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Epigenetic silencing of the DNA repair protein O6-
methylguanine-DNA methyltransferase (MGMT) by
promoter methylation predicts successful alkylating
agent therapy, such as with temozolomide, in glio-
blastoma patients. Stratified therapy assignment of
patients in prospective clinical trials according to tu-
mor MGMT status requires a standardized diagnostic
test, suitable for high-throughput analysis of small
amounts of formalin-fixed, paraffin-embedded tumor
tissue. A direct, real-time methylation-specific PCR
(MSP) assay was developed to determine methylation
status of the MGMT gene promoter. Assay specificity
was obtained by selective amplification of methylated
DNA sequences of sodium bisulfite-modified DNA.
The copy number of the methylated MGMT promoter,
normalized to the �-actin gene, provides a quantita-
tive test result. We analyzed 134 clinical glioma sam-
ples, comparing the new test with the previously val-
idated nested gel-based MSP assay, which yields a
binary readout. A cut-off value for the MGMT methyl-
ation status was suggested by fitting a bimodal normal
mixture model to the real-time results, supporting the
hypothesis that there are two distinct populations
within the test samples. Comparison of the tests
showed high concordance of the results (82/91 [90%];
Cohen’s kappa � 0.80; 95% confidence interval,

0.82�0.95). The direct, real-time MSP assay was
highly reproducible (Pearson correlation 0.996) and
showed valid test results for 93% (125/134) of sam-
ples compared with 75% (94/125) for the nested, gel-
based MSP assay. This high-throughput test provides
an important pharmacogenomic tool for individualized
management of alkylating agent chemotherapy. (J Mol

Diagn 2008, 10:332–337; DOI: 10.2353/jmoldx.2008.070169)

O6-Methylguanine-DNA methyltransferase (MGMT) is a
cellular DNA repair protein that rapidly reverses alkylation
(eg, methylation) at the O6 position of guanine, thereby
neutralizing the cytotoxic effects of alkylating agent ther-
apy such as temozolomide (TMZ) and carmustine.1–3 It
has been shown that epigenetic silencing of the MGMT
gene by promoter methylation shuts down gene tran-
scription4,5 and reflects a common alteration in primary
human tumors leading to MGMT deficiency.6 Epigenetic
silencing of the MGMT gene has been shown to correlate
with improved survival in several studies of glioma pa-
tients treated with alkylating agent therapy7,8 and has
been substantiated in two clinical trials.9,10 A recent ran-
domized clinical trial suggests that the MGMT methyl-
ation status has a very good predictive value for benefit
from the addition of the alkylating agent TMZ to radiother-
apy.10,11 This finding has important clinical implications
for stratified therapy.12 Although this trial has established
the new standard of care for glioblastoma patients,11 the
benefit of the addition of TMZ chemotherapy to radiother-
apy was heavily weighted to patients whose tumors had
a methylated MGMT promoter, with 46% still alive at 2
years, compared with only 14% of the patients with non-
methylated MGMT promoter.10 Hence, this epigenetic
alteration in tumors can now be exploited in a diagnostic
test to predict the benefit from alkylating agent therapy
for individualized management of patients. Besides glio-
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blastoma, there is published evidence that the MGMT
methylation status may also predict the benefit from al-
kylating agent-containing therapy in patients with low
grade glioma, oligodendroglioma, and diffuse large B-
cell lymphoma.13–15

Methylation-specific PCR (MSP) with visualization of
the results on a gel (gel-based MSP) is widely used to
determine epigenetic silencing of genes,16 and in partic-
ular for testing MGMT promoter methylation in glioma,8,14

although tests using other technologies have been
developed.17–19 Nested, gel-based MSP has been used
to establish the predictive value of the methylation status
of the MGMT gene promoter in the clinical trials detailed
above.9,10 This methodology is highly sensitive and ac-
curate, but has drawbacks for routine clinical use.26 Here
we describe a standardized direct, real-time MSP assay
for methylated MGMT promoter (m_MGMT) on a high-
throughput platform and its comparison to the nested,
gel-based MSP with known predictive value in the clinical
setting. The study reveals good reproducibility of the
direct, real-time MSP assay and high congruence be-
tween the results of the two assays, and provides infor-
mation for the definition of thresholds for diagnostic
purposes.

Materials and Methods

Sample Preparation

Formalin-fixed, paraffin-embedded (FFPE) glioma tissue
samples were obtained from patients who had given their
informed consent. Patients were enrolled in clinical trials
coordinated at the University Hospitals in Lausanne, Swit-
zerland; Rotterdam, The Netherlands; and Regensburg,
Germany. All studies received appropriate approval from
the relevant Ethical Committee. For each tumor sample,
eight 5-�m consecutive sections were prepared on glass
slides. An additional slide stained with H&E was used to
define the viable tumor area that was subsequently
marked on the unstained serial sections. The equivalent
of two sections was used for each MSP. Prepared sample
sections were processed in parallel at OncoMethylome
Sciences (direct, real-time MSP) and Centre Hospitalier
Universitaire Vaudois (nested, gel-based MSP), accord-
ing to each laboratory’s respective protocols. The labo-
ratories were each blinded to the results obtained in the
other.

Nested, Gel-Based MSP

This assay was conducted as published previously.10 In
brief, DNA was isolated from the tumor tissue macrodis-
sected from histologically marked slides using the Ex-
Wax DNA extraction kit (S4530; Chemicon, Temecula,
CA), limiting the proteinase digestion to 6 hours. After the
bisulfite treatment step, purified DNA was subjected to
MSP using a two-step approach with nested primers.20

The first round of PCR amplifies both the methylated
(m_MGMT) and the non-methylated (u_MGMT) version of
the MGMT sequence. The resulting PCR product of 289

bp served as a template for the second MSPs, amplifying
either m_MGMT or u_MGMT, yielding PCR products of 81
and 93 bp, respectively.7 The specific primers for
m_MGMT recognize the fully methylated sequence. The
u_MGMT assay served as a control for the PCR. The first
PCR consisted of 35 cycles. Two �l of the first PCR
product was diluted 1:20 and input to the second PCR of
30 cycles. The products from the second PCR were
visualized on 4% agarose gels (NuSieve 3:1) to deter-
mine the MGMT methylation status. The outcome of the
nested, gel-based MSP was considered valid when the
following four criteria were fulfilled: i) PCR products of
the expected sizes were detected on agarose gel (single
bands); ii) a band for either u_MGMT, m_MGMT, or both
was present; iii) routinely included positive and negative
controls, including a no-template control, gave the ex-
pected result, and iv) the result was confirmed in an
independent experiment starting with the bisulfite treat-
ment of DNA. The valid results of all clinical samples were
classified as methylated or non-methylated depending
on the presence or absence of a band for m_MGMT. This
procedure was used for the analysis of all samples in the
laboratory at Centre Hospitalier Universitaire Vaudois.

Direct, Real-Time MSP

DNA Isolation

Two sections (for single assays) or four sections (for
duplicate assays) were deparaffinized and DNA was ex-
tracted, using the classical phenol/chloroform extraction
method, and resuspended in 50 �l of LoTE (3 mmol/L
Tris, 0.2 mmol/L EDTA, pH 8.0). The DNA was quantified
using the PicoGreen dsDNA quantitation kit (Molecular
Probes, Invitrogen, Carlsbad, CA), following the manu-
facturer’s directions, and up to 1.5 �g of DNA was input
to the modification reaction.

DNA Modification

The bisulfite reaction was performed using the EZ DNA
Modification Kit (Zymo, Orange, CA; D5002). This reac-
tion selectively deaminates unmethylated cytosine resi-
dues resulting in a conversion to uracil, whereas 5-methyl
cytosine residues are not modified. The modified DNA
was eluted into 25 �l of Tris-HCl (1 mmol/L, pH 8.0) and
then stored at �80°C. To perform duplicate assays for
105 samples, isolated DNA was divided into two inde-
pendent aliquots for bisulfite modification. These modi-
fied DNA samples were each used for direct, real-time
MSP.

Direct, Real-Time MSP

Analyte (m_MGMT and �-actin [ACTB]) quantification
was performed by real-time MSP assays. These con-
sisted of parallel amplification/quantification processes
using specific primer and primer/detector pairs for each
analyte using the Amplifluor assay format on an ABI Prism
7900HT instrument (Applied Biosystems, Foster City,
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CA). The analyte defined in the direct, real-time MSP was
the MGMT promoter sequence and detects the fully
methylated version. ACTB was used as a reference gene
in the assay, using primers that are outside any CpG
islands. The Amplifluor direct forward primers are pre-
ceded by the detection elements (underlined). The am-
plicon size is 136 bp for the m_MGMT analyte and 125 bp
for the ACTB analyte, including the Amplifluor detection
sequence. Sequence details for both forward and re-
verse primers are as follows: forward primer m_MGMT:
5�-AGCGATGCGTTCGAGCATCGCUTTTCGACGTTCGT-
AGGTTTTCGC-3�; reverse primer m_MGMT: 5�-CTC-
GAAACTACCACCGTCCCGA-3�; forward primer ACTB:
5�-AGCGATGCGTTCGAGCATCGCUTAGGGAGTATAT-
AGGTTGGGGAAGTT-3�; reverse primer ACTB: 5�-AACA-
CACAATAACAAACACAAATTCAC-3�.

The MGMT target sequence is located on chromo-
some 10 between positions 131155505 and 131155619
(RefSeq, NM_002412), whereas the ACTB target se-
quence is located on chromosome 7 between positions
5538428 and 5538325 (RefSeq, NM_001101), based on
version 36.1 of the NCBI human genome.

The following thermal profile was used: stage 1, 50°C
for 2 minutes; stage 2, 95°C for 10 minutes; stage 3, 95°C
for 15 seconds, 62°C for 1 minute (�plateau data collec-
tion) for 45 cycles.

Quantification

The results were generated using the SDS 2.2 software
(Applied Biosystems, Foster City, CA), exported as Ct
values (cycle number at which the amplification curves
cross the threshold value, set automatically by the soft-
ware), and then used to calculate copy numbers based
on a linear regression of the values plotted on a standard
curve of 20 � 2 � 106 gene copy equivalents, using
plasmid DNA containing the bisulfite-modified sequence
of interest. Cell lines SW48 and HT29 (ATCC, Teddington,
UK) were included in each experiment as positive and
negative controls, respectively, and entered the proce-
dure at the DNA extraction step.

A run was considered valid when the following five
criteria were met: i) slopes of both standard curves were
above �4 (PCR efficiency �77.8%); ii) r2 of at least 4
relevant data points above 0.990; iii) routinely included
no-template control was not amplified; iv) 10% of a 1-�g
conversion reaction of the positive cell line assay control
SW48 was detectable; and v) 10% of a 1-�g conversion
reaction of the negative cell line assay control HT29 was
not detected within the standard curve.

In addition, results were considered invalid if criteria of
DNA quantity and quality were not met. These were
based on minimal copy numbers of ACTB and m_MGMT
detected, as illustrated in Figure 1.

Normalization of the Results

To compensate for variations in copy number due to
differences in sample volume, sample handling, DNA
isolation, and tumor heterogeneity, the m_MGMT copy

numbers derived were divided by the ACTB copy num-
bers for that sample. This value was multiplied by 1000
for convenient handling, and the result was referred to as
the ratio value. Cutoffs can then be applied to this ratio
value to determine whether a sample is methylated or not.

Statistics

Statistical analyses were performed with R, a free soft-
ware environment available at http://www.r-project.org/.

Dichotomization of the Direct, Real-Time
MSP Results

The ratio values were log2 transformed for statistical
analysis. The evaluation of the distribution of the MGMT
measurements in the density plot was performed using
94 of 99 valid, duplicate samples with Ct values �40.
Gaussian mixture models were fitted to the average
data log2(1000 * m_MGMT/ACTB) of the direct, real-
time MSP duplicates.21–23

Results

FFPE glioma tissue samples were analyzed in parallel to
determine the methylation status of the MGMT promoter
in independent laboratories using two distinct technical
approaches. Both assays interrogate the same region,
although using distinct reverse primers. The gel-based
assay includes nine CpGs, whereas the real-time assay
includes eight. This blinded study compared the results
obtained by a direct, real-time MSP on a high-throughput
platform to the nested, gel-based MSP assay previously
shown to predict the benefit from the addition of the
alkylating agent TMZ to the treatment of newly diagnosed
glioblastoma in two clinical trials.9,10

Assay Validity

One hundred twenty-five samples were measured in du-
plicate and classified using the gel-based method, and

Figure 1. Decision tree for real-time MSP results.
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94 yielded valid results (75%). Results from 125 of 134
samples (29 single and 105 duplicate) analyzed by di-
rect, real-time MSP assays were valid (93%).

Reproducibility of the Direct, Real-Time
MSP Assay

Figure 2 illustrates the reproducibility between indepen-
dent replicates, especially at higher ratio values, in
agreement with the characteristics of the reliability of
real-time PCR (Pearson correlation 0.996). Many of the
samples with very low ratio values show m_MGMT copy
numbers below the lower limit of the standard curve. In
practice, no ratio is calculated for these samples, and
they are considered non-methylated. This reproducibility
shows that the bisulfite treatment of the DNA introduced
no major variability into the assay. This is in accord with a
recent report quantifying precision and performance of
bisulfite-converted DNA with real-time PCR.24

Definition of Cutoff for the MGMT Ratio Value

Samples evaluated in duplicate by the newly established
direct, real-time MSP assay revealed a clear bimodal
distribution of the measurements as shown in Figure 3.
This allows definition of a discriminatory cutoff for the
determination of the MGMT methylation status by fitting a
normal mixture model.22,23 The best model, based on 94
duplicate samples with Ct �40, yields 2 Gaussians of
equal variance (�2 � 2.3), and means of �0.52 and 6.1 in
log2 units of the ratio value (Figure 4A). This corresponds
to mean ratio values of 0.7 and 68.1, respectively. Ac-
cording to this model, which defines two classes, non-

methylated and methylated MGMT, the optimal cutoff
corresponds to a ratio value of 8 (log28 � 3) (Figure 4B).
Close to this cutoff there are some samples for which the
uncertainty of classification is high, hence the probability
of belonging to one class or the other is close to 50%
(Figure 4C). This suggests the use of a gray zone for

Figure 2. Reproducibility of duplicate measurements. Dotted line repre-
sents identity line (x � y), and dashed lines represent the cutoff between
classification as methylated or non-methylated according to the mixture
Gaussian model (see Figures 3 and 4). Pearson correlation 0.996, Spearman
correlation 0.93, N� 94. Black dots represent samples withm_MGMT copies
�20; gray stars represent samples with m_MGMT copies �20 and Ct �40.

Figure 3. Density plot of normalized methylated MGMT copy number in
glioma. Histogram of average results from 94 samples with duplicate mea-
surements; the lines represent results from each replicate. Only samples with
Ct values �40 for m_MGMT are included. The minimum of the density of the
Gaussian mixture between the two local maxima is at the ratio of log2(1000
* m_MGMT/ACTB) � 3 (ratio value of 8).

Figure 4. Definition of natural cut-off for methylated MGMT. Density (A),
Classification (B), Uncertainty of classification (C), and posterior Probability
(D) of class 2 (promoter methylation) obtained by fitting a mixture model to
the average log2(1000 * m_MGMT/ACTB). In the classification plot (B), all of
the data are displayed at the bottom; assignment to the class with highest
posterior probability at two different levels is above (M, class 2, methylated;
U, class 1, non-methylated). Uncertainty (C) was defined as the smaller of the
two posterior probabilities. A gray dashed line represents the optimal cutoff
according to the selected model (log2 ratio � 3; ratio value � 8). The region
between the gray dotted lines (D) defines a classification “gray zone”; the
thresholds for 95% posterior probability of class 1 and class 2, respectively,
are 2 (ratio value � 4) and 4 (ratio value � 16).
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diagnostic purposes and permits the definition of differ-
ent thresholds depending on the clinical questions
asked. The threshold for 95% probability of methylation is
a ratio value of 16 (log2 ratio � 4) and that for non-
methylated MGMT is 4 (log2 ratio � 2) (Figure 4D).

Comparison of Direct, Real-Time MSP with
Nested, Gel-Based MSP

The comparison of the results of the two tests was based
on 91 samples for which both tests gave valid results.
This comparison is visualized in Figure 5 and is summa-
rized in Table 1. There is a good concordance between
the two tests using a cutoff at the ratio value of 8 (82/91,
90%). Cohen’s kappa coefficient of 0.80, 95% confidence
interval 0.67 to 0.92, was similarly reflected in the one-
sample proportions test (with continuity correction), with
agreement of 0.90, with 95% confidence interval 0.82 to
0.95. The lack of a “gold standard” or other source of
“true values” makes discussion of sensitivity and speci-
ficity of the real-time assay problematic. Comparison with

the clinically validated nested, gel-based assay shows, at
the cutoff ratio value of 8, positive and negative agree-
ment of 0.80 (32/40) and 0.98 (50/51), respectively, and
the positive and negative predictive values were 0.97
(32/33) and 0.86 (50/58) for the given prevalence of 0.56
(51/91).

The best concordance between the two tests would be
at a lower cutoff using a ratio value of 3 with a Cohen’s
kappa coefficient of 0.86, 95% confidence interval 0.73 to
0.97. The agreement would also be higher if the MGMT
copy number was used without normalization to the ACTB
copy number, which is more similar to the principle used
by the nested, gel-based assay that is not normalized.
However, only few samples are impacted by such
analysis.

Application for Diagnostic Purposes

Figure 1 illustrates the decision tree for interpretation of
results from clinical samples for diagnostic purposes. It
integrates both assay performance and the strategy for
classifying the test results according to the thresholds
defined.

Discussion

A sensitive and specific direct, real-time MSP assay has
been developed to reliably detect the methylation status
of the MGMT gene promoter in clinical samples of FFPE
glioma tissue for diagnostic purposes. The results of the
methylation status of this test are in good concordance
with results obtained with the nested, gel-based MSP
assay that established the predictive value of the MGMT
methylation status in glioblastoma for the relative benefit
from TMZ therapy.10

The discordance between the tests is largely confined
to a few samples with values slightly lower than the cutoff
defined by the mixture model. This is not surprising, since
the cutoff of the gel-based assay is defined by the visual
presence or absence of the PCR product without normal-
ization. Normalization to amplifiable DNA content, mea-
sured here as a ratio to ACTB, is not an absolute mea-
surement, since “normal tissue” contaminations are
present in all clinical tumor samples, and genomic copy
number aberrations are common in glioblastoma, includ-
ing on chromosomes 10 and 7, where the MGMT and
ACTB gene reside, respectively. However, neither ho-
mozygous deletions nor high level amplifications have
been reported for MGMT or ACTB that potentially could
be problematic for interpretation of results. The ACTB is
also used as a control gene by other groups using direct,
real-time PCR for DNA methylation analysis.18

The direct, real-time MSP assay more often yielded a
valid result with FFPE tissue specimens than did the
nested, gel-based MSP assay. This improved perfor-
mance is likely due to the smaller amplicon size of the
real-time MSP assay.

The quantitative measure obtained and the bimodal
distribution of the values will allow definition of clinically
relevant thresholds for stratified therapy. This study dem-

Figure 5. Comparison between direct, real-time MSP and nested, gel-based
MSP results. Box-plots and strip-charts compare the log2(1000 * m_MGMT/
ACTB) (y axis) values determined for 91 samples by direct, real-time MSP
assay to the classification obtained with the nested, gel-based assay into
non-methylated (green) and methylated (red) samples (x axis). A dashed
line represents the cutoff defined with the Gaussian mixture model (Figures
3 and 4).

Table 1. Concordance of Classification of the MGMT Status
by the Two Techniques

Direct, real-time MSP (ONCO) ratio value cutoff � 8

Nested, gel-based
MSP (CHUV) Methylated Non-methylated Total

Methylated 32 8 40
Non-methylated 1 50 51
Total 33 58 91

CHUV, Centre Hospitalier Universitaire Vaudois; ONCO, OncoMethylome
Sciences.
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onstrates that there is an important separation of values
around that cutoff, suggesting that there are two distinct
populations underlying the data, and that few samples
would be expected with values near the cutoff. To arrive
at the best, most clinically useful cutoff for patient man-
agement, data relating the real-time quantitative assay to
patient response must be collected.

The test described here is being prospectively used
for randomizing 1153 patients in an ongoing clinical
phase III trial (RTOG 0525/EORTC 26052-22053) testing
standard versus dose-intense adjuvant TMZ in patients
with newly diagnosed glioblastoma (trial is reviewed in
Stupp et al25). The working parameters used for random-
ization are ratio values of 5 and 12 as the lower and upper
cutoffs for classification of non-methylated and methyl-
ated MGMT, respectively, with definition of a gray zone
for the region with high uncertainty in between (5 to 12).
These cutoffs had been defined previously in a smaller
data set and are consistent with the present study sug-
gesting the cutoff at ratio value 8. Among the goals of this
clinical trial is to prospectively validate the use of MGMT
methylation status for predicting benefit from alkylating
agent therapy. The measurement of MGMT promoter
methylation in this trial will provide further information on
a clinically relevant cutoff for the MGMT ratio value.

This sensitive and robust high-throughput test for eval-
uating the methylation status of the MGMT gene may
provide an important pharmacogenomic tool for individ-
ualized management of patients considered for treatment
with TMZ or other alkylating agent chemotherapy.
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