supplemen-
tary Figure S2). However, we cannot exclude that other
CpGs may be more relevant as the once described here,
since the BeadChip array does not interrogate all CpGs of
the CpG island encompassing the MGMT promoter (Sup-
plementary Fig. S1).

The CpG methylation probes present on the HM-450K
and HM-27K BeadChip identified to be most relevant for
gene silencing and outcome allowed construction of a
model for prediction of the MGMT methylation status. The

Proportion (Cl 95%)

use of logistic regression provides a simple model to cal-
culate the methylation probability for a new sample based
on two probes. Its ability to compute confidence and pre-
diction intervals [2, 20] may be of particular interest for
treatment decisions for patients whose tumors display
methylation probabilities close to the cut-off (Figs. 2, 3, 4).
This allows application of a “safety margin” as we do in
EORTC26082 (NCT01019434) that selects unmethylated
glioblastoma patients only (cut-off set at lower bound of
95 % CI using a quantitative MSP assay [49]), since it omits
TMZ, thereby limiting the risk to withhold TMZ in patients
who may potentially profit from it. The model’s good per-
formance is reflected in similar or improved prediction of OS
as compared to the MSP-based classification or MS-PSeq-
based prediction in the E-GBM validation set, in accordance
with high values for good classification, kappa value, and
sensitivity and specificity measures (Figs. 2, 3).

Our model can be used for both the HM-450K and the
HM-27K BeadChip. The platform effect was very weak. A
higher amplitude of the methylation signal was detected in
the low grade and anaplastic glioma samples that may
simply reflect the fact that in non-glioblastoma usually both
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MGMT copies are present, while in glioblastoma only one is
methylated and the other one is lost due to the characteristic
high frequency of deletions of chromosome 10 that reached
90 % in the M-GBM samples [22]. Consequently, the pres-
ence of two methylated MGMT copies will lead to an increase
of the ratio methylated to unmethylated alleles. For the model,
however, this may generate a bias in the estimation of MGMT
methylation probabilities based on the MGMT-STP27 model
for non-glioblastoma tumors. The estimation could be
improved by determining new optimal parameters in this
population. Nevertheless, despite these limitations classifi-
cation using the MGMT-STP27-based outcome prediction of
the VB-Glioma-III dataset was similar to the one reported by
the authors who used another method of MGMT testing
(Fig. 3). Prediction of the MGMT status in the TCGA-GBM
confirmed a favorable outcome for patients with MGMT
methylation, although the effect was weaker than in our
homogenously treated cohort (M-GBM) and the E-GBM
cohort in which all patients were treated with combined
chemo-radiotherapy comprising TMZ. This is not surprising,
since most patients in the TCGA cohort had not (yet) been
treated according to the current standard of care of combined
chemo-radiotherapy (collection before 2005), and many dif-
ferent types of therapy were reported for the patients in the
respective annotation file [29].

The annotation of the MGMT status in the TCGA-GBM
dataset according to MGMT-STP27 allowed determining
that MGMT is not a CIMP gene in glioblastoma although
CIMP tumors were more likely to be MGMT methylated.
Further, the prevalence of MGMT methylated glioblastoma
is not different in the two non-CIMP methylation clusters
defined by Noushmehr et al. [29], nor are they enriched in
any of the expression-based glioblastoma subtypes, sug-
gesting that MGMT methylation is not associated with a
particular pathogenetic mechanism involved in the devel-
opment of de novo glioblastoma.

This is in contrast to grade II and III glioma (VB-Gli-
oma-III and T-Gliomall/IIT) in which MGMT is methylated
in basically all CIMP tumors according to our classification
model. It has been proposed that MGMT methylation may
represent an epiphenomenon of CIMP in the context of
grade III glioma [45]. This association of CIMP with
MGMT methylation may provide the key to understand
why MGMT methylation is associated with a prognostic
and not a predictive value for benefit from alkylating agent
containing chemotherapy in anaplastic glioma as suggested
by two independent clinical trials [44, 51]. Most of the VB-
Glioma-III samples analyzed here in fact originate from
one of these two studies and were characterized for CIMP
[45]. Anaplastic gliomas with CIMP accumulate other
known favorable prognostic factors such as mutations of
the isocitrate dehydroxygenase (IDH) genes, 1p/19 co-
deletions, and also MGMT promoter methylation, in addition a
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plethora of other methylated genes whose contribution to
response to therapy remains to be explored and exploited. It
has become clear that these CIMP-positive tumors represent a
pathogenetically different disease driven by epigenetic alter-
ations mediated in most cases by IDH1/2 mutations [11, 43].
Interestingly, non-CIMP anaplastic gliomas showed a MGMT
promoter methylation frequency similar to glioblastoma. It
remains to be seen if in this CIMP-negative patient subpop-
ulation the MGMT status is predictive for benefit from
alkylating agent therapy like in glioblastoma or has a prog-
nostic value. This question can be addressed in the ongoing
CATNON trial (EORTC 26053-22054; NCT00626990) for
anaplastic glioma comparing radiation therapy with or with-
out temozolomide. The same question applies to low-grade
glioma where radiation versus temozolomide treatment is
tested (EORTC 22033-26033, NCT00182819) and the role of
CIMP and MGMT methylation will need to be dissected. Since
the HM-450K BeadChip allows the use of paraffin-embedded
tumors, comprehensive DNA methylation analysis of samples
collected within these clinical trials has become feasible.
The proposed MGMT-STP27 MGMT classification
model will allow investigation of distinct epigenetic fea-
tures associated with MGMT silencing in the context of
CIMP-positive or CIMP-negative gliomas by multidimen-
sional analysis of respective molecular and clinical data.
Such alterations likely modulate response to therapy and
may be exploited for improvement of personalized therapy.

Acknowledgments We thank all patients who participated in the
study and provided informed consent for translational research on
their tumor tissues. We acknowledge the great contributions of local
pathologists, the physicians and nurses taking care of the patients. We
thank Marie-France Hamou for excellent technical support and the
genomics platform in Geneva directed by Dr. Patrick Descombes for
methylation profiling. Translational research in this study was sup-
ported by the Swiss National Science Foundation 3100A0_122557/1
(MEH, MD), the National Center for Competence in Research
(NCCR) Molecular Oncology (MEH, MD), and the Brain Tumor
Funders Cooperative (MEH).

Conflict of interest MEH is an advisor to MDxHealth. MEH, MW,
MJvdB, DRM, and RS have an advisory role and have received
honoraria from MSD.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Burnham KP, Anderson DR (2002) Model selection and multi-
model inference: a practical information theoretic approach.
Springer-Verlag, New York

2. Collett D (2002) Modelling binary data. Chapman & Hall/CRC,
London



Acta Neuropathol (2012) 124:547-560

559

3.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

Criniere E, Kaloshi G, Laigle-Donadey F et al (2007) MGMT
prognostic impact on glioblastoma is dependent on therapeutic
modalities. J Neurooncol 83:173-179

. Du P, Zhang X, Huang CC et al (2010) Comparison of Beta-value

and M-value methods for quantifying methylation levels by
microarray analysis. BMC Bioinformatics 11:587

. Esteller M, Garcia-Foncillas J, Andion E et al (2000) Inactivation

of the DNA-repair gene MGMT and the clinical response of
gliomas to alkylating agents. N Engl J] Med 343:1350-1354

. Esteller M, Hamilton SR, Burger PC et al (1999) Inactivation of

the DNA repair gene O°-methylguanine-DNA methyltransferase
by promoter hypermethylation is a common event in primary
human neoplasia. Cancer Res 59:793-797

. Etcheverry A, Aubry M, de Tayrac M et al (2010) DNA meth-

ylation in glioblastoma: impact on gene expression and clinical
outcome. BMC Genomics 11:701

. Everhard S, Tost J, El Abdalaoui H et al (2009) Identification of

regions correlating MGMT promoter methylation and gene
expression in glioblastomas. Neuro Oncol 11:348-356

. Faraway JJ (2006) Extending linear models with R: generalized

linear, mixed effects and nonparametric regression models.
Chapman & Hall/CRC, Boca Raton

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

Figueroa ME, Abdel-Wahab O, Lu C et al (2010) Leukemic
IDHI1 and IDH2 mutations result in a hypermethylation pheno-
type, disrupt TET2 function, and impair hematopoietic
differentiation. Cancer Cell 18:553-567

Gilbert MR, Wang M, Aldape KD et al (2011) RTOG 0525: a
randomized phase III trial comparing standard adjuvant tem-
ozolomide (TMZ) with a dose-dense (dd) schedule in newly
diagnosed glioblastoma (GBM). J Clin Oncol 29:suppl; abstr
2006

Harrell FE (2001) Regression modeling strategies, with applica-
tions to linear models, survival analysis and logistic regression.
Springer, New York

Harris LC, Potter PM, Tano K et al (1991) Characterization of the
promoter region of the human Oﬁ—methylguanine—DNA methyl-
transferase gene. Nucleic Acids Res 19:6163-6167

Hegi ME, Diserens AC, Godard S et al (2004) Clinical trial
substantiates the predictive value of O-6-methylguanine-DNA
methyltransferase promoter methylation in glioblastoma
patients treated with temozolomide. Clin Cancer Res 10:1871-
1874

. Hegi ME, Diserens AC, Gorlia T et al (2005) MGMT gene

silencing and benefit from temozolomide in glioblastoma. N Engl
J Med 352:997-1003

Hegi ME, Janzer RC, Lambiv WL et al (2012) Presence of an
oligodendroglioma-like component in newly diagnosed glio-
blastoma identifies a pathogenetically heterogeneous subgroup
and lacks prognostic value: central pathology review of the
EORTC_26981/NCIC_CE.3 trial. Acta Neuropathol 123:841-
852

Hegi ME, Liu L, Herman JG et al (2008) Correlation of 0°-
methylguanine methyltransferase (MGMT) promoter methylation
with clinical outcomes in glioblastoma and clinical strategies to
modulate MGMT activity. J Clin Oncol 26:4189-4199

Hinoue T, Weisenberger DJ, Lange CP et al (2012) Genome-
scale analysis of aberrant DNA methylation in colorectal cancer.
Genome Res 22:271-282

Hosmer DW, Lemeshow S (2000) Applied logistic regression.
Wiley Interscience, Chichester

Issa JP (2004) CpG island methylator phenotype in cancer. Nat
Rev Cancer 4:988-993

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lambiv WL, Vassallo I, Delorenzi M et al (2011) The Wnt
inhibitory factor 1 (WIF1) is targeted in glioblastoma and has a
tumor suppressing function potentially by induction of senes-
cence. Neuro Oncol 13:736-747

Malley DS, Hamoudi RA, Kocialkowski S et al (2011) A distinct
region of the MGMT CpG island critical for transcriptional
regulation is preferentially methylated in glioblastoma cells and
xenografts. Acta Neuropathol 121:651-661

Malmstrom A, Grgnberg BH, Marosi C et al (in press) Temozolo-
mide versus standard 6-week radiotherapy versus hypofractionated
radiotherapy for patients aged over 60 years with glioblastoma: the
Nordic randomized phase 3 trial. Lancet Oncol

McCullagh P, Nelder JA (1989) Generalized linear models.
Chapman & Hall/CRC, London

Murat A, Migliavacca E, Gorlia T et al (2008) Stem cell-related
“self-renewal” signature and high epidermal growth factor
receptor expression associated with resistance to concomitant
chemoradiotherapy in glioblastoma. J Clin Oncol 26:3015-3024
Nakagawachi T, Soejima H, Urano T et al (2003) Silencing effect
of CpG island hypermethylation and histone modifications on
0%-methylguanine-DNA methyltransferase (MGMT) gene expres-
sion in human cancer. Oncogene 22:8835-8844

Nelder JA, Wedderburn RWM (1972) Generalized linear models.
J Roy Stat Soc Ser A 135:370-384

Noushmehr H, Weisenberger DJ, Diefes K et al (2010) Identifi-
cation of a CpG island methylator phenotype that defines a
distinct subgroup of glioma. Cancer Cell 17:419-420

Ochs K, Kaina B (2000) Apoptosis induced by DNA damage
0% methylguanine is Bcl-2 and caspase-9/3 regulated and Fas/
caspase-8 independent. Cancer Res 60:5815-5824

Patefield WM (1981) Algorithm AS159. An efficient method of
generating r x ¢ tables with given row and column totals. Appl
Stat 30:91-97

R Development Core Team (2011) R: a language and environ-
ment for statistical computing. Austria, Vienna

Reifenberger G, Hentschel B, Felsberg J et al (2011) Predictive
impact of MGMT promoter methylation in glioblastoma of the
elderly. Int J Cancer

Sciuscio D, Diserens AC, van Dommelen K et al (2011) Extent
and patterns of MGMT promoter methylation in glioblastoma-
and respective glioblastoma-derived spheres. Clin Cancer Res
17:255-266

Shah N, Lin B, Sibenaller Z et al (2011) Comprehensive analysis
of MGMT promoter methylation: correlation with MGMT
expression and clinical response in GBM. PLoS One 6:¢16146
Stupp R, Dietrich P, Ostermann Kraljevic S et al (2002) Prom-
ising survival for patients with newly diagnosed glioblastoma
multiforme treated with concomitant radiation plus temozolo-
mide followed by adjuvant temozolomide. J Clin Oncol
20:1375-1382

Stupp R, Hegi ME, Mason WP et al (2009) Effects of radio-
therapy 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 10:459-466

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

Stupp R, Van Den Bent MJ, Erridge SC et al (2010) Cilengitide
in newly diagnosed glioblastoma with MGMT promoter methyl-
ation: protocol of a multicenter, randomized, open-label,
controlled phase III trial (CENTRIC). J Clin Oncol 28:15s,
(suppl; abstr TPS152)

The Cancer Genome Atlas Consortium (2008) Comprehensive
genomic characterization defines human glioblastoma genes and
core pathways. Nature 455:1061-1068

@ Springer



560

Acta Neuropathol (2012) 124:547-560

41.

42.

43.

44,

45.

46.

47.

Therneau TM, Grambsch PM (2000) Modeling survival data:
Extending the cox model. Springer, New York

Toyota M, Ahuja N, Ohe-Toyota M et al (1999) CpG island
methylator phenotype in colorectal cancer. Proc Natl Acad Sci
USA 96:8681-8686

Turcan S, Rohle D, Goenka A et al (2012) IDHI mutation is
sufficient to establish the glioma hypermethylator phenotype.
Nature 483:479—483

van den Bent MJ, Dubbink HJ, Sanson M et al (2009) MGMT
promoter methylation is prognostic but not predictive for outcome
to adjuvant PCV chemotherapy in anaplastic oligodendroglial
tumors: a report from EORTC Brain Tumor Group Study 26951.
J Clin Oncol 9:5881-5886

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

van Vlodrop 1J, Niessen HE, Derks S et al (2011) Analysis of
promoter CpG island hypermethylation in cancer: location,
location, location! Clin Cancer Res 17:4225-4231

Venables WN, Ripley BD (2002) Modern applied statistics with S
Springer, New York

@ Springer

48.

49.

50.

S1.

52.

53.

Verhaak RG, Hoadley KA, Purdom E et al (2010) Integrated
genomic analysis identifies clinically relevant subtypes of glio-
blastoma characterized by abnormalities in PDGFRA, IDHI,
EGFR, and NF1. Cancer Cell 17:98-110

Vlassenbroeck I, Califice S, Diserens AC et al (2008) Validation
of real-time methylation-specific PCR to determine O°-methyl-
guanine-DNA methyltransferase gene promoter methylation in
glioma. J Mol Diagn 10:332-337

Weller M, Stupp R, Reifenberger G et al (2010) MGMT promoter
methylation in malignant gliomas: ready for personalized medi-
cine? Nat Rev Neurol 6:39-51

Wick W, Hartmann C, Engel C et al (2009) NOA-04 randomized
phase III trial of sequential radiochemotherapy of anaplastic
glioma with procarbazine, lomustine, and vincristine or tem-
ozolomide. J Clin Oncol 27:5874-5880

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

Zinn PO, Majadan B, Sathyan P et al (2011) Radiogenomic
mapping of edema/cellular invasion MRI-phenotypes in glio-
blastoma multiforme. PLoS One 6:¢25451



	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
	Abstract
	Introduction
	Material and methods
	Patient samples and external data sets
	DNA methylation analysis
	Data analysis
	Statistical methods

	Results
	Calibration model to predict the methylation status of the MGMT promoter using the HM-450K platform
	Association of probes with MSP, MGMT expression and outcome
	Stepwise model building
	External validation of MGMT-STP27
	Prediction of MGMT methylation status in TCGA-GBM cohort and a glioma grade II and III data set
	Associations of MGMT methylation across tumor grades of glioma
	Comparisons of M-value distribution across datasets and platforms

	Discussion
	Acknowledgments
	References


