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Abstract. Glioblastomas are the most malignant gliomas with median survival times of only 15 months despite modern therapies.
All standard treatments are palliative. Pathogenetic factors are diverse, hence, stratified treatment plans are warranted considering
the molecular heterogeneity among these tumors. However, most patients are treated with “one fits all” standard therapies, many
of them with minor response and major toxicities. The integration of clinical and molecular information, now becoming available
using new tools such as gene arrays, proteomics, and molecular imaging, will take us to an era where more targeted and effective
treatments may be implemented.
A first step towards the design of such therapies is the identification of relevant molecular mechanisms driving the aggressive
biological behavior of glioblastoma. The accumulation of diverse aberrations in regulatory processes enables tumor cells to
bypass the effects of most classical therapies available. Molecular alterations underlying such mechanisms comprise aberrations
on the genetic level, such as point mutations of distinct genes, or amplifications and deletions, while others result from epigenetic
modifications such as aberrant methylation of CpG islands in the regulatory sequence of genes. Epigenetic silencing of the
MGMT gene encoding a DNA repair enzyme was recently found to be of predictive value in a randomized clinical trial for newly
diagnosed glioblastoma testing the addition of the alkylating agent temozolomide to standard radiotherapy. Determination of
the methylation status of the MGMT promoter may become the first molecular diagnostic tool to identify patients most likely to
respond that will allow individually tailored therapy in glioblastoma.
To date, the test for the MGMT-methylation status is the only tool available that may direct the choice for alkylating agents in
glioblastoma patients, but many others may hopefully become part of an arsenal to stratify patients to respective targeted therapies
within the next years.
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1. Introduction
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Despite the use of combined treatment regimens including resection, radiotherapy, and chemotherapy, the
prognosis for patients with glioblastoma, the most malignant form of glioma (WHO grade IV), remains unfavorable [5,25,40]. At the time of diagnosis, median
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survival is around 15 months [44], and at tumor recurrence, life expectancy is a few months only [2].
Consequently, individually tailored therapies for patients with high-grade gliomas are an important issue
in modern patient management. Efforts are numerous to find factors identifying patients likely to benefit from the treatments considered. The first step to
this is to identification of biologically and clinically
relevant molecular changes. This has become easier within the last years by new technologies allowing high-throughput analyses in the fields of genomics,
epigenomics, and proteomics. However, the true relevance of this descriptive information in the clinical
setting depends on its prognostic and predictive value,
and the possibility of targeting the respective molecular
mechanisms specifically, will translate into efficacious
treatments.
In recent years, research has focused on so called
epigenetic alterations in tumors. These are heritable
changes in gene function that occur without a change
in the sequence of nuclear DNA. Epigenetic regulation of genes plays a major role in development [21].
There has been rapid progress in understanding epigenetic mechanisms in cancer, which include aberrant
DNA methylation at CpG islands, as well as changes
in chromatin structure mediated by mechanisms such
as histone acetylation [18]. Hypermethylation of CpG
islands in the promoter of genes leads to loss of expression, while loss of methylation in normally silenced
genes may cause inappropriate expression (e.g. IGF2
gene). Both may have tumor promoting effects. In the
course of tumor development, epigenetic silencing is
known as an early and important mechanism for inactivation of tumor suppressor genes [9]. Pathways deregulated or inactivated by promoter hypermethylation of
key genes comprise the cell cycle, apoptosis, DNArepair, growth factor response, and invasion/cell structure [18]. Similar to other tumor associated molecular
changes, epigenetic silencing of cancer relevant genes
display typical, tumor type dependent frequencies of
such alterations [6].
Efforts to develop drugs to reactivate hypermethylated tumor suppressor genes or to deactivate tumor
promoting genes as therapy of cancer are ongoing [4,
6,18].
2. The role of MGMT in resistance to alkylating
chemotherapy
Epigenetic silencing of the O-6-methylguanine-DNA
methyltransferase (MGMT) gene by promoter methy-

lation has been recognized as an important factor to
predict outcome in glioblastoma patients treated with
alkylating agents such as temozolomide (TMZ) and carmustine (BCNU) [8,16]. The MGMT gene is located
on chromosome 10q26 and codes for an excision repair
enzyme removing alkyl-groups from the O6-position of
guanine, one of the targets of alkylating agents (Fig. 1).
In this process the alkyl group is transferred to the active site of the MGMT protein that thereby becomes
irreversibly inactivated and subsequently degraded, requiring resynthesis. Although O6-methyl guanine accounts for less than 10% of the lesions induced by alkylating agents, it plays a major role as a trigger for cytotoxicity and apoptosis [33]. If left unrepaired, e.g. due
to epigenetic silencing of the MGMT gene or depletion
of the MGMT protein by saturation of the process, O6methyl guanine persists in the DNA. The current hypothesis proposes that O6-methyl guanine forms mispairs with thymine after replication that are recognized
by the mismatch repair (MMR) system. However, since
MMR is directed to the newly synthesized strand, while
the O6-methyl guanine resides in the template strand,
the lesion is not repaired, but engages MMR in what
is called futile repair cycles that eventually lead to cell
death [23]. Thus, suggesting that in addition to an inactivated MGMT gene, MMR-proficiency is an important factor for response. In line with this mechanism,
it has been reported that cells deficient for MMR are
100 times more resistant to alkylating drugs even in
absence of MGMT [41].
Taken together, high endogenous MGMT activity in
tumors reverses in part the impact of alkylating drugs
widely used in oncology [13]. MGMT therefore plays
a key role in mechanisms conferring resistance to treatments with alkylating agents, in particular to Temozolomide [11,20,39].

3. Epigenetic silencing of MGMT predicts benefit
from Temozolomide treatment
The MGMT methylation status was first established
as an independent prognostic factor in a phase II trial
treating newly diagnosed glioblastoma patients with radiotherapy and concomitant and adjuvant Temozolomide [16,42] and previously for patients treated with
nitrosourea chemotherapy [8,20]. The subsequent randomized phase III trial enrolling 573 patients conducted
by the European Organisation for Research and Treatment of Cancer (EORTC) and the National Cancer Institute of Canada (NCIC) Clinical Trials Group [44]
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Fig. 1. MGMT mediated repair of O6 -methylguanine. The MGMT restores guanine by removing the alkyl-adduct (here represented by a methyl
group) from the O6 -position of guanine. The transfer of the alkyl-group to the active site of the enzyme inactivates the protein irreversibly and
the protein is subjected to degradation [13].

provided the unique opportunity to test the MGMT
methylation status as a predictive factor for response
to temozolomide treatment. The trial has shown that
the addition of concomitant and adjuvant TMZ to radiotherapy (RT) improved the 2-year survival rate from
10% in the RT group to 26% for TMZ/RT, setting a
new standard of care for glioblastoma patients [42].
In the subgroup of patients with a methylated MGMT
promoter the drug proved to be even more active. At
2 years, 46% of the patients treated with TMZ/RT and
whose tumors were MGMT methylated survived, compared to only 14% for the patients with unmethylated
tumors. Promoter methylation status was identified by
Methylation Specific PCR (MSP) in the DNA isolated
from the tumor tissues of over 200 of the patients. The
benefit of the addition of TMZ chemotherapy was basically confined to patients whose tumors had a methylated MGMT promoter [17] (Table 1, Fig. 2).
A confounding factor in the study was that 60%
of the patients randomized to radiation alone received
TMZ at progression. When analyzing progression-free
survival, the notion that benefit from TMZ is confined
to patients with a methylated MGMT is confirmed. A
median progression free survival of 10.3 months was
observed in patients treated with TMZ and radiation,
as opposed to 5.3 months in the radiation only group.
The latter is similar to patients with an ummethylated
MGMT either treated with radiation alone or the combined treatment [17] (Table 1). These data and mechanistic considerations detailed above strongly suggest
that the MGMT promoter status is a predictive factor for

benefit from Temozolomide treatment. It is of note that
the MGMT methylation status did not correlate with
age and that older patients benefited similarly from the
treatment depending mainly on their MGMT status.

4. Other resistance factors
However, additional tumor resistance mechanisms to
TMZ-chemoradiation exist that need to be identified in
order to propose additional treatments to those patients
who don’t respond despite a methylated MGMT status.
Inactivation of the MMR pathway is crucial for mediating the cytotoxic effect of alkylating agents in absence of MGMT. Microsatellite Instability (MSI), a
measure for MMR-deficiency, or epigenetic silencing
of a hMLH1, which codes for a key component of the
MMR-complex, were not detected in glioblastoma of
adult patients [1,6,22,27]. However, both was identified in few glioblastoma samples of pediatric patients
with familial history of cancer [1,22]. Hence, inactivation of MMR function is likely not an important factor for resistance in adult glioblastoma patients. MSI
associated with epigenetic inactivation of hMLH1 are
frequently found in sporadic colon cancer, cancer of the
uterus, and stomach cancer [6]. MSI results from unrepaired slippage of the DNA polymerase during replication of nucleotide repeats that normally is recognized
and repaired by MMR.
Recent comprehensive molecular profiling efforts
provided evidence for the existence of molecular sub-
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Table 1
Impact of the methylation status of the MGMT promoter on Temozolomide-treatment
mediated benefit on survival (with permission from Hegi et al., 2005 [17]). The table
shows progression free and overall survival times separated for patients with methylated
and unmethylated MGMT promote, respectively
Randomization
Number of patients
MGMT methylated
Progression Free Survival
Median PFS [95% CI] months
6 months PFS rate [95% CI] (%)
Overall Survival
Median survival [95% CI] months
2-yr survival rate [95% CI] (%)
MGMT unmethylated
Progression Free Survival
Median PFS [95% CI] months
6 months PFS rate [95% CI] (%)
Overall Survival
Median survival [95%CI] months
2-yr survival rate [95% CI] (%)

N = 206
N = 92

N = 114

Total RT
N = 100
N = 46

TMZ/RT
N = 106
N = 46

5.9 [5.3;7.7]
47.8 [33.4;62.3]

10.3 [6.5;14.0]
68.9 [55.4;82.4]

15.3 [13.0;20.9]
22.7 [10.3;35.1]

21.7 [17.4;30.4]
46.0 [31.2;60.8]

N = 54

N = 60

4.4 [3.1;6.0]
35 [22.5;47.9]

5.3 [5.0;7.6]
40.0 [27.6;52.4]

11.8 [9.7;14.1]
1.9 [0.0;5.5]

12.7 [11.6;14.4]
13.8 [4.8;22.7]

Legend: CI, confidence interval.

Fig. 2. Overall survival of glioblastoma patients randomized in the EORTC/NCIC-trial according to MGMT methylation status [17,44] Kaplan-Meier survival estimates indicate that the patient group with a methylated MGMT status and randomized to TMZ/RT do best. The patient
group with methylated MGMT promoter randomized to RT alone had a favorable overall survival, likely reflecting benefit from TMZ treatment
c 2005, Massachusetts Medical Society. All rights reserved.).
at recurrence (Reproduced with permission. Copyright

types of glioblastoma that may differ in their clinical behavior [3,10,14,19,26,31,32,34,36,37]. Several
prognostic factors emerged from these and other retrospective studies, however, the insights gained will require validation in independent data sets and prospective clinical trials to determine their predictive value for

response to therapeutic interventions.
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5. Implementation of the MGMT test in routine
diagnostics – are we there yet?
Determination of MGMT methylation status by MSP
is an important step towards molecular diagnostics. It
provides the opportunity to identify patients likely to
benefit from TMZ treatment. Ongoing clinical trials
comprising temozolomide as part of the treatment regimen need to stratify for the MGMT status when testing
the addition of targeted, small molecule drugs such as
inhibitors of tyrosine kinases or integrins implicated in
tumor growth and angiogenesis. Preselecting patients
by MGMT methylation status will increase patient homogeneity.
The impact of the MGMT methylation status in
glioblastoma requires validation. A large randomized international intergroup trial (RTOG 0525/EORTC
26052-22053) has opened in January 2006. It will treat
the patients according to the new standard of care and
stratify the patients for the MGMT methylation status.
This will allow validation of the previous finding, while
attempting to overcome MGMT based tumor resistance
in the experimental arm by providing a dose dense,
intensified temozolomide schedule in the maintenance
part, expected to deplete MGMT in the tumor tissue
(see outline and treatment schedule in the recent review
by Stupp et al. [43]). The MGMT status will be determined with a direct real-time fluorescence–based MSP
(Califice, manuscript submitted) that has been adjusted
to and validated with the gel based assay reported previously [17]. This new assay will allow high throughput analysis and due to its quantitative nature may allow adjustment of the cut-off for methylated versus
non-methylated MGMT at the end of the clinical trial
to improve outcome prediction.
At present, for patients with an unmethylated MGMT
promoter, the addition of TMZ increases the median
survival by less than one month from 11.8 to 12.7 (logrank test P = 0.06) (Table 1, Fig. 2). These patients may profit from other therapies based on different mechanisms of action, and may be spared the toxicity of TMZ. However, no other efficacious treatments
are currently available. Nevertheless, patients may be
demanding the test in order to decide for or against
chemotherapy, or to seek participation in a clinical trial
evaluating agents with a different mechanism of action.
Until fully validated, MGMT testing may be further indicated in specific clinical circumstances. In patients
developing toxicity to the treatment or with a deteriorating performance status, the knowledge of the MGMT
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promoter methylation status may incite continuation or
discontinuation of treatment.
In the future, specific treatments need to be designed
and offered to patients with an unmethylated MGMT.
Beside other modes of action, strategies comprise the
use of specific inhibitors of MGMT, such as the nontoxic substrate O6-benzyl guanine depleting cells of
MGMT, expected to render tumors more sensitive to
alkylating agent chemotherapy [35]. Other substances
modulating MGMT expression may also improve response to alkylating agents [30,45].

6. Evaluation of the MGMT status
The presented correlation between MGMT and prediction of benefit from Temozolomide treatment is
based on the determination of the methylation status
of the MGMT gene promoter in the tumor tissue [17].
Attempts are made to evaluate MGMT at the protein
level, or testing MGMT activity in the tumor tissue.
For diagnostic purposes the advantage of methylation
specific PCR lies in the fact that the methylated MGMT
allele is contributed solely by the tumor tissue, and nontumoral tissue contamination does not interfere with
the result [38]. Furthermore, MGMT may be induced
in tumor cells not only in response to DNA damage
introduced by alkylating agents and radiotherapy but
also by corticosteroids [12,15]. Therefore, since aberrant methylation of CpGs is an inheritable change of
DNA in the clonal expansion of the tumor [46], the
methylation status of the MGMT promoter may be a
more reliable marker predicting inducibility of MGMT
once the cancer treatment is initiated than MGMT levels determined at the time of diagnosis [12,24]. Moreover, MSP yields a clear read-out. However, the test
requires good quality paraffin embedded tissue that is
not overfixed. In contrast, immunohistochemistry or
enzymatic methods may be obscured by the presence of
non-tumoral cells and tumor infiltrating lymphocytes
in the biopsy that may express MGMT, and retain an
unmethylated MGMT promoter status. In our experience, evaluation of immunohistochemistry for MGMT
is prone to strong interobserver discrepancies that are
even more pronounced when comparing readings from
different centers (unpublished results).

7. Extrapolation to other tumor types
In clinical trials evaluating TMZ for lower grade
glioma and other tumor types such as melanoma and
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NSCLC, the relationship of the MGMT methylation
status and response to alkylating chemotherapy has
not yet been established, while it had been associated
with better prognosis in lymphoma patients treated with
alkylating agents [7]. It will be of particular interest to evaluate the relevance of MGMT methylation in
oligodendroglioma. In oligodendroglioma with LOH
1p/19q, a subtype considered particularly sensititve to
chemotherapy, MGMT promoter methylation was detected at a frequency of almost 90% [29].

8. Conclusions
Determination of the MGMT methylation status by
MSP is an important step towards molecular diagnostics. It provides the opportunity to identify patients
likely to benefit from TMZ treatment. These exciting
results have moved the field and will incite new research aiming at identifying tumor specific prognostic and predictive molecular characteristics, a prerequisite for individually tailored therapy. For new trials the collection of tumor tissue, best a paraffin block
and snap frozen tissue, and other relevant biological
material should be mandatory. Subsequent molecular
analysis will allow insights into molecular mechanisms
underlying success or failure of the treatment strategy.
In either case this information will be invaluable for
further improvements that are definitely needed.
In the future, tumors may undergo molecular profiling for the identification of the individually altered key
pathways that point to the most beneficial therapeutic
modality for the respective patient. Response to therapy may be monitored using molecular imaging probes
and/or serum biomarkers [28].
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