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Abstract: Glioblastoma is the most malignant central nervous system tumor, which represents 50% of
all glial tumors. The understanding of glioma genesis, prognostic evaluation, and treatment planning
has been significantly enhanced by the discovery of molecular genetic biomarkers. This study aimed
to evaluate survival in patients with primary glioblastoma concerning O6-methylguanine-DNA
methyltransferase (MGMT) promoter methylation and other clinical factors. The study included
41 newly diagnosed glioblastoma patients treated from 2011 to 2014 in the 10th Military Research
Hospital and Polyclinic, Poland. All patients underwent surgical resection followed by radiation
and chemotherapy with alkylating agents. The MGMT promoter methylation was evaluated in all
patients, and 43% were found to be methylated. In 26 and 15 cases, gross total resection and subtotal
resection were conducted, respectively. Patients with a methylated MGMT promoter had a median
survival of 504 days, while those without methylation had a median survival of 329 days. The group
that was examined had a median age of 53. In a patient group younger than 53 years, those with
methylation had significantly longer overall survival (639 days), compared to 433.5 days for patients
without methylation. The most prolonged survival (551 days) was in patients with MGMT promoter
methylation after gross total resection. The value of MGMT promoter methylation as a predictive
biomarker is widely acknowledged. However, its prognostic significance remains unclear. Our
findings proved that MGMT promoter methylation is also an essential positive prognostic biomarker.

Keywords: glioblastoma; MGMT; prognostic factor; survival prediction; surgical resection

1. Introduction

Glioblastoma multiforme (GBM) is a malignant tumor originating from glial cells. It
is the most common primary brain tumor in adults, with a poor prognosis and a high
mortality rate. Current standard treatment methods for newly diagnosed malignant glioma
patients include maximum safe resection followed by a combination of radiation and
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chemotherapy, mostly with alkylating agents (temozolomide-TMZ). These methods fre-
quently fail to achieve a satisfactory effect due to tumor heterogeneity and chemoresistance
to cytotoxic alkylating agents. Despite rigorous therapy, the median survival rate for most
patients is about 1 to 2 years after diagnosis [1,2]. Furthermore, GBM recurs in nearly all
patients independently of the tumor stage at the time of surgery or the treatment methods
employed. About ninety percent of recurrences are detected in the initial tumor site [3].
Numerous researchers have defined the methylation status of the MGMT gene promoter
as a possible predictor of response to chemotherapy, particularly alkylating drugs such
as temozolomide [4,5]. The MGMT gene is located on chromosome 10q26 and encodes a
DNA-repair protein that removes alkyl groups from the O° position of guanine, an essential
DNA alkylation site. The MGMT gene is involved with DNA repair and in the resistance to
alkylating drugs of glioma cells [6,7]. The DNA methylation induced by TMZ is located
at the O®-position of guanine, and methylation at this position is considered the main
contributor to the cytotoxic effect. TMZ alkylates the DNA of cells at all phases of the cell
cycle, although S-phase progression is required; thus, it is S-phase dependent. TMZ induces
mispairing of bases which is detected by the mismatch repair mechanism (MMR). This
MMR processing and S-phase development results in double-stranded breaks. Therefore,
MMR is essential for TMZ to exert its cytotoxic effect [8,9].

There is evidence that methylation of the MGMT promoter also occurs in histolog-
ically normal brain tissue. However, predisposition is caused by an epigenetically con-
trolled deficiency in the MGMT gene and alkylation-related mutations are the primary
driving force [10]. The epigenetic suppression of MGMT by hypermethylation of cytidine—
phosphate—guanine dinucleotides (CpG islands) in the promoter region is responsible for
the decreased MGMT activity in glioma cells [11]. Studies of GBM patients showed that
hyper-methylation of the MGMT promoter correlates with improved overall survival (OS)
and a more significant response to the TMZ treatment [12,13]. In glioma cells, the level
of MGMT protein expression has been related to the efficacy of alkylating agents [14-16].
In addition, combined inactivation of MGMT by promoter methylation and deletion of 10q
increases sensitivity to TMZ compared to promoter methylation or loss of 10q alone [17].
The best TMZ response rates were associated with IDH mutations in conjunction with
MGMT promoter methylation [18]. Moreover, a previous study demonstrated that patients
with an IDH1 gene mutation and MGMT promoter methylation who underwent radiation
had a more favorable prognosis compared to patients with methylation of MGMT promoter
alone [19]. Although the positive predictive value of MGMT promoter methylation in
glioblastoma patients is widely acknowledged, the prognostic value remains unclear or
controversial [20-25].

The purpose of the present study was to assess the prognostic significance of MGMT
promoter methylation and its associations with clinical variables.

2. Materials and Methods

The study included 41 newly diagnosed glioblastoma patients treated from 2011 to
2014 in the Department of Neurosurgery, the 10th Military Research Hospital and Polyclinic
in Bydgoszcz, Poland. Baseline assessments consisted of physical and neurological exami-
nations [26,27]. Before the surgical resection, the patient’s neurological state was evaluated
and their Karnofsky Performance Status (KPS) was no lower than 80 points. Patients
whose KPS scores are lower have a worsening functional level (100 points—no evidence
of disease, no symptoms; 0 points—death) [26]. After taking into account the patient’s
physical condition, as well as any comorbidities, the anesthesiologist classified each patient
according to the guidelines established by the American Society of Anesthesiologists (ASA)
(ASA score of 1—healthy person; ASA score of 2—mild systemic disease; ASA score of
3—severe systemic disease) [27]. All patients underwent surgical resection, followed by
radiotherapy with alkylating-agent-based chemotherapy. Gross total resection (GTR) was
defined as resection without a visual residual enhancing tumor. The exclusion criteria were
the presence of other primary malignancies, as well as a history of adjuvant radiotherapy
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or chemotherapy. Written consent to participate in the study was provided by every patient.
The study protocol was approved by the Ethics Committee at Collegium Medicum in
Bydgoszcz, Nicolaus Copernicus University in Torun (approval number: KB 1014/07).

Tumor tissues obtained during surgery were routinely processed as formalin fixed and
paraffin embedded (FFPE). DNA was isolated using deparaffinization of FFPE samples.
Genomic DNA was extracted using Maxwell® 16 FFPE Tissue LEV DNA Purification Kit.
The DNA concentration was determined using the Plexor® HY System. The methylation
status of the MGMT promoter was tested using the MLPA probe mix prepared by MRC
Holland (Salsa MS-MLPA Kit MEO11 MMR), methylation-sensitive restriction enzyme,
Hhal, and pyrosequencing using the MGMT Pyro Kit (QIAGEN) after DNA conversion
and elution using the EpiTectBisulfite Kit. The relationships between MGMT promoter
methylation, patient outcome, and the impact of clinical factors (tumor size, age, tumor
location, and neurological status) on prognosis were evaluated.

Statistical Analysis

Statistical analyses were performed using R and Google Sheets. Means (standard
deviation (SD)) were used to describe normally and non-normally distributed data. The OS
curves were plotted using the Kaplan-Meier technique and log-rank tests were applied
to assess the difference in survival. OS was measured from the surgery date to the date
of death or last follow-up. Levene’s test was used to assess the equality of variances. All
comparisons between variables were made by means of the Mann-Whitney and Kruskal-
Wallis nonparametric ¢-test. The Spearman-rank correlation coefficient was used to assess
the relationship between variables. The findings were measured using 95% confidence
intervals (95% CI), and a p-value of 0.05 was considered statistically significant.

3. Results

Participants in the study included 41 patients who were newly diagnosed with glioblas-
toma and were treated at the 10th Military Research Hospital and Polyclinic in Bydgoszcz,
Poland, between the years 2011 and 2014. All of the patients received surgical resection,
which was then followed by radiation treatment and chemotherapy with alkylating drugs.
The flow chart of the study is presented in Figure 1. The characteristics of the group being
studied are detailed in Table 1.

: ‘ [ 41 patients diagnosed with GBM ]

_ 11 patients 15 patients 7 patients

< A had MGMT 2 | had MemT had MGMT <

(: promoter promoter promoter promoter

=\ methylation unmethylated methylation unmethylated

® L
| B % L 41 patients underwent radiotherapy J
g
[ 41 patients underwent chemotherapy ]

Figure 1. The flow chart of the study. GTR—Gross Total Resection; STR—Subtotal Resection.
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Table 1. Characteristics of Patients.

N %
Age, mean & SD 53 12
Sex Female 9 22%
Male 32 78%
Tumor Volume [cm?],
mean - SD 38.1 24.6
The Extent of
Resection
GTR 26 63.4%
STR 15 36.6%
KPS, mean + SD 90 7
MGMT Methylation Status
Unmethylated 23 56.1%
Methylated 18 43.9%
ASA score
1 28 68.3%
2 10 24.4%
3 3 7.3%
Location
Frontal 8 19.5%
Temporal 25 61%
Parietal 6 14.6%
Occipital 1 2.4%
Multifocal 1 2.4%

Note: GTR—Gross Total Resection; STR—Subtotal Resection; KPS—Karnofsky Performance Status; ASA
score—American Society of Anesthesiologists score; MGMT—O6—methylguanine—DNA methyltransferase.

Of the 41 newly diagnosed glioblastoma patients, 32 (78%) were men and 9 (22%) were
women. The median age at the onset of disease was 53 years (interquartile range (IQR),
43.0-63.0). The most common locations for GBM were the temporal (61%), frontal (19.5%),
and parietal lobes (14.6%), respectively. Eighteen patients (43.9%) had methylation of the
promoter MGMT gene, and twenty-three patients had the gene promoter unmethylated
(56.1%) (Table 2). The mean tumor volume was 38.1 cm?® + 24.6. GTR was performed in
26 patients (63.4%) and subtotal (STR) in 15 cases. The preoperative KPS score was 90.0 £ 7
(median = 90). The majority of patients (68.3%) had an ASA score of one.

Table 2. The association between methylation of the MGMT promoter and patient characteristics.

Number

Variable of Patients MGMT Methylation
S Female 9 5
ex Male 32 13
Ace <53 21 9
& >53 20 9
<32 21 10
. 3 =
Tumor size (cm”) >3 20 8
R . Gross total resection 26 11
esection rate Subtotal resection 15 7

Note: MGMT—06—methylguanine—DNA methyltransferase.

A significant difference between the MGMT-methylated and unmethylated groups in
terms of median OS is demonstrated in Figure 2 (504 days vs. 329 days) (p < 0.05).
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Figure 2. Kaplan—-Meier curves of patients with primary glioblastoma—the relationship between
MGMT methylation and overall survival among glioblastoma patients.

Among twenty-six cases that underwent GTR, eleven (42.3%) had MGMT promoter
methylation, and fifteen of them did not. After GTR, patients with methylation had
a median life duration of 551 days. Without methylation, the median life duration was
321 days. Seven patients had methylated MGMT promoter in a study group that underwent
STR, with a median survival time of 260 days. Eight patients had unmethylated MGMT
promoters, with a median survival time of 376.5 days, p = 0.05 (Figure 3).

GTR + met vs. GTR + unmet.—< 0.05

GTR + met vs. STR + met—p < 0.05

GTR + met vs. STR + unmet.—p < 0.05

In patients under 53 years old, those with MGMT methylation had significantly longer
OS (639 days) in comparison to those without MGMT methylation (OS = 433.5 days;
p = 0.046). However, a comparative survival analysis of patients without methylation did
not demonstrate a substantial discrepancy (p > 0.05) between older and younger patients.

The median tumor size was 32 cm®. Among twenty-one patients with baseline tumor
volume <32 cm?, ten (47.6%) had MGMT methylation, and eleven had no methylation. Pa-
tients with methylated MGMT had significantly longer median OS (560.5 days vs. 329 days;
p < 0.05) than patients without methylation (Figure 4).
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Figure 3. Kaplan-Meier curves of primary glioblastoma patients—association of gene methylation
and extension of resection.

Size < 32 cm® and met. MGMT gene vs. size < 32 cm® and unmet. MGMT gene-p < 0.05

Size < 32 cm® and met. MGMT gene vs. size > 32 cm® and met. MGMT gene-p < 0.05

Size < 32 cm® and met. MGMT gene vs. size > 32 cm? and unmet. MGMT gene-p < 0.05

MGMT-methylated and unmethylated tumors did not significantly differ in terms of
survival in patients with tumor volumes greater than 32 cm?. The location of the brain
tumor was not substantially associated with OS.
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Figure 4. Kaplan-Meier curves of patients with primary glioblastoma—association of gene methyla-
tion, tumor size, and overall survival.

4. Discussion

The molecular profile of malignant tumors is the foundation for modern management
of primary brain tumors. Genetic characteristics have an essential role in clinical prognosis
and selecting suitable treatment options. When evaluating the OS of patients with GBM,
the presence of MGMT promoter gene methylation, the degree of tumor resection, the
patient’s age, and the location of the tumor were all taken into account by the authors.
The study revealed that GBM patients with MGMT gene promoter methylation responded
more favorably to adjuvant therapy and, consequently, survived longer.

MGMT status was the strongest predictor of prolonged survival in GBM patients
receiving alkylating agent treatment [20,21,23,28]. Even in patients with nonresectable
GBM, promoter methylation status played a crucial role in the survival prognosis [29].
Conversely, Jovanovic et al. showed that MGMT promoter methylation was not associated
with the survival results of diffuse glioma patients [24]. In our study, 18 out of 41 patients
had MGMT promoter methylation, which accounted for 43%. Zawlik et al. presented
the prevalence of promoter methylation of MGMT in 371 cases with GBM in Switzerland,
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receiving a result of 44%, which was quite comparable to our study [22]. In a cohort study
by Abhinav et al., the MGMT methylation ratio reached 59.6% [23].

According to the results of our study, younger age (less than 53) and GTR, which were
plausible in smaller tumors (<32 cm?), are positive prognostic factors for OS. These findings
are concordant with previous studies [30,31]. The median patient age in our study was
53 years old. This cut-off age was consistent with the findings of the population-based
survey in Switzerland, where younger patients (<50 years) had a median survival time
of 8.8 months. This was much longer than older patients (>80 years), who had a survival
time of 1.6 months [32]. Furthermore, Jovanovic¢ et al. observed that in comparison to
younger patients, people over the age of 50 had considerably poorer overall survival rates
(median survival ranged from 7 to 19 months) [24], which is in accordance with our results.
The OS in our younger study group was over twice as long (20 months with methylation
and 14 months without methylation) as in the older group. In the study mentioned above,
age was the most important univariate and multivariate prognostic factor [32]. Higher
mortality for older individuals could be associated with co-morbidities and worse tolerance
to surgery and adjuvant therapy [20]. Another possible mechanism associated with aging
is the disruption of DNA methylation, characterized by hypomethylation across the whole
genome, as well as methylation at particular promoters [33].

Patients in our study underwent surgical resection followed by combined radio-
therapy and adjuvant temozolomide therapy, because the benefits of this kind of ther-
apy last for five years [20]. Our study presented evidence that patients with baseline
tumor volume <32 cm® who had MGMT methylation lived significantly longer (median
560.5 days vs. 329 days without methylation). This can be attributed to more radical resec-
tion of the smaller tumors in contrast with tumors with a larger volume. In contrast, Wood
et al. demonstrated that tumor size in high-grade glioma did not influence prognosis [34].
Several studies did not show a strong correlation between preoperative imaging of tumor
size and OS, although the extent of resection was important [35,36].

Our research revealed that MGMT methylation is not only a favorable predictive
biomarker for TMZ treatment, but it is also a positive prognosis factor. Numerous stud-
ies have indicated that MGMT methylation predicts prolonged OS [37-39]. Zhang et al.
performed a meta-analysis on 29 studies that reported the influence of MGMT promoter
methylation on OS. The combined hazard ratios were 0.67 (95% confidence interval [CI]:
0.58-0.78) in a univariate analysis of 15 studies and 0.49 (95% CI: 0.38-0.64) in a multivari-
ate analysis of 14 studies [40]. In several trials, PFS was prolonged in individuals with
methylated MGMT promoters who underwent TMZ treatment [18,41-43].

Nonetheless, there are indications that methylation of MGMT promoter is not a
prognostic indicator in a subset of individuals. Nguyen et al. observed that MGMT-
methylated patients had improved survival only when TERT promoter mutations were
present [44]. In addition, Dahlrot et al. identified a correlation between MGMT methylation
and OS beginning 9 months after diagnosis; however, there was no relation before this [45].

There are several possible explanations for the contradictory findings regarding
MGMT’s prognostic value. First and foremost, there is strong evidence that the methylation
status and the rate of protein production are inconsistent in terms of their relationship
with patient prognosis [46,47]. Numerous studied have shown that MGMT promoter
methylation and expression are negatively correlated. There are, nevertheless, constant
indications of disagreement. Based on 52 studies, a meta-analysis found that the IHC and
methylation-specific PCR (MSP) findings for malignancies were not closely correlated, sug-
gesting that the two methods are not interchangeable [48]. When 76 glioblastoma samples
were analyzed, there was no correlation between MSP methylation and MGMT protein
expression (p = 0.903). Overall, 52.4% of tumors that were unmethylated and 41.2% that
were methylated had low MGMT expression. There was a substantial correlation between
MGMT methylation and patient survival, but there was no association between MGMT
expression and survival [49]. Compared to IHC, pyrosequencing yielded a concordance
rate of only 30.8% in another study [50]. In addition, when the analysis was expanded to a
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validation set using TCGA-GBM (The Cancer Genome Atlas—Glioblastoma Multiforme
data, discrepancies were discovered in 46 of 209 samples (22%), which was comparable to
the study population (19%) [51].

While promoter methylation is the major method for gene silencing, additional vari-
ables can also have an impact on the association between MGMT methylation, expression,
and treatment effects. For example, the lack of connection between the results of the IHC
examination with patient outcomes might be partially justified by test limitations.

4.1. MGMT Methylation Assessing Methods’ Limitations

Glioma methylation patterns are quite heterogeneous, and it is unclear which CpGs
correlate most significantly with gene silencing. There are 97 CpG dinucleotides in the
MGMT promoter sequence [52]. Notably, all methylation approaches sample just a small
number of these compounds, often between 3 and 5. Although MSP has dominated MGMT
methylation testing, there has been controversy as to whether it is the best and most
appropriate method. The MSP typically examines 3-5 CpGs [53].

Pyrosequencing is a quantitative approach for measuring the methylation of the
MGMT promoter. It typically analyzes a broader spectrum of CpGs than MSP and can
analyze methylation levels at each CpG separately [53]. Pyrosequencing generates a quan-
titative measure of methylation and automatically calculates and reports the percentage
of methylation for each CpG site in the sequence of study. Hence, this provides the de-
tection of partially methylated CpG sites. Pyrosequencing has been demonstrated to be
a more accurate method than MSP for assessing methylation status. However, it is more
expensive and requires specialized equipment [54]. The EANO guidelines recommend the
use of methylation-specific PCR, pyrosequencing, or methylation arrays [55]. In addition,
Quillien et al. compared various evaluation methods of MGMT methylation and concluded
that pyrosequencing had the highest reproducibility and sensitivity of the five techniques
examined in this study [56]. Moreover, IHC is not recommended by ESMO to determine
the MGMT promoter methylation status [55]. This is primarily due to variable thresholds
for calling MGMT methylation positivity [57] and significant intra-observer diversity in
MGMT methylation status assessments [58]. Moreover, contamination by non-neoplastic
MGMT-expressing cells could result in false-positive tumor sample scoring [59].

While the interpretation of somatic mutations is unambiguous, assessing MGMT
methylation status in routine clinical practice has been challenging. There is no well-
established cut-off for MGMT promoter methylation status. Reifenberger et al. showed
that patients treated with radiotherapy and chemotherapy or chemotherapy alone had
a longer OS when pyrosequencing (PSQ) revealed highly methylated MGMT promoter
alleles (>20-29%) [60]. Therefore, a strict PSQ cut-off at 10% might not fully reflect the
clinical response to alkylating agents [30,43,61]. On the other hand, Zhao et al. reported
that regardless of the PSQ cut-off for MGMT promoter methylation, methylated-positive
patients were associated with improved HRs for OS and PFS [21]. Consensus is difficult to
achieve due to differences in laboratory detection methods [62]. The cut-off values used in
different studies are not always the same. When it comes to correlations, some researchers
have found that differing cut-off values can have an impact on their own results. This lack
of standardization impacts the evaluation of these tests’ association with patient outcomes
and clinical value.

4.2. Mismatch Repair (MMR) Deficiency

TMZ cytotoxicity requires MMR activity. To avoid the lethal effects of TMZ, tumors
that lack any of the four MMR proteins in particular (MLH1, MSH2, MSH6, and PMS2) are
incapable of detecting the mispairing of O6-MeG and thymine [63]. Moreover, this may lead
to the hypermutation phenotype being defined by a dramatic increase in the mutation rate.
This phenomenon rarely occurs in newly diagnosed gliomas, but it is common in recurrent
tumors after the use of alkylating agents This may partially explain the resistance observed
in recurrent tumors regardless of the methylation status of the MGMT promoter. The best
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predictor of sensitivity to TMZ in patient-derived xenograft models of glioblastoma was
found to be a combination of low MGMT activity and intact MMR [64].

4.3. MGMT Inhibitors

The fact that MGMT activity has a major effect on the susceptibility of tumor cells to
Oé6-alkylating medicines has encouraged the search for techniques to reduce MGMT activity
in tumor tissue in order to increase the sensitivity of tumor cells to these agents. In the
following years, a significant number of O6-guanine derivatives and similar compounds
were described and utilized to inactivate MGMT in a variety of experimental settings.
Numerous tests demonstrated that O6-benzylguanine (O6-BG) or O6-bromothenylguanine
(O6-BTG) was the most potent of these agents [9].

However, only one research trial (NCT01269424) involving O6-BG for the treatment of
individuals with newly diagnosed glioblastoma multiforme is currently enrolling partic-
ipants. The only completed phase 3 trial (NCT00017147) concluded that the addition of
06-BG to the conventional regimen of radiation and BCNU for the treatment of patients
with newly diagnosed glioblastoma and gliosarcoma did not provide further benefit and
instead increased toxicity [65]. Recent studies on MGMT inhibitors O6-BG and O6-BTG
failed to increase the therapeutic response when combined with alkylating chemotherapeu-
tics, highlighting the need for inhibitor targeting. Therefore, it would be highly desirable to
develop methods to selectively target the MGMT-inactivating medication to the tumor.

4.4. Practical Application of MGMT Promoter Methylation Status

The methylation status of tumor-related genes demonstrates that they are important
biomarkers not only in GBM, but also in other cancers, such as those of the Head and
Neck [66]. As indicated above, MGMT promoter methylation status may alter the prognosis
of primary GBM patients treated with TMZ. EANO recommends evaluating the MGMT
promoter methylation status of elderly or frail patients with high-grade gliomas to deter-
mine whether temozolomide is required. However, in younger patients, MGMT promoter
methylation status is not the main factor influencing the choice of systemic treatment.
This is because currently, PVC (procarbazine, lomustine, and vincristine) therapy is one
of the few alternatives that is very toxic, and the main factor influencing its selection is
the high KPS [55]. However, the paradigm could soon be changed by the research carried
out by Shaofang Wu and colleagues, which showed that PARylation of MGMT by PARP is
necessary for the repair of the changes caused by TMZ, and that reduction in PARylation
via a PARP inhibitor decreases MGMT function. This in turn, increases susceptibility to
TMZ. Therefore, in the future, MGMT promoter methylation will be used as a predictive
biomarker for the usage of PARP inhibitors [67]. Lastly, MGMT promoter methylation is
utilized in clinical studies for risk stratification [7].

4.5. Limitations to This Study

There are several limitations of the present study. Our study was conducted on a
relatively small group of patients treated in a single institution, and we did not include
progression-free survival. Nonetheless, this cohort represents a larger Polish population of
patients with GBM and reflects the true prevalence of MGMT gene promoter methylation
in this population. Due to the fact that the study started before the WHO CNS 2016 and
had a long follow-up period, we did not assess the mutation in IDH, which is currently also
of prognostic significance.

5. Conclusions

In our study, MGMT promoter methylation was a favorable prognostic factor, with
the longest survival in younger patients at the time of diagnosis (<50 years), small tumor
(<32 cm®), and GTR. Epigenetic silencing of the MGMT DNA-repair gene by promoter
methylation has been associated with longer survival in patients with GBM who receive
alkylating agents. MGMT promoter methylation is not an ideal prognostic factor. More
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research is needed to assess its relationship with MGMT expression, MMR, or MGMT gene
body methylation to fully understand its prognostic potential.
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