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Simple Summary: The status of a DNA repair protein called MGMT is a prognostic marker in
patients with glioblastomas, the most frequent malignant brain tumor. Epigenetic silencing of this
gene predicts increased sensitivity to chemotherapy. Silencing is assessed by analyzing modifications,
so-called methylation, of a certain gene region. Whereas most studies report such information
only in a qualitative manner, quantitative testing might provide additional information. The aim
of our study was to determine a quantitative threshold for better survival among patients with
glioblastomas. Among 321 patients suffering from glioblastoma, we found better survival in patients
with glioblastomas that have ≥16% methylation of a particular region of the MGMT gene. Above
16% methylation, we found no additional benefit with increasing degree of methylation. We suggest
using this threshold for selection in clinical trials and for patient counseling.

Abstract: Background: Glioblastomas with methylation of the promoter region of the O(6)-
methylguanine-DNA methyltransferase (MGMT) gene exhibit increased sensitivity to alkylating
chemotherapy. Quantitative assessment of the MGMT promoter methylation status might provide
additional prognostic information. The aim of our study was to determine a quantitative methylation
threshold for better survival among patients with glioblastomas. Methods: We included consecutive
patients ≥18 years treated at our department between 11/2010 and 08/2018 for a glioblastoma, IDH
wildtype, undergoing quantitative MGMT promoter methylation analysis. The primary endpoint
was overall survival. Results: A total of 321 patients were included. Median overall survival was
12.6 months. Kaplan–Meier and adjusted Cox regression analysis showed better survival for the
groups with 16–30%, 31–60%, and 61–100% methylation. In contrast, survival in the group with
1–15% methylation was similar to those with unmethylated promoter regions. A secondary analysis
confirmed this threshold. Conclusions: Better survival is observed in patients with glioblastomas
with ≥16% methylation of the MGMT promoter region than with <16% methylation. Survival with
tumors with 1–15% methylation is similar to with unmethylated tumors. Above 16% methylation, we
found no additional benefit with increasing methylation.

Keywords: glioblastoma; temozolomide; O(6)-methylguanine-DNA methyltransferase

1. Introduction

Glioblastoma is the most common malignant primary tumor of the brain, with an
incidence of 3.23/100,000 [1]. The standard of care consists of maximal safe resection
followed by radiotherapy combined with temozolomide (TMZ) chemotherapy [2]. Despite
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considerable efforts to improve outcomes, the prognosis remains grim, with a median
overall survival of 14–16 months [2–5].

Epigenetic silencing of the DNA repair protein O(6)-methylguanine-DNA methyl-
transferase (MGMT) has emerged as an important prognostic and predictive marker in
patients with glioblastomas [6–9]. Methylation of specific cytosine–phosphate–guanine
(CpG) sites within its promoter region silences the MGMT gene [10]. This, in turn, leads
to increased sensitivity of the cancer cells to alkylating chemotherapy [8,9]. Therefore,
the addition of TMZ chemotherapy improves survival in patients with tumors containing
a methylated MGMT promoter [6]. However, for tumors with an unmethylated MGMT
promoter, the benefit of TMZ is marginal and increasingly questioned [6]. A major obstacle
in selecting patients for clinical trials according to their MGMT status is the lack of consen-
sus regarding the method of determination and cut-off values for quantitative testing to
classify MGMT promoters as unmethylated or methylated [11,12]. Whereas most studies
report only qualitative information on the MGMT methylation status, quantitative testing
might provide additional information and help select patients for further treatment. Most
studies report a quantitative MGMT promoter methylation threshold between 1 and 30%
to distinguish methylated from unmethylated status [11]. However, clarification of the
optimal threshold of MGMT methylation below which TMZ can be omitted in experimental
arms of clinical trials is needed [13]. In addition, knowledge of this threshold can help to
stratify and balance patients for prognostic factors in future clinical trials.

Importantly, the diagnostic criteria for glioblastoma have shifted away from purely
histomorphological toward molecular characteristics. In the 2021 WHO classification of
tumors of the central nervous system, glioblastoma is defined by the absence of a mutation
in the isocitrate dehydrogenase gene (i.e., IDH wildtype) [14]. So far, studies investigating the
value of MGMT status have not applied this new definition.

The aim of our study was to determine a threshold of quantitative MGMT methylation
status for better survival among patients with IDH wildtype glioblastomas. Through a
subgroup analysis of tumors exposed to TMZ and comparison with a historical cohort, we
sought a predictive threshold for benefit from TMZ. We hypothesized that even patients
with a low percentage of MGMT promoter methylation benefit from chemotherapy.

2. Materials and Methods
2.1. Standard Protocol Approvals, Registrations, and Patient Consents

We conducted a retrospective, single-center observational study. Approval for this study
was granted by the local ethics committee of the canton of Bern, Switzerland (2022-00698).

2.2. Patient Population

We screened consecutive patients treated for a glioma at our department between
November 2010 and August 2018. Inclusion criteria were (i) diagnosis of glioblastoma,
IDH wildtype according to the 2021 WHO classification of tumors of the central nervous
system [14], (ii) availability of a quantitative MGMT promoter methylation analysis, and
(iii) age > 18 years. The absence of an IDH mutation was determined by immunohisto-
chemistry and/or sequencing. Importantly, gliomas were reclassified according to the 2021
WHO classification. Thus, we included diffuse and astrocytic tumors if the IDH status was
wildtype and either a telomerase reverse transcriptase (TERT) promoter mutation, epider-
mal growth factor receptor (EGFR) gene amplification, or combined gain of chromosome
7 and loss of chromosome 10 was present. Exclusion criteria were (i) refusal of general
consent for the scientific use of health-related data and (ii) missing information on IDH
status or MGMT methylation status.

2.3. Data Analysis

The primary endpoint of the study was overall survival. For the analysis of the
primary endpoint, we stratified patients into groups based on the results of the quantitative
MGMT methylation analysis. Patients with 0% methylation constituting the reference
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population were compared with patients with 1–15%, 16–30%, 31–60%, and 61–100%
MGMT promoter methylation.

To identify an MGMT methylation threshold for benefit from TMZ, we compared
tumors exposed to TMZ in our cohort with a historical cohort treated by radiotherapy
only. We used the upper bound of the confidence interval for median survival from the
radiotherapy-only arm of the seminal trial by Stupp et al. to stratify patients into long-term
(>13.0 months) or short-term (≤13.0 months) survivors [2]. Long-term survival was the
secondary endpoint for the subgroup of patients with tumors exposed to TMZ.

Clinical data were extracted from our electronic Patient Data Management System.
These included patients’ sex, age, preoperative Karnofsky performance status (KPS), date
and type of surgery, pathological diagnosis, molecular pathology findings, and postopera-
tive chemotherapy and/or radiotherapy. Postoperative MRIs were reviewed and classified
as either complete resection of enhancing tumor (CRET), gross total resection with a mini-
mal residual of <0.175 mL (GTR), subtotal resection with a residual of >0.175 mL (STR), or
biopsy only.

We usually extracted DNA for MGMT promoter methylation analysis from the tumor
center with >70% tumor cell density. Quantitative MGMT promoter methylation anal-
ysis was performed using a primer extension-based method adapted to formalin-fixed
paraffin-embedded tissues, as previously described [15,16]. Six diagnostically relevant CpG
dinucleotides, including CpG4, are mapped with this assay [8,9]. A multiplex primer exten-
sion was performed using fluorescent-labeled primers, which bind to CpG dinucleotides
specific for the methylated or unmethylated form of the DNA, followed by capillary elec-
trophoresis [15].

2.4. Statistics

Statistical analysis was performed using the statistical software Stata 17.0 (StataCorp.
2021. Stata Statistical Software: Release 17. College Station, TX, USA: StataCorp LLC).
Descriptive statistics for continuous variables included calculation of the mean and stan-
dard deviation (SD). Comparison between groups was made using ANOVA. Categorical
variables are described with frequencies and percentages. Between-group comparisons
were made using a chi-square test.

The primary endpoint was analyzed using Kaplan-Meier curves of the different groups
and comparing them using the log-rank test. The analysis was performed first in a univari-
able Cox regression (proportional hazards) model and then adjusted for baseline variables
(age, sex, type of resection, KPS, radiotherapy, and chemotherapy) in a multivariable
Cox model.

To identify the optimal cut-off value for a benefit from TMZ, we stratified patients
according to whether they were long-term (>13.0 months) or short-term (≤13.0 months,
corresponding to the historical radiotherapy-only group [2]) survivors. The percentage
of methylation of each tumor was plotted on a receiver operating characteristics (ROC)
curve with true positives (sensitivity) on the vertical axis and false positives (1—specificity)
on the horizontal axis. The area under the curve (AUC) and its 95% confidence interval
were calculated. The optimal cut-off point to differentiate the two survival groups was
determined by calculating the Youden index, and the positive likelihood ratios for different
levels of methylation were also compared.

We addressed missing values first by reanalyzing the source data or, if no value was
retrievable, by pairwise deletion. Complete cases were considered for the Cox regression
analysis. For all analyses, a p-value ≤ 0.05 was considered significant.

2.5. Data Availability

The study data are available and will be shared upon reasonable request from other
investigators for the purposes of replicating results.
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3. Results
3.1. Patient Population

We screened 885 patients in our local tumor database treated at our department
between November 2010 and August 2018. Our final study population consisted of
321 patients with glioblastoma, IDH wildtype (Figure 1).
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Figure 1. Flowchart illustrating patient selection.

Of these 321 patients, 109 (34.0%) were female. Mean age at diagnosis (±SD) was
64.1 years (±11.4), and 108 patients (33.6%) were 70 years or older. A KPS < 70% was
recorded in 56 patients (17.5%). A total of 224 (69.8%) patients underwent resection, and 97
(30.2%) patients were only biopsied. Of patients undergoing resection, postoperative MRI
confirmed CRET in 123 (54.9%), GTR in 18 (8.0%), and STR in 78 (34.8%). Five patients (2.2%)
did not undergo contrast-enhanced MRI within 48 h postoperatively. Surgery was followed
by the combination of radio- and chemotherapy in 250 patients (77.9%), radiotherapy only
in 28 patients (8.7%), and chemotherapy only two patients (0.6%). No further therapy was
administered in 30 patients (9.4%). No information concerning radio- and chemotherapy
was available for 11 patients (3.4%).

3.2. Impact of Quantitative MGMT Status on Survival

Patients were grouped according to their quantitative MGMT methylation status
(Table 1). Between-group comparison yielded a significant difference for sex distribution
(p = 0.003), with more female patients (71%) in the 1–15% methylated group, while all other
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groups contained more male patients. Other baseline variables did not show significant
differences between groups.

Table 1. Comparison of baseline variables by MGMT methylation group.

Percentage
Methylation

0%
n = 165

1–15%
n = 14

16–30%
n = 18

31–60%
n = 24

61–100%
n = 100 p-Value

Female sex 43 (26%) 10 (71%) 6 (33%) 8 (33%) 42 (42%) 0.003

Age (years) 63 (±12) 61 (±9.3) 67 (±8.7) 62 (±13) 66 (±10) 0.06

KPS ≥ 70% 139 (84%) 10 (71%) 18 (100%) 18 (75%) 80 (80%) 0.15

Surgery

0.44
-biopsy 48 (29%) 5 (36%) 7 (39%) 8 (33%) 29 (29%)
-CRET 70 (42%) 4 (29%) 7 (39%) 4 (17%) 38 (38%)
-GTR 11 (6.7%) 0 (0%) 0 (0%) 2 (8.3%) 5 (5%)

-subtotal 33 (20%) 5 (36%) 3 (17%) 9 (38%) 28 (28%)

Chemotherapy 126 (76%) 10 (71%) 14 (78%) 19 (79%) 83 (83%) 0.72

Radiotherapy 141 (85%) 12 (86%) 14 (78%) 21 (88%) 90 (90%) 0.66

Between-group comparisons yielded a significant difference in the sex distribution among the different MGMT
methylation groups. Absolute numbers and percentages are given for nominal variables. Means and standard
deviations are given for continuous variables: CRET, complete resection of enhancing tumor; GTR, gross total
resection with a minimal residual (<0.175 mL); KPS, Karnofsky performance status.

Median overall survival was 12.6 months. We found an unmethylated MGMT promoter
region in 165 patients (51.4%). Among these patients, median survival was 12.0 months.
Quantitative MGMT status was associated with survival. Kaplan-Meier analysis showed
a better survival for all groups with ≥16% methylation of the MGMT promoter region
(Figure 2). Compared with patients with unmethylated tumors, Cox regression analysis
showed significantly longer survival in the groups with 16–30%, 31–60%, and 61–100%
methylation of the MGMT promoter (Figure 2, Table 2). In contrast, the group with
1–15% methylation displayed similar survival to that of patients with unmethylated
promoter regions.
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that of patients with unmethylated MGMT promotors.
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Table 2. Survival according to quantitative MGMT promoter methylation status.

Promoter Methylation Unadjusted HR (95% CI) p-Value Adjusted HR (95% CI) p-Value

0% reference n/a reference n/a

1–15% 1.32 (0.75–2.32) 0.340 1.47 (0.81–2.66) 0.204

16–30% 0.47 (0.28–0.78) 0.004 0.50 (0.29–0.85) 0.010

31–60% 0.45 (0.28–0.72) 0.001 0.39 (0.25–0.63) <0.001

61–100% 0.52 (0.40–0.67) <0.001 0.54 (0.41–0.72) <0.001

On univariable analysis, survival was significantly better for patients with >15% methylation of the MGMT
promoter region. In contrast, no difference between patients with unmethylated and 1–15% methylated tumors
was found. In a multivariable analysis, HRs were adjusted for age, sex, KPS, resection status, and chemo- and
radiotherapy: 95% CI, 95% confidence interval; HR, hazard ratio; KPS, Karnofsky performance status.

Other factors independently associated with overall survival were KPS ≥ 70% (HR
0.57, 95% CI 0.42–0.77, p < 0.001), CRET versus biopsy (HR 0.47, 95% CI 0.35–0.63, p < 0.001),
chemotherapy (HR 0.38, 95% CI 0.25–0.59, p < 0.001), and radiotherapy (HR 0.31, 95% CI
0.18–0.51, p < 0.001). For GTR versus biopsy (HR 0.59, 95% CI 0.34–1.01, p = 0.053) and
STR versus biopsy (HR 0.77, 95% CI 0.56–1.06, p = 0.114), there was a nonsignificant trend
toward better survival. In contrast, sex (HR 0.90, 95% CI 0.70–1.17, p = 0.428) and age (HR
1.01, 95% CI 1.00–1.02, p = 0.261) showed no association with overall survival.

When analyzing only those patients not treated with TMZ (n = 69), no difference in
survival was found among the different groups of MGMT methylation compared with
patients with unmethylated tumors. However, the number of patients was low, and this
result has to be interpreted cautiously.

In order to identify potential subgroups with better survival in the group with 1–15%
methylation, we performed a post hoc sensitivity analysis comparing patients with un-
methylated tumors to tumors with 1–7% methylation, 8–15% methylation, and ≥16%
methylation. Survival of patients with tumors with 1–7% methylation (HR 1.10, 95% CI
0.49–2.49, p = 0.821) and 8–15% methylation (HR 1.59, 95% CI 0.74–3.39, p = 0.233) was
similar to unmethylated tumors, whereas patients with tumors with ≥16% methylation
displayed significantly better survival (HR 0.50, 95% CI 0.39–0.64, p < 0.001) (Figure 3).
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Figure 3. Kaplan-Meier subgroup analysis of patients with low MGMT promoter methylation.
Survival of patients with tumors with 1–7% and 8–15% methylation of the MGMT promoter region
showed no difference and was similar to patients with unmethylated tumors. Compared with these
subgroups, survival of patients with tumors with ≥16% methylation was longer.
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3.3. Predictive Cut-Off of Quantitative MGMT Status

TMZ was administered to 252 patients. Of these, 149 (59.1%) reached our secondary
endpoint of long-term survival compared with the historical radiotherapy-only cohort
(>13.0 months). Although only 52.4% of patients with an unmethylated MGMT pro-
moter region and 42.9% with 1–15% methylation reached long-term survival, 78.6%, 63.2%,
and 68.7% in the 16–30%, 31–60% and 61–100% methylation group, respectively, did
so (p = 0.023).

Plotting the percentage of methylation for each patient on a ROC curve using long-
term survival as the outcome parameter yielded an AUC of 0.59 (0.52–0.65). The Youden
index was maximal at ≥16% methylation of the MGMT promoter with an associated
positive and negative likelihood ratio of 1.536 and 0.712, respectively. The sensitivity and
specificity for long-term survival with a cut-off of ≥16% were 54% and 65%, respectively.

4. Discussion

Our results show a signal toward better survival of patients with tumors that have
≥16% methylation of the MGMT promoter region. In a secondary analysis, 16% was found
as the best-estimated cut-off for increasing sensitivity to TMZ.

4.1. Prognostic Threshold of Quantitative MGMT Testing

The strong prognostic value of the qualitative assessment of the methylation status of
the MGMT promoter region has been repeatedly demonstrated [2,5–7,17]. A meta-analysis
of 34 studies found a significantly better overall survival of patients with methylation of
the MGMT gene promoter, with a pooled hazard ratio of 0.494 [7].

In contrast, studies investigating a quantitative threshold are sparse. A cut-off of
>8–9% methylation of five CpG sites detected by pyrosequencing has been associated with
better survival [18–20]. Dunn et al. reported that the best threshold for better overall
survival is >29% methylation [21]. However, even tumors with >9 to ≤29% methylation
showed a survival benefit in their analysis. Reifenberger et al. reported that the survival
of patients with 8–25% methylated tumors was worse and similar to those with <8%
methylated tumors, which led them to propose a cut-off of 25% methylation [22]. By using
pyrosequencing, Nguyen et al. found an optimal cut-off of 21% methylation for better
survival [23]. In line with our results, Yuan et al. reported an optimal cut-off of 12.5%
to stratify patients as good and poor responders to TMZ [24]. Considering our results
together with the existing literature, we suggest a cut-off for better survival in quantitative
MGMT methylation analysis between a very low and low degree of methylation of around
16%. In contrast, we found no survival advantage among patients with 8–15% methylation
compared with 1–7% methylation or unmethylated tumors.

4.2. MGMT Promoter Methylation: The More, the Better?

Dunn et al. reported that patients with tumors with 10–20% methylation survived
longer than those with unmethylated tumors, and the effect was even more pronounced
with a higher degree of methylation [21]. Specifically, survival was better if tumors were
>29% methylated than when tumors were >9 to ≤29% methylated. However, these results
should be interpreted with caution because the >29% methylated group consisted of only
25 patients with a median survival of 26.2 months, indicating the potential for selection bias
in this group. In contrast, we found a similar survival of patients with tumors with 16–30%,
31–60%, and 61–100% methylation. Likewise, in a pooled analysis of four large trials, Hegi
et al. found that more methylation is not associated with better outcomes above a certain
degree of methylation [13]. Compared with patients with unmethylated tumors (corrected
MGMT log2 ratio ≤ −0.28), they reported a significant survival benefit for patients in a
gray zone (corrected MGMT log2 ratio > −0.28 to ≤1.27) and for patients with a corrected
MGMT log2 ratio > 1.27 [13]. In accordance with our findings, Reifenberger et al. reported
no difference in survival between patients with 26–50% and >50% methylated tumors [22].
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Hence, we suggest that above a certain threshold, more MGMT promoter methylation is
not associated with better survival.

4.3. Can TMZ Be Omitted According to MGMT Promoter Methylation?

The efficacy of TMZ for patients with MGMT unmethylated tumors is, at best, limited.
In a pivotal trial in 2005, when treated with TMZ and radiotherapy, these patients had
only a marginal, nonsignificant advantage when compared with radiotherapy only [2,6].
Importantly, later analysis demonstrated an IDH1 mutation in 7% of patients, signifying
a prognostic factor not considered in the initial study [25]. The finding that low-grade
gliomas with an IDH mutation frequently have a methylated MGMT promoter could be
extrapolated to high-grade gliomas, which might potentially explain the nonsignificant
trend in this study [26,27]. Consequently, we defined the confirmation of IDH wildtype as
an inclusion criterion for our study.

Evidence supporting the futility of TMZ for patients with an unmethylated MGMT
promoter is provided in the GLARIUS trial, in which no difference in overall survival was
found between patients with unmethylated tumors treated with TMZ and patients in the
experimental arm treated with an MGMT promoter methylation independent chemother-
apy (irinotecan) [3]. Hence, the omission of alkylating chemotherapy in patients with
unmethylated tumors is not detrimental.

A cohort study of 233 glioblastoma patients aged ≥70 years found no survival benefit
of TMZ combined with radiotherapy over radiotherapy alone among those with unmethy-
lated tumors [22]. In contrast, patients with methylated tumors had longer progression-free
survival when treated with radiotherapy plus TMZ or TMZ alone compared with patients
receiving radiotherapy alone.

Interestingly, the recently published CATNON trial found no survival benefit of either
concurrent or adjuvant TMZ among patients with IDH1 and IDH2 wildtype high-grade
gliomas [28]. Although the trial included anaplastic gliomas rather than glioblastomas,
many of the IDH wildtype anaplastic gliomas would now be reclassified as glioblastomas
according to the 2021 WHO classification. However, the limited number of patients with
IDH wildtype tumors in this study means that no definitive conclusions can be drawn. A
further report of the association of the MGMT status with outcome is pending.

To sum up, despite limited efficacy, the omission of TMZ in adult patients <70 years
with a good KPS and an MGMT unmethylated tumor should be restricted to clinical
trials. As suggested by Hegi et al., patients whose tumors have a low degree of MGMT
methylation (gray zone) may still gain some benefit from TMZ [13]. Consequently, the
lower safety margin is suitable for the inclusion of patients with truly unmethylated tumors
in clinical trials omitting TMZ. We propose a threshold of <16% of MGMT methylation for
inclusion in such a trial.

4.4. Method for MGMT Methylation Assessment

There is no consensus concerning the optimal laboratory method to determine MGMT
methylation status for clinical decision-making [29]. Methylation-specific polymerase chain
reaction (mPCR) and pyrosequencing are most commonly used and provide the most
accurate prognosticators [11,12,18]. However, there is considerable disagreement about
which CpG sites in the MGMT promoter region should be analyzed [11,12]. The number
of CpG sites analyzed varies from 1–3 up to more than 16 and is often determined by the
testing kit manufacturer [11]. Particularly in cases with the heterogenous methylation of
individual CpG sites, the degree of methylation might depend much on the method used.
However, different regions of methylation throughout the MGMT gene have different prog-
nostic values [30]. Unfortunately, it remains uncertain which CpG islands have the highest
clinical value [12,29]. A particular CpG site in exon 1 (termed CpG4) has been suggested as
particularly important for the correlation with survival [18]. Our primer extension-based
method for quantitative assessment of the methylation status of the MGMT promoter
maps six diagnostically relevant CpG dinucleotides, including the aforementioned CpG4
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site [6,8,9,15,18,31]. The method used has been shown to be sensitive and consistently
reproducible using routinely processed tissue samples [15]. Compared with quantitative
mPCR, our primer extension-based PCR may better estimate the intratumoral heterogeneity
of MGMT methylation [15]. In addition, quantitative mPCR depends on two methylation-
specific primers for amplification and, thus, requires more sites to be methylated compared
with primer extension-based PCR [15].

Arguably, pyrosequencing might be a better method for MGMT promoter methy-
lation analysis due to its high reproducibility, high sensitivity, and high resolution for
individual CpG sites [12]. However, our method yielded a similar cut-off to the one
reported by Yuan et al. from using pyrosequencing [24]. Moreover, Reifenberger et al.
reported a strong concordance between pyrosequencing and mPCR using a cut-off of 8%
for pyrosequencing [22].

4.5. Clinical Implications

Our results have clinical implications beyond their benefit for clinical trials. In the
NOA-08 trial, elderly patients with high-grade gliomas with MGMT promoter methylation
displayed a longer progression-free survival when treated with TMZ alone compared with
radiotherapy alone (8.4 versus 4.6 months), whereas patients with unmethylated tumors
had a longer progression-free survival with radiotherapy alone compared with TMZ alone
(4.6 versus 3.3 months) [32]. Similarly, the Nordic trial found a significantly longer overall
survival of patients with MGMT methylated compared with unmethylated tumors when
treated with TMZ alone but no difference in overall survival when treated with radiotherapy
alone [33]. The median overall survival of patients with MGMT promoter methylation
in this trial was 9.7 months (95% CI 8.0–11.4) when treated with TMZ alone compared
with 8.2 months (95% CI 6.6–9.9) when treated with radiotherapy alone [33]. Hence, these
trials consistently suggest that elderly patients eligible for either radiotherapy or TMZ
should undergo MGMT testing before clinical decision-making [34]. TMZ has an acceptable
safety profile in elderly patients with poor performance status, and TMZ treatment leads
to a significant improvement in functional status and an increased survival compared
with supportive care alone [35]. Our data suggest that in patients with tumors with
<16% methylation of the MGMT promoter region, TMZ may be forgone or discontinued,
particularly when poorly tolerated, for instance, in elderly patients.

Likewise, MGMT status impacts the management of patients with recurrent glioblas-
tomas. For MGMT methylated tumors, rechallenging with TMZ or switching to another
alkylating agent such as CCNU can be a good option [36]. We propose to use ≥16% methy-
lation of the MGMT promoter region as a threshold for rechallenging with TMZ, while
alternative strategies should be sought for those with <16% methylation.

In addition, we found no difference in survival between the methylation groups
among patients unexposed to TMZ. This result is relevant for improved patient counseling
at diagnosis and suggests that the benefit in the survival of methylated tumors is largely
transferred through TMZ. However, due to the limited number of patients, the significance
of this result is questionable and should be interpreted cautiously.

4.6. Limitations

Several limitations apply to our study. Firstly, our results were obtained by a retrospec-
tive analysis of data from a single center. Secondly, the method used for MGMT analysis
in our center has not gained widespread use. Nevertheless, our method has been shown
to be sensitive and consistently reproducible [15]. Thirdly, the degree of methylation also
depends on the tumor cell content of the sample analyzed. We tried to extract DNA from
the tumor center with >70% tumor cells. However, suboptimal sampling with fewer tumor
cells might lead to an erroneous interpretation of the results. Fourthly, even though our
secondary analysis confirmed the results of the primary analysis with a threshold of ≥16%,
the predictive power of the model is low, with an AUC of 0.59 (0.52–0.65). A potential
explanation is the modest benefit of TMZ for overall survival in glioblastoma patients.
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TMZ translates into a median overall survival benefit of only 2.5 months [2]. Hence, the
survival curves of responders and nonresponders to TMZ largely overlap. This huge over-
lap explains the poor discriminatory power of the MGMT analysis for long-term survival
(≥13.0 months) and, in turn, the low AUC, sensitivity, and specificity. Furthermore, the
Youden index used to determine a threshold in our secondary analysis puts equal weights
on sensitivity and specificity. However, in a clinical scenario, we would recommend a more
conservative approach, i.e., to put more weight on sensitivity than specificity. In other
words, to administer TMZ despite futility would be a lesser evil than to withhold TMZ
despite activity.

5. Conclusions

Patients with glioblastomas with ≥16% methylation of the MGMT promoter region
display improved survival compared with those with tumors with <16% methylation. The
survival of patients with tumors with 1–15% methylation is similar to that of those with
unmethylated tumors. Above 16% methylation, we found no additional benefit with in-
creasing degree of methylation. We suggest using the 16% threshold for MGMT methylation
for selecting patients for TMZ treatment in clinical trials and for prognostic counseling.
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Abbreviation
Abbreviation Meaning
95% CI 95% confidence interval
AUC Area under the curve
CpG Cytosine–phosphate–guanine
CRET Complete resection of enhancing tumor
EGFR Epidermal growth factor receptor
GTR Gross total resection
HR Hazard ratio
IDH Isocitrate dehydrogenase
KPS Karnofsky performance status
MGMT O(6)-methylguanine-DNA methyltransferase
mPCR Methylation-specific polymerase chain reaction
NIHSS National Institutes of Health Stroke Scale
ROC Receiver operating characteristics
STR Subtotal resection
TERT Telomerase reverse transcriptase
TMZ Temozolomide



Cancers 2022, 14, 3149 11 of 12

References
1. Ostrom, Q.T.; Cioffi, G.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary Brain and Other Central

Nervous System Tumors Diagnosed in the United States in 2014–2018. Neuro Oncol. 2021, 23 (Suppl. S2), iii1–iii105. [CrossRef]
[PubMed]

2. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med. 2005,
352, 987–996. [CrossRef] [PubMed]

3. Herrlinger, U.; Schäfer, N.; Steinbach, J.P.; Weyerbrock, A.; Hau, P.; Goldbrunner, R.; Friedrich, F.; Rohde, V.; Ringel, F.;
Schlegel, U.; et al. Bevacizumab Plus Irinotecan Versus Temozolomide in Newly Diagnosed O6-Methylguanine–DNA Methyl-
transferase Nonmethylated Glioblastoma: The Randomized GLARIUS Trial. J. Clin. Oncol. 2016, 34, 1611–1619. [CrossRef]
[PubMed]

4. Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F.; Nishikawa, R.; Carpentier, A.F.; Hoang-Xuan, K.; Kavan, P.; Cernea,
D.; et al. Bevacizumab plus Radiotherapy–Temozolomide for Newly Diagnosed Glioblastoma. N. Engl. J. Med. 2014, 370, 709–722.
[CrossRef] [PubMed]

5. Gilbert, M.R.; Wang, M.; Aldape, K.D.; Stupp, R.; Hegi, M.E.; Jaeckle, K.A.; Armstrong, T.S.; Wefel, J.S.; Won, M.;
Blumenthal, D.T.; et al. Dose-Dense Temozolomide for Newly Diagnosed Glioblastoma: A Randomized Phase III Clini-
cal Trial. J. Clin. Oncol. 2013, 31, 4085–4091. [CrossRef]

6. Hegi, M.E.; Diserens, A.-C.; Gorlia, T.; Hamou, M.F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.;
Mariani, L.; et al. MGMT Gene Silencing and Benefit from Temozolomide in Glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003.
[CrossRef]

7. Binabaj, M.M.; Bahrami, A.; ShahidSales, S.; Joodi, M.; Mashhad, M.J.; Hassanian, S.M.; Anvari, K.; Avan, A. The prognostic value
of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical trials. J. Cell. Physiol. 2018, 233, 378–386. [CrossRef]

8. Esteller, M.; Garcia-Foncillas, J.; Andion, E.; Goodman, S.N.; Hidalgo, O.F.; Vanaclocha, V.; Baylin, S.B.; Herman, J.G. Inactivation
of the DNA-repair gene MGMT and the clinical response of gliomas to alkylating agents. N. Engl. J. Med. 2000, 343, 1350–1354.
[CrossRef]

9. Hegi, M.E.; Diserens, A.-C.; Godard, S.; Dietrich, P.Y.; Regli, L.; Ostermann, S.; Otten, P.; Van Melle, G.; de Tribolet, N.;
Stupp, R. Clinical trial substantiates the predictive value of O-6-methylguanine-DNA methyltransferase promoter methylation in
glioblas-toma patients treated with temozolomide. Clin. Cancer Res. 2004, 10, 1871–1874. [CrossRef]

10. Mansouri, A.; Hachem, L.D.; Mansouri, S.; Nassiri, F.; Laperriere, N.J.; Xia, D.; Lindeman, N.I.; Wen, P.Y.; Chakravarti, A.;
Mehta, M.P.; et al. MGMT promoter methylation status testing to guide therapy for glioblastoma: Refining the approach based
on emerging evidence and current challenges. Neuro Oncol. 2019, 21, 167–178. [CrossRef]

11. Malmström, A.; Łysiak, M.; Kristensen, B.W.; Hovey, E.; Henriksson, R.; Söderkvist, P. Do we really know who has an MGMT
meth-ylated glioma? Results of an international survey regarding use of MGMT analyses for glioma. Neurooncol. Pract. 2020,
7, 68–76. [PubMed]

12. Brandner, S.; McAleenan, A.; Kelly, C.; Spiga, F.; Cheng, H.-Y.; Dawson, S.; Schmidt, L.; Faulkner, C.L.; Wragg, C.; Jefferies, S.;
et al. MGMT promoter methylation testing to predict overall survival in people with glioblastoma treated with temozolomide: A
comprehensive meta-analysis based on a Cochrane Systematic Review. Neuro Oncol. 2021, 23, 1457–1469. [CrossRef] [PubMed]

13. Hegi, M.E.; Genbrugge, E.; Gorlia, T.; Stupp, R.; Gilbert, M.R.; Chinot, O.L.; Nabors, L.B.; Jones, G.; Van Criekinge, W.;
Straub, J.; et al. MGMT Promoter Methylation Cutoff with Safety Margin for Selecting Glioblastoma Patients into Trials Omitting
Te-mozolomide: A Pooled Analysis of Four Clinical Trials. Clin. Cancer Res. 2019, 25, 1809–1816. [CrossRef] [PubMed]

14. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro Oncol. 2021,
23, 1231–1251. [CrossRef]

15. Vassella, E.; Vajtai, I.; Bandi, N.; Arnold, M.; Kocher, V.; Mariani, L. Primer extension based quantitative polymerase chain reaction
reveals consistent differences in the methylation status of the MGMT promoter in diffusely infiltrating gliomas (WHO grade
II–IV) of adults. J. Neuro Oncol. 2011, 104, 293–303. [CrossRef]

16. Ochsenbein, A.; Schubert, A.D.; Vassella, E.; Mariani, L. Quantitative analysis of O6-methylguanine DNA methyltransferase
(MGMT) promoter methylation in patients with low-grade gliomas. J. Neuro Oncol. 2011, 103, 343–351. [CrossRef]

17. Zhao, H.; Wang, S.; Song, C.; Zha, Y.; Li, L. The prognostic value of MGMT promoter status by pyrosequencing assay for
glioblas-toma patients’ survival: A meta-analysis. World J. Surg. Oncol. 2016, 14, 261. [CrossRef]

18. Karayan-Tapon, L.; Quillien, V.; Guilhot, J.; Wager, M.; Fromont, G.; Saikali, S.; Etcheverry, A.; Hamlat, A.; Loussouarn, D.;
Campion, L.; et al. Prognostic value of O6-methylguanine-DNA methyltransferase status in glioblastoma patients, assessed by
five dif-ferent methods. J. Neurooncol. 2010, 97, 311–322. [CrossRef]

19. Quillien, V.; Lavenu, A.; Karayan-Tapon, L.; Carpentier, C.; Labussière, M.; Lesimple, T.; Chinot, O.; Wager, M.; Honnorat, J.;
Saikali, S.; et al. Comparative assessment of 5 methods (methylation-specific polymerase chain reaction, MethyLight, pyrose-
quencing, methylation-sensitive high-resolution melting, and immunohistochemistry) to analyze O6-methylguanine-DNA-
methyltranferase in a series of 100 glioblastoma patients. Cancer 2012, 118, 4201–4211.

20. Kim, D.C.; Kim, K.U.; Kim, Y.Z. Prognostic Role of Methylation Status of the MGMT Promoter Determined Quantitatively by
Py-rosequencing in Glioblastoma Patients. J. Korean Neurosurg. Soc. 2016, 59, 26–36. [CrossRef]

http://doi.org/10.1093/neuonc/noab200
http://www.ncbi.nlm.nih.gov/pubmed/34608945
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1200/JCO.2015.63.4691
http://www.ncbi.nlm.nih.gov/pubmed/26976423
http://doi.org/10.1056/NEJMoa1308345
http://www.ncbi.nlm.nih.gov/pubmed/24552318
http://doi.org/10.1200/JCO.2013.49.6968
http://doi.org/10.1056/NEJMoa043331
http://doi.org/10.1002/jcp.25896
http://doi.org/10.1056/NEJM200011093431901
http://doi.org/10.1158/1078-0432.CCR-03-0384
http://doi.org/10.1093/neuonc/noy132
http://www.ncbi.nlm.nih.gov/pubmed/32025325
http://doi.org/10.1093/neuonc/noab105
http://www.ncbi.nlm.nih.gov/pubmed/34467991
http://doi.org/10.1158/1078-0432.CCR-18-3181
http://www.ncbi.nlm.nih.gov/pubmed/30514777
http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1007/s11060-010-0490-4
http://doi.org/10.1007/s11060-010-0395-2
http://doi.org/10.1186/s12957-016-1012-4
http://doi.org/10.1007/s11060-009-0031-1
http://doi.org/10.3340/jkns.2016.59.1.26


Cancers 2022, 14, 3149 12 of 12

21. Dunn, J.; Baborie, A.; Alam, F.; Joyce, K.; Moxham, M.; Sibson, R.; Crooks, D.; Husband, D.; Shenoy, A.; Brodbelt, A.; et al. Extent
of MGMT promoter methylation correlates with outcome in glioblastomas given temozolomide and radiotherapy. Br. J. Cancer
2009, 101, 124–131. [CrossRef] [PubMed]

22. Reifenberger, G.; Hentschel, B.; Felsberg, J.; Schackert, G.; Simon, M.; Schnell, O.; Westphal, M.; Wick, W.; Pietsch, T.;
Loeffler, M.; et al. Predictive impact of MGMT promoter methylation in glioblastoma of the elderly. Int. J. Cancer 2012,
131, 1342–1350. [CrossRef] [PubMed]

23. Nguyen, N.; Redfield, J.; Ballo, M.; Michael, M.; Sorenson, J.; Dibaba, D.; Wan, J.; Delgado Ramos, G.; Pandey, M. Identifying the
opti-mal cutoff point for MGMT promoter methylation status in glioblastoma. CNS Oncol. 2021, 10, CNS74. [CrossRef] [PubMed]

24. Yuan, G.; Niu, L.; Zhang, Y.; Wang, X.; Ma, K.; Dai, J.; Zhou, W.; Pan, Y.; Yin, H. Defining optimal cutoff value of MGMT promoter
methylation by ROC analysis for clinical setting in glioblastoma patients. J. Neuro Oncol. 2017, 133, 193–201. [CrossRef] [PubMed]

25. Hegi, M.E.; Janzer, R.-C.; Lambiv, W.L.; Gorlia, T.; Kouwenhoven, M.C.M.; Hartmann, C.; von Deimling, A.; Martinet, D.;
Schmutz, N.B.; Diserens, A.C.; et al. Presence of an oligodendroglioma-like component in newly diagnosed glioblas-
toma identifies a pathogenetically heterogeneous subgroup and lacks prognostic value: Central pathology review of the
EORTC_26981/NCIC_CE.3 trial. Acta Neuropathol. 2012, 123, 841–852. [CrossRef] [PubMed]

26. Baumert, B.G.; Hegi, M.; van den Bent, M.; von Deimling, A.; Gorlia, T.; Hoang-Xuan, K.; Brandes, A.A.; Kantor, G.;
Taphoorn, M.J.B.; Ben Hassel, M.; et al. Temozolomide chemotherapy versus radiotherapy in high-risk low-grade glioma
(EORTC 22033-26033): A randomised, open-label, phase 3 intergroup study. Lancet Oncol. 2016, 17, 1521–1532. [CrossRef]

27. Karschnia, P.; Teske, N.; Dorostkar, M.M.; Siller, S.; Weller, J.; Baehring, J.M.; Dietrich, J.; Von Baumgarten, L.; Herms, J.;
Tonn, J.-C.; et al. Extent and prognostic value of MGMT promotor methylation in glioma WHO grade II. Sci. Rep. 2020, 10, 19758.
[CrossRef]

28. van den Bent, M.J.; Tesileanu, C.M.S.; Wick, W.; Sanson, M.; Brandes, A.A.; Clement, P.M.; Erridge, S.; Vogelbaum, M.A.;
Nowak, A.K.; Baurain, J.F.; et al. Adjuvant and concurrent temozolomide for 1p/19q non-co-deleted anaplastic glioma (CATNON;
EORTC study 26053-22054): Second interim analysis of a randomised, open-label, phase 3 study. Lancet Oncol. 2021, 22, 813–823.
[CrossRef]

29. Berghoff, A.S.; Hainfellner, J.A.; Marosi, C.; Preusser, M. Assessing MGMT methylation status and its current impact on treatment
in glioblastoma. CNS Oncol. 2015, 4, 47–52. [CrossRef]

30. Mur, P.; Rodríguez de Lope, Á.; Díaz-Crespo, F.J.; Hérnandez-Iglesias, T.; Ribalta, T.; Fiaño, C.; García, J.F.; Rey, J.A.; Mollejo, M.;
Me-léndez, B. Impact on prognosis of the regional distribution of MGMT methylation with respect to the CpG island methyl-ator
phenotype and age in glioma patients. J. Neurooncol. 2015, 122, 441–450. [CrossRef]

31. Cankovic, M.; Mikkelsen, T.; Rosenblum, M.L.; Zarbo, R.J. A simplified laboratory validated assay for MGMT promoter hyper-
methylation analysis of glioma specimens from formalin-fixed paraffin-embedded tissue. Lab. Invest. 2007, 87, 392–397. [CrossRef]
[PubMed]

32. Wick, W.; Platten, M.; Meisner, C.; Felsberg, J.; Tabatabai, G.; Simon, M.; Nikkhah, G.; Papsdorf, K.; Steinbach, J.P.; Sabel, M.; et al.
Temozolomide chemotherapy alone versus radiotherapy alone for malignant astrocytoma in the elderly: The NOA-08 randomised,
phase 3 trial. Lancet Oncol. 2012, 13, 707–715. [CrossRef]

33. Malmström, A.; Grønberg, B.H.; Marosi, C.; Stupp, R.; Frappaz, D.; Schultz, H.; Abacioglu, U.; Tavelin, B.; Lhermitte, B.;
Hegi, M.E.; et al. Temozolomide versus standard 6-week radiotherapy versus hypofractionated radiotherapy in patients older
than 60 years with glioblastoma: The Nordic randomised, phase 3 trial. Lancet Oncol. 2012, 13, 916–926. [CrossRef]

34. Weller, M.; Stupp, R.; Hegi, M.E.; van den Bent, M.; Tonn, J.C.; Sanson, M.; Wick, W.; Reifenberger, G. Personalized care in
neu-ro-oncology coming of age: Why we need MGMT and 1p/19q testing for malignant glioma patients in clinical practice.
Neuro Oncol. 2012, 14 (Suppl. S4), iv100–iv108. [CrossRef] [PubMed]

35. Pérez-Larraya, J.G.; Ducray, F.; Chinot, O.; Catry-Thomas, I.; Taillandier, L.; Guillamo, J.S.; Campello, C.; Monjour, A.; Carta-lat-
Carel, S.; Barrie, M.; et al. Temozolomide in elderly patients with newly diagnosed glioblastoma and poor performance status:
An ANOCEF phase II trial. J. Clin. Oncol. 2011, 29, 3050–3055. [CrossRef] [PubMed]

36. Weller, M.; Tabatabai, G.; Kästner, B.; Felsberg, J.; Steinbach, J.P.; Wick, A.; Schnell, O.; Hau, P.; Herrlinger, U.; Sabel, M.C.; et al.
MGMT Promoter Methylation Is a Strong Prognostic Biomarker for Benefit from Dose-Intensified Temozolomide Rechallenge in
Progressive Glioblastoma: The DIRECTOR Trial. Clin. Cancer Res. 2015, 21, 2057–2064. [CrossRef]

http://doi.org/10.1038/sj.bjc.6605127
http://www.ncbi.nlm.nih.gov/pubmed/19536096
http://doi.org/10.1002/ijc.27385
http://www.ncbi.nlm.nih.gov/pubmed/22139906
http://doi.org/10.2217/cns-2021-0002
http://www.ncbi.nlm.nih.gov/pubmed/34486380
http://doi.org/10.1007/s11060-017-2433-9
http://www.ncbi.nlm.nih.gov/pubmed/28516344
http://doi.org/10.1007/s00401-011-0938-4
http://www.ncbi.nlm.nih.gov/pubmed/22249618
http://doi.org/10.1016/S1470-2045(16)30313-8
http://doi.org/10.1038/s41598-020-76312-x
http://doi.org/10.1016/S1470-2045(21)00090-5
http://doi.org/10.2217/cns.14.50
http://doi.org/10.1007/s11060-015-1738-9
http://doi.org/10.1038/labinvest.3700520
http://www.ncbi.nlm.nih.gov/pubmed/17260000
http://doi.org/10.1016/S1470-2045(12)70164-X
http://doi.org/10.1016/S1470-2045(12)70265-6
http://doi.org/10.1093/neuonc/nos206
http://www.ncbi.nlm.nih.gov/pubmed/23095825
http://doi.org/10.1200/JCO.2011.34.8086
http://www.ncbi.nlm.nih.gov/pubmed/21709196
http://doi.org/10.1158/1078-0432.CCR-14-2737

	Introduction 
	Materials and Methods 
	Standard Protocol Approvals, Registrations, and Patient Consents 
	Patient Population 
	Data Analysis 
	Statistics 
	Data Availability 

	Results 
	Patient Population 
	Impact of Quantitative MGMT Status on Survival 
	Predictive Cut-Off of Quantitative MGMT Status 

	Discussion 
	Prognostic Threshold of Quantitative MGMT Testing 
	MGMT Promoter Methylation: The More, the Better? 
	Can TMZ Be Omitted According to MGMT Promoter Methylation? 
	Method for MGMT Methylation Assessment 
	Clinical Implications 
	Limitations 

	Conclusions 
	References

