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Abstract. Background: Although methylation of the
06—methylguanine—DNA methyltransferase (MGMT) gene
promoter predicts response to temozolomide in patients with
glioblastoma, no consensus exists as to which assay is best
for its detection. Materials and Methods: Methylation of
MGMT promoter was examined by methylation-specific
polymerase chain reaction (MSP), quantitative real-time
MSP, methylation-sensitive high-resolution melting analysis,
and two commercial pyrosequencing (PSQ) kits. Survival
was compared among 48 patients with glioblastoma
according to assay results. Results: Only PSQ and MSP
significantly separated patients who benefited from
temozolomide, with PSQ being the superior method. For
PSQ analysis, the cut-off value that best correlated with
prognostic outcome was 7% methylation of MGMT. Median
survival in patients with MGMT promoter methylation above
this cut-off value was 7.8 months longer compared to those
with less than 7% methylation. Two-year overall survival for
the two groups was 42% and 7.4%, respectively. Conclusion:
PSQ is the method of choice for MGMT promoter
methylation analysis in routine clinical practice.
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Glioblastoma multiforme (GBM) is one of the most common
and malignant tumors of the central nervous system. Median
overall survival (OS) for fit patients with GBM receiving
standard treatment ranges between 12 and 18 months, with
a 2-year survival rate of 27% (1, 2). Standard management
of patients with GBM involves tumor-resective surgery and
radiotherapy with concomitant temozolomide, followed by
six cycles of adjuvant temozolomide (2, 3). Alkylating
agents, such as temozolomide, exert their cytotoxic effect
through alkylation of the O° position of guanine (4). Such
alkyl adducts are rapidly removed by the DNA-repair
enzyme 0%-methylguanine-DNA methyltransferase
(MGMT), thereby counteracting the cytotoxic effect of
temozolomide (5). The expression level of the MGMT
enzyme, is therefore, inversely related to the outcome of
patients with GBMs treated with temozolomide. Expression
of the MGMT protein is highly regulated by
hypermethylation of the MGMT promoter, whereby
hypermethylation provokes transcriptional silencing (6).
Thus, MGMT promoter methylation has become a clinically
relevant prognostic and predictive marker in patients with
GBM treated with alkylating agents (1, 7).

Although different diagnostic methods for determining the
extent of MGMT promoter methylation are available, all
assays measure the methylation status of cytosines only in a
fraction of the 5’—cytosine—phosphate—>guanine—3’
(CpG) dinucleotides located in the MGMT promoter. The
MGMT promoter contains 98 CpG sites. Methylation of two
CpG regions, CpGs 25-50 [differentially methylated region
1 (DMR1)] and CpGs 73-90 (DMR2), has been
demonstrated to correlate with transcriptional silencing (8,
9). Although analysis of MGMT promoter methylation status
is now standard practice in newly-diagnosed GBM, there is
no consensus as to which molecular test is the optimal one.
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Table 1. Primers and probes for methylation-specific polymerase chain reaction (MSP), methylation-sensitive high-resolution melting analysis (MS-

HRM) and quantitative MSP (gMSP).

Assay Primer/Probes? Sequence

MSP MSP-MGMT-MetF TTTCGACGTTCGTAGGTTTTCGC
MSP-MGMT-MetR GCACTCTTCCGAAAACGAAACG
MSP-MGMT-UnMetF TTTGTGTTTTGATGTTTGTAGGTTTTTGT
MSP-MGMT-UnMetR AACTCCACACTCTTCCAAAAACAAAACA

MS-HRM MGMT MS-HRM2-F GCGTTTCGGATATGTTGGGATA
MGMT MS-HRM2-R AACGACCCAAACACTCACCAAA

qMSP MGMT qMSP-F GCGTTTCGACGTTCGTAGGT

MGMT gMSP-R
MGMT gMSP-Probe
MGMT_1 gMSP-F
MGMT_1 gMSP-R
MGMT_1 gMSP-Probe
ALU gMSP-F

ALU gMSP-R

ALU gMSP-Probe

CACTCTTCCGAAAACGAAACG
6FAM-AAACGATACGCACCGCGA-MGB
CGAATATACTAAAACAACCCGCG
TTTTTTCGGGAGCGAGGC
6FAM-CGCGATACGCACCGTTTACG-MGB
GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA
ATTAACTAAACTAATCTTAAACTCCTAACCTCA
6FAM-CCTACCTTAACCTCCC-MGB

AMSP-MGMT-Met primers and MSP-MGMT-UnMet primers amplify methylated and unmethylated MGMT promoter, respectively. MGMT qMSP
primers and probes amplify and detect methylated sense strand. MGMT_1 qMSP primers and probe amplify and detect methylated reverse strand.

The most popular techniques used to assess MGMT promoter
methylation are based on methylation-specific polymerase chain
reaction (MSP) and pyrosequencing (PSQ). MSP is a qualitative
technique using methylation-specific primers to amplify
separately fully methylated and unmethylated sequences of the
MGMT promoter (10). GBM with detectable amplification of a
methylated sequence is scored as methylation-positive. Variants
of the MSP techniques are methylation-sensitive high-resolution
melting analysis (MS-HRM) and quantitative MSP (QMSP).
MS-HRM is a semi-quantitative PCR technique which, based
on comparison of melting profiles of PCR products from tumor
with melting profiles of a standard, measures the percentage of
methylated amplicons (11). The percentage of methylated
amplicons detected in an unmethylated control sample is
defined as the cut-off value in order to separate unmethylated
GBMs from methylated GBMs. qMSP is a quantitative assay
that determines the number of copies of a methylated MGMT
promoter element. The number of copies of methylated MGMT
promoter is thereafter normalized to the number of copies of a
housekeeping gene to give the relative level of methylated
amplicons (12-15). qMSP only recognizes a fully methylated
sequence. The relative level of methylated MGMT promoter
detected in an unmethylated control sample is, therefore, used
to define the cut-off value in order to separate unmethylated
GBMs from methylated GBMs. Other MSP assays used are
methylation-specific multiplex ligation-dependent probe
amplification (MS-MPLA), where restriction of an
unmethylated CpG in the recognition site results in
amplification of only the methylated sequence (16), and
MethyLight gMSP, a qMSP technique using a methylation-
specific probe (17).
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PSQ is a semi-quantitative technique which quantifies in
real time each added nucleotide during sequencing to give
the percentage of methylation at each CpG present in the
sequence measured (18, 19). Usually the average percentage
of methylation for all CpGs measured in a PSQ assay is used
to score samples as unmethylated or methylated. The optimal
cut-off value for prognostication is the most critical issue in
the use of PSQ. To date, reported cut-off values have ranged
from 2.7-35% and the number of CpGs measured from four
to 62 (20).

MGMT promoter methylation, regardless of whether
measured by MSP, gMSP, PSQ, MS-HRM, MS-MLPA, or
MethyLight qMSP, has been demonstrated to predict clinical
outcome (1, 13, 21-33). PSQ has been claimed to be best
technique to identify patients with GBM likely to benefit
from therapy with temozolomide (21-24). For MS-HRM,
MS-MLPA, and MethyLight qMSP, on the other hand, some
studies showed a weak predictive value (21, 24), whereas
other reports concluded that these methods are equivalent to
PSQ or MSP (or better than PSQ) when it comes to
quantitation of methylation levels (24-26, 31, 32). In this
report, we compared two commercial PSQ kits, MSP, MS-
HRM and gMSP to determine which technique had the best
predictive power for survival in patients with GBM.

Materials and Methods

Patients and samples. Tumor samples from 48 patients with primary
GBM and four patients with meningioma who underwent surgery at
the Department of Neurosurgery (Oslo University Hospital) between
January 2005 and January 2009 were included in this study. The
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Figure 1. CpGs analyzed by the pyrosequencing PSQ Therascreen, PSQ 96, methylation-specific polymerase chain reaction (MSP), quantitative
MSP (gMSP) and methylation-sensitive high-resolution melting analysis (MS-HRM). Each ellipse represents a CpG site in the O6-methylguanine-
DNA methyltransferase (MGMT) promoter. Each dot represents the CpGs analyzed by the different assays. Dots and ellipses in blue are CpGs of
the MGMT promoter’s DMR2 region. Only CpGs in the primer and probe regions were analyzed by the MSP and gMSP assays. Note that CpGs in
the primer region of MS-HRM were not analyzed because the primers for MS-HRM amplify MGMT promoter both when methylated and
unmethylated at the primer binding sites with the same efficiency. gMSP_f, gMSP of reading strand; gMSP_r, gMSP of reverse strand.

four meningioma samples served as negative controls for MGMT
promoter methylation (28). All patients with GBM received
radiochemotherapy with 25 of them also receiving 1-6 courses of
adjuvant temozolomide. All GBM (N=48) and meningioma cases
(N=4) used in this study were included in a previous publication
comparing survival in methylated and unmethylated cases using one
commercial PSQ kit (PyroMark Q96 CpG MGMT Kkit; cat. number
972032; Qiagen, Hilden, Germany) and qMSP (34). For each
patient, the histological diagnosis was reviewed by an expert
neuropathologist (34). Written, informed consent was obtained from
living patients whereas permission to include deceased patients was
obtained from the National Health Authorities. The study was
approved by the Regional Ethics Committee (S-06046).

DNA isolation and bisulfite conversion. The protocols for DNA
extraction and quality measurements were described previously
(34). In that study, 58 GBM cases were included in the OS analysis
(34). For 10 of the samples in our previous study, DNA or frozen
tissue material was not available, leaving a total of 48 GBM cases
to be analyzed in this study. Spare DNA was available from our
previous study for 45 of the GBM cases and all four meningiomas,
while for three of the GBM cases, new DNA had to be extracted
from frozen samples. Extraction was performed using Maxwell® 16
Tissue DNA Purification Kit (Promega, Madison, WI, USA)
followed by quality measurements as described elsewhere (34).
Unmethylated cytosine residues were converted to uracil by bisulfite
treatment of 500 ng DNA using EpiTect Bisulfite Kit (Qiagen) and
QiaCube automated purification system (Qiagen) according to the
manufacturer’s procedures. After conversion, the final concentration
of DNA was 12.5 ng/pl.

Methylation-specific PCR. For MSP, melting curve analysis was used to
detect PCR products in our samples (35). The forward and reverse
primers targeting methylated and unmethylated exon 1 of the human
MGMT gene are listed in Table I and correspond to those described by
Esteller et al. (36). The PCR product amplified by the primers analyzed
methylation of CpG numbers 76-80 and 84-87 (see Figure 1). The 20
pl reaction volume contained 1x Precision Melt Supermix (Bio-Rad
Laboratories, Hercules, CA, USA), 200 nM of each forward and reverse
primer, and 25 ng of bisulfite-converted DNA. Three replicates of each
sample were used to ensure statistical representativity. Real-time PCR
followed by melting curve analysis was run on a CFX96 Touch™ Real-
Time PCR Detection system (Bio-Rad Laboratories). The thermal
cycling included an initial step at 95°C for 2 min followed by 40 cycles
of 50 s at 95°C, 50 s at 59°C, and 50 s at 72°C. Following the last cycle,
PCR products were incubated for 10 s at 95°C before the melting curve
was generated by heating from 65°C to 95°C in increments of 0.5°C/5 s
while continuously measuring the fluorescence. The melting curves were
analyzed using Bio-Rad CFX Manager Software (Bio-Rad
Laboratories). Melting peaks determined for methylated and
unmethylated controls, respectively, were used to identify methylated
and unmethylated PCR products in the samples (EpiTect PCR Control
DNA Set, cat. number 59695; Qiagen). Samples having only methylated
PCR products and samples having both methylated and unmethylated
PCR products were both scored as methylation-positive.

Methylation-sensitive high-resolution melting. The primers used for
MS-HRM and targeting exon 1 of the human MGMT gene were the
MGMT MS-HRM?2 primer set described by Wojdacz and Dobrovic
with some modification (see Table I) (11). The PCR amplified a 110-
bp fragment which analysed 12 CpGs (CpG numbers 72-83, see
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Figure 1) (11). The position of the amplified fragment on the
University of California, Santa Cruz Genome Browser, February 2009
(GRCh37/19) was: chr10:131,265,469-131,265,578 (see Figure 1)
(11). Three replicates of each sample were used. The 20 pl reaction
volume contained 1x Precision Melt Supermix (Bio-Rad
Laboratories), 200 nM of each forward and reverse primer, and 20 ng
of bisulfite-converted DNA. Real-time PCR followed by a melting
curve step was run on a CFX96 Touch Real-Time PCR Detection
system (Bio-Rad Laboratories). The thermal cycling included an
initial step at 95°C for 2 min, followed 50 cycles of 10 s at 95°C and
30 s at 64°C. The melting curve step was performed according to the
company’s recommendation (Bio-Rad Laboratories): an initial step of
10 s at 95°C followed by temperature ramping from 65°C to 95°C
rising by 0.2°C/10 s and fluorescence acquisition. The data files
generated by the CFX96 system were imported using Precision Melt
Analysis software (Bio-Rad Laboratories) and further analyzed.

In order to create standards for the assay, the sense strand of a
400 bp DNA fragment was used, which corresponds to the sequence
chr10:131,265,281-131,265,680 (GRCh37/hgl9 Assembly). The
400-bp sequence was analyzed with Methyl Primer Express Software
v1.0 (Applied Biosystems, Thermo Fisher Scientific Inc., Waltham,
MA, USA) and both methylated and unmethylated sequences were
obtained. The respective methylated and unmethylated DNA
fragments were commercially synthesized and cloned into two
different PEX-A plasmids (Europhins, Brussels, Belgium). The two
plasmids were mixed in order to obtain a range of methylated and
unmethylated allele dilutions. Each of the experimental runs included
methylated/unmethylated dilutions corresponding to 100%, 70%,
50%, 20%, 10%, 5%, 1%, 0.1%, and 0% methylated allele. For all
standards, 6,000 copies of plasmid were used as template. The
calculations were based on the assumption that 3.3 pg of human
genomic DNA contains one copy of MGMT gene and that 20 ng of
bisulfite-converted DNA was used per assay. Thus, 20 ng of human
genomic DNA contained 6000 copies of MGM gene (http://
wwwo6.appliedbiosystems.com/support/tutorials/pdf/quant_pcr.pdf).

Quantitative methylation-specific gPCR. Quantitation of MGMT
promoter methylation assessed by gMSP is described in (34). The
data produced by Havik et al. (34) were re-analyzed for OS in this
study for 48 of the patients with GBM and the four with
meningiomas. A total of 15 CpG sites were covered by the qMSP
assay (Figure 1). Eleven CpGs of the 12 CpG sites 75-86 were
covered by qMSP for the sense strand (primers and probes named
MGMT gMSP) and 11 CpGs of the 14 CpG sites 71-86 were
covered by gMSP for the opposite strand (primers and probes named
MGMT_1 gMSP). gMSP results of the four meningiomas were used
to calculate the threshold value for scoring methylation-positive
samples (34). Only samples where both gMSP assays scored above
the threshold value were scored as methylation-positive (34).

Pyrosequencing. Two PSQ kits were used to analyze MGMT
promoter methylation. The analysis using the PyroMark Q96 CpG
MGMT kit (cat. number 972032; Qiagen) and the PyroMark MD
system (Qiagen) was described elsewhere (34). For analysis of
MGMT promoter methylation using PyroMark therascreen MGMT
kit (cat. number 971061; Qiagen) and the PyroMark Q24 system
(Qiagen), 50 ng of bisulfite-converted DNA was used. Bisulfite-
converted DNA was amplified in a PCR reaction according to the
manufacturer’s recommendation (PyroMark Therascreen kit; Qiagen)
on a C-1000 Thermal cycler (Bio-Rad Laboratories). Subsequent
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Table II. Receiver operating characteristic (ROC) curve analysis of the
pyrosequencing (PSQ) data showing the best cut-off values predicting
overall survival. The hazard ratio (HR) and the area under the ROC
curve (AUROC) are listed.

Assay Cut-off HR AUROC
PSQ Therascreen 5% 0.4504 0.7071
6% 0.4344 0.7222
7% 0.4283 0.7374
8% 0.5257 0.7096
9% 0.5257 0.7096
10% 0.4999 0.6970
PSQ 96 5% 0.4504 0.7071
6% 0.4344 0.7222
7% 0.4283 0.7374
8% 0.4283 0.7374
9% 0.4354 0.7096
10% 0.4354 0.7096

sample preparation and PSQ were also performed according to the
manufacturer’s procedure (PyroMark Therascreen kit; Qiagen).

The PyroMark Q96 CpG MGMT kit detected five CpG sites
located in exon 1 of the human MGMT gene (CpG 74-78; for CpG
numbering and localization, see Figure 1), whereas the PyroMark
Therascreen MGMT kit detected four CpG sites in the same location
(CpG 76-79) (Figure 1).

Statistical analysis. All GBM cases (N=48) were included in the OS
analysis. However, for MS-HRM, the data were obtained for only
37 out of the 48 cases. Survival data were calculated from the date
of surgery. Information about the patients’ date of surgery, death or
last follow-up is described elsewhere (34).

Receiver operating characteristic (ROC) curve analysis was used
to estimate the optimal cut-off value for the two PSQ assays, using
the mean percentage MGMT methylation for the CpGs covered by
the two assays. The area under the ROC curve (AUROC) was
calculated after fitting ordinary logistic regressions with the
dependent variable indicating if a patient lived at least 18 months
after diagnosis or not. Methylation was included as an independent
variable. Hazard ratios (HR) were estimated using Cox proportional
hazards regression with a dummy variable for methylation level.
The AUROC and HR calculations were performed using Stata v15.1
software (StataCorp LLC, College Station, TX, USA).

OS analysis was performed using the Kaplan—Meier procedure.
The survival curves were compared using the log-rank test. For
PSQ, methylation was dichotomized according to the ROC analysis
described above. OS calculations were performed using IBM SPSS
Statistics v23 software (IBM Corporation, Armonk, NY, USA) and
GraphPad Prism v7 (GraphPad Software, Inc. La Jolla, CA, USA).
p-Values of less than 0.05 were considered statistically significant.

Results

Determining the cut-off value for PSQ. In order to compare
the prognostic ability of the different methods, the optimal
cut-off value for PSQ needed to be identified. ROC curve
analysis is the method of choice for predicting optimal cut-
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Table III. Univariate analysis for overall survival in patients with newly-diagnosed glioblastoma. Comparison of the two pyrosequencing methods

PSQ Therascreen and PSQ 96 at different cut-offs.

Methods Cut-off Methylation Number of Median survival p-Value* Difference in median
(%) status patients (+SE), months survival (+SE), months

48 (total) 13.05+1.43

PSQ Therascreen 6 Unmethylated 26 11.51+1.28 0.011 4.6+£5.0
Methylated 22 16.07+4.87

7 Unmethylated 27 11.64+1.37 0.011 7.8+7.6
Methylated 21 19.46+7.50

8 Unmethylated 28 11.64+1.31 0.053 1.5£6.9
Methylated 20 13.15+6.82

9 Unmethylated 28 11.64£1.31 0.053 1.5£6.9
Methylated 20 13.15+6.82

PSQ 96 6 Unmethylated 26 11.51+1.28 0.011 4.6+5.0
Methylated 22 16.07+4.87

7 Unmethylated 27 11.64+1.37 0.011 7.8+7.6
Methylated 21 19.46+7.50

8 Unmethylated 27 11.64£1.37 0.011 7.8+£7.6
Methylated 21 19.46+7.50

9 Unmethylated 28 11.64+1.31 0.053 1.5+6.9
Methylated 20 13.15+6.82

SE: Standard error. *Log-rank.

Table IV. Univariate analysis for overall survival (OS) in patients with newly-diagnosed glioblastoma. Comparison of pyrosequencing PSQ
Therascreen, PSQ 96, methylation-specific polymerase chain reaction (MSP), methylation-sensitive high-resolution melting analysis (MS-HRM),

and quantitative MSP (gMSP).

Assay Cut-off Methylation ~ Number of Female,n Male,n Mean age Median OS p-Value*  2-Year OS
patients (£SD), years  (+SE), months (+SE),%
Overall 48 23 25 58.6+9.3 13.05+1.43 22.10£6.11
PSQ Therascreen 7% Unmethylated 27 13 14 58.7+10.0 11.64+1.37 0.011 741+£5.04
Methylated 21 10 11 58.5+8.4 19.46+7.50 41.90+10.95
PSQ 96 7% Unmethylated 27 13 14 58.7+10.0 11.64+1.37 0.011 7.41+5.04
Methylated 21 10 11 58.5+8.4 19.46+7.50 41.90+10.95
MSP None Unmethylated 25 11 14 58.2+10.5 11.51+0.49 0.037 12.00+6.50
Methylated 23 12 11 59.0+8.0 13.45+2.41 33.82+10.05
MS-HRM (n=37) None Unmethylated 12 4 8 58.0+10.7 11.64+2.74 0.482 16.67+10.76
Methylated 25 12 13 58.3+8.4 13.05+0.82 28.00+8.98
qMSP None Unmethylated 32 16 16 59.0£9.7 11.64+1.12 0.113 15.63+6.42
Methylated 16 7 9 57.8+8.5 13.45+5.89 35.71+£12.35

SD: Standard deviation; SE: standard error. *Log-rank.

off values (37, 38). The mean percentage methylation of the
CpGs analyzed in the two PSQ assays were used in our ROC
curve analysis, where methylation cut-off scores (1-15%)
were plotted to identify the optimum cut-off value for the
prediction of OS of 18 months or more after surgery. The
AUROOC results, including HR values, are listed in Table II.
The highest values for AUROC were at a cut-off of 7% for
PSQ Therascreen and 7 and 8% for PSQ 96. The AUROC
values for both PSQ kits were 0.7374, with an HR of 0.4283
(confidence interval=0.2187-0.8390, p=0.013). The univariate

analysis for OS in patients with newly-diagnosed GBM for
the two PSQ kits, with cut-offs in the range from 6-9%,
verified cut-offs at 7% for PSQ Therascreen and 7 and 8%
for PSQ 96, as being optimal (Table III).

Comparison of PSQ, MSP, MS-HRM, and gMSP. For the two
PSQ kits, MSP, MS-HRM and qMSP, univariate analyses
were performed to measure OS. The variables were
dichotomized as methylated and unmethylated according to
their optimized cut-off values and OS was calculated.
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Figure 2. Kaplan—Meier plots of overall survival according to O%-methylguanine-DNA methyltransferase (MGMT) promoter methylation status as
analyzed by methylation-specific polymerase chain reaction (MSP), quantitative MSP (gMSP), methylation-sensitive high-resolution melting analysis
(MS-HRM) and pyrosequencing (PSQ). For PSQ, the results of only PSQ Therascreen are shown. Met: Methylated; Unmet: unmethylated.

Unadjusted Kaplan—Meier plots of OS for the four methods
are shown in Figure 2. Log-rank tests showed significant
differences in OS between the groups with methylated and
unmethylated MGMT promotor for the two PSQ kits (p=0.011)
and MSP (p=0.037), but not for MS-HRM and qMSP (p=0.482
and p=0.113, respectively) (Table IV). Median OS using MSP
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was 11.5 months for the group with unmethylated MGMT and
13.5 months for the group with methylated MGMT, whereas
2-year OS was 12% and 33.8%, respectively. For PSQ, median
OS was 11.6 months in the group with unmethylated MGMT
and 19.5 months in the group with methylated MGMT, whereas
2-year OS was 7.4% and 41.90%, respectively.
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Figure 3. Kaplan—Meier plot of overall survival according to
methylation, comparing methylation-specific polymerase chain reaction
(MSP) and methylation-sensitive high-resolution melting analysis (MS-
HRM) when N=37. Log-rank p-values were 0.096 and 0.482 for MSP
and MS-HRM, respectively.

Discussion

In this study, we identified PSQ as being the best technique
for prognostication based on tumor MGMT promoter
methylation analysis in patients with GBM. The difference
in median OS between the groups with unmethylated and
methylated MGMT was approximately 8 months (p=0.011)
by PSQ, whereas the difference in median OS was only 2
months when MSP was used; this, however, was still
significant (p=0.037). The two other techniques assessed in
our study, MS-HRM and qMSP, did not reveal significant
survival differences (p=0.482 and 0.113, respectively).

The different results produced by the four methods
compared in this study might be explained by variances in
the CpGs analyzed and differences in methodology. Of the
98 CpG sites in the MGMT promoter, methylation of two
CpG regions, CpGs 25-50 (DMR1) and CpGs 73-90
(DMR?2), seems to correlate with transcriptional silencing
(8,9). DMR?2 in particular plays a critical role in controlling
the MGMT promoter (8). MSP, qMSP, and MS-HRM cover
CpGs 76-80 and 84-87, CpGs 71-86 (except CpG 74), and
CpGs 72-83, respectively. The two PSQ assays performed,
PSQ 96 and PSQ Therascreen, analyze five and four CpGs,
respectively, namely CpGs 74-78 and 76-79 in DMR2.
Unlike MSP and qMSP, presumably important sites such as

CpG 86 and 87 are not evaluated by the two PSQ Kkits (8).
Despite this and the low number of CpGs analyzed as
compared to the other three methods, PSQ is superior when
it comes to prognostication based on separation of patients
into groups with and without MGMT promotor methylation.
A major disadvantage with using MSP and qMSP is that
both these techniques only detect fully methylated MGMT
promoter at the annealing sites of primers and probe (see
Figure 1). This may lead to a problem in sensitivity;
however, both these methods have in previous studies been
found to be of prognostic value (1, 21-30, 39).

PSQ overcomes the problem with heterogenous
methylation patterns by providing information on the extent
of methylation at each individual CpG site with high
sensitivity and specificity (19). The most critical issue in the
use of PSQ is to identify a threshold value for
dichotomizing the original continuous data, that is, to define
the optimal prognostication cut-off value (9, 34, 40). The
cut-off value can be set based on negative controls,
arbitrarily, or as the median value of the whole patient group
tested. Another and probably better method for defining an
optimal threshold value from continuous test results is use
of the ROC curve (37,41). We used an approach to measure
AUROC by defining 18 months’ survival as a point for
separating patients into long-term and short-term survivors.
Based on this, ROC analysis identified 7% methylation for
PSQ Therascreen and 7-8% methylation for PSQ 96 as
optimal cut-off values. The AUROC value for both PSQ kits
was 0.76, with an HR of 0.4283 (CI=0.2187-0.8390,
p=0.013), indicating it to be a reliable assay and confirming
the suitability of the cut-off value for discriminating
methylated from unmethylated promoter. Unadjusted
Kaplan—Meier plots for the two PSQ kits with cut-offs in
the range from 6% to 9% verified optimal cut-offs at 7%
and 7 and 8% for PSQ Therascreen and PSQ 96,
respectively (Table III). These results are on a par with
findings by Quillien ef al. (24), Kim et al. (42), and Quillien
et al. (43) who used ROC analysis to find optimal cut-off
points for the PSQ 96 kit at 6%, 9%, and 8%, respectively.
Linear regression showed good correlation between the two
PSQ kits (R2=0.9226, N=48, data not shown), in agreement
with the findings of Quillien ef al. (33). Additionally, there
was 100% correlation between cases defined as methylated
or unmethylated when comparing the two PSQ Kkits,
supporting the notion that these two PSQ assays are
interchangeable (33).

MSP has been clinically validated for analysis of MGMT
promoter methylation status (2, 3) and is a purely qualitative
assay that analyzes methylation of nine CpGs encompassing
CpGs 76-80 and CpGs 84-87, covering a large part of DMR2.
Primers are generated to either amplify unmethylated or fully
methylated PCR products, that is, PCR products either
unmethylated or fully methylated at CpG sites covered by the
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primers. As melting point analyses were used to detect
methylated and unmethylated PCR products, the melting point
of the PCR products might be affected by heterogenous
methylation of the three CpGs in the sequence between the two
primers. Therefore, heterogeneous methylation of CpG sites
may lead to lower sensitivity and specificity, and failure of
detection by MSP. In spite of these drawbacks, MSP was able
to generate groups with methylated and unmethylated MGMT
promotor with significantly different median OS (p=0.037), in
accordance with several previous reports (1, 21-24, 26-29, 39).

Our MS-HRM assay, which analyzed CpG site 72-83, was
not useful for prognostication in this patient cohort. An
explanation for this discrepancy compared with results in
previous studies might be the low number of patients (N=37)
included in our MS-HRM analysis. In support of this, when
looking at only the 37 cases analyzed by MS-HRM, MSP did
not give significant differences in OS for patients with
methylated and unmethylated MGMT promoter (p=0.096,
N=37) (Figure 3).

The reason why the qMSP assay used here was not useful
for prognostication might be its highly restrictive nature based
on analysis of both the sense and reverse strand, as well as the
variation in CpGs analyzed on the sense and reverse strand
(see Figure 1). As can be seen in Table IV, only 16 patients
out of 48 were scored as having MGMT promoter methylation
by gMSP. When comparing MSP and gMSP, only 16 out of
the 23 cases scored as methylated by MSP were scored as
methylated by gqMSP, indicating that our qMSP setup was too
restrictive when compared to previous studies (22, 30).

In our hands, only MSP and PSQ were able to significantly
separate patients with GBM into two prognostic groups based
on MGMT promoter methylation status. The superiority of
PSQ for such analysis (21-24) makes it the method of choice
for analysis of MGMT promoter methylation status in routine
clinical practice.
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