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Abstract Prognosis for patients with glioblastoma continues
to be limited, despite an aggressive, multimodal treatment
including alkylating chemotherapy. Temozolomide, the most
widely used alkylating agent in glioblastoma, is cytotoxic to
cells by inducing DNA damage but can be rapidly repaired by
the protein O°-methylguanine DNA methyltransferase
(MGMT). In a subset of glioblastomas, the MGMT
promoter is methylated, impairing the repair mechanism
and conferring chemosensitivity. However, MGMT is
overexpressed in 60 % of glioblastomas providing an
inherent resistance to alkylating agents and challenging
the role of temozolomide in this population. This article
reviews the data establishing MGMT promoter methyla-
tion as a prognostic factor in glioblastoma and its po-
tential role as a predictor of temozolomide response. It
focuses on results from recent studies in newly diag-
nosed glioblastoma, and the role of temozolomide in
MGMT-unmethylated patients. We then turn the discus-
sion to alternatives to temozolomide for newly diag-
nosed patients as well as therapeutic options at the time
of recurrence.
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Introduction

Glioblastoma (GBM) is the most common primary malignant
brain tumor in adults with approximately 10,000 cases diag-
nosed annually in the USA [1] and a generally dismal prog-
nosis despite an aggressive, multimodal treatment. In 2005,
Stupp et al. [2] published a landmark study demonstrating a
2.5-month overall survival benefit with the addition of the
alkylating agent temozolomide to surgery and radiation [2].
The results of this large trial established the role of temozolo-
mide, along with maximal safe resection and radiation, for the
treatment of newly diagnosed GBM patients <65 years old
[2]. Preliminary evidence that inactivation of the protein O°-
methylguanine DNA methyltransferase (MGMT) conferred
sensitivity to temozolomide [3, 4] and temozolomide’s effica-
cy in recurrent glioma [5—7] served as supporting data for this
large, randomized, phase 3 trial. Subset analyses confirmed
improved survival and sensitivity to temozolomide for tumors
deficient in MGMT (defined by MGMT promoter methyla-
tion) compared to those with adequate MGMT expression
(defined by an unmethylation promoter) [2, 8]. However,
significant debate remains with respect to whether incorpora-
tion of temozolomide should be based upon MGMT methyl-
ation status. In this review, we will focus on MGMT promoter-
unmethylated GBM patients who have a worse prognosis and
a presumed inherent resistance to temozolomide. We will
discuss the current understanding of the importance of MGMT
methylation, the results of several trials examining the optimal
treatments for unmethylated patients, as well as novel thera-
pies that are under investigation.

MGMT Methylation

Temozolomide and other alkylating agents, including the
nitrosoureas carmustine and lomustine, are commonly used
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cytotoxic chemotherapies for newly diagnosed and recurrent
GBM as well as lower-grade gliomas. They induce apoptosis
and cell death by methylating guanine at the O° position,
initiating a double-strand break in the DNA, and cell cycle
arrest [9, 10]. The MGMT protein removes the damaging
alkyl groups from the O° position of guanine and repairs the
DNA. The alkylated protein is then degraded, requiring con-
stant replenishment for DNA repair to be effective [10]. High
expression of MGMT in cancer cells, including glioma cells,
account for the predominant mechanism of resistance to
alkylating agents [ 11-13]. Mutations in genes in the mismatch
repair family, including mutL homolog 1 (MLH1) and mutS
homolog (MSH) family (MSH2, MSH3, and MSH6) and
promoter methylation of MLH, also lead to resistance by
impairing the cell’s ability to correct DNA damage [14, 15].

Though early studies measuring MGMT expression by
immunohistochemistry (IHC) appeared to predict response
to alkylating agents, there were substantial interobserver var-
iability and inconsistent correlations with clinical outcome
[16]. There was also an unclear relationship between MGMT
expression by IHC and its functional inactivation by promoter
methylation [16]. CpG island hypermethylation results from
epigenetic changes frequently seen in malignant cells. Meth-
ylation of the MGMT promoter blocks protein transcription,
impairing the cell’s DNA repair function and making the
malignant cells more susceptible to the cytotoxic effects of
alkylating agents [17].

Despite the apparent advantages of MGMT promoter meth-
ylation status over IHC, defining methylation status has its
own challenges. Numerous methylation-specific PCR assays
are referenced in the literature. They vary in their ability to
quantitate methylation status and cover different CpG island
sites [3, 18]. The extent of CpG island methylation needed for
transcriptional silencing and precise correlation of individual
sites with outcomes are poorly defined [16, 19, 20]. MGMT
protein expression can also be affected by methylation of the
body of the gene, independent of the promoter [20, 21]. The
cutoff between MGMT methylation and unmethylation, as
defined by methylation-specific PCR, is complicated by meth-
ylation pattern, heterogeneity, and tissue contamination with
non-neoplastic-methylated cells [22¢¢]. This makes the classi-
fying partially or borderline-methylated results difficult, with
wide variability among laboratories. This lack of stan-
dardization complicates the interpretation of the litera-
ture on the prognostic and predictive impact of MGMT
methylation status.

Unmethylated MGMT and Temozolomide in Newly
Diagnosed GBM

Because MGMT methylation status has historically rarely
been an entry, or stratification, criterion in newly diagnosed
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or recurrent glioma trials, the results are susceptible to the
biases inherent to interpreting secondary endpoints with in-
complete and underpowered data [23]. However, the consis-
tency of results demonstrating improved outcomes for meth-
ylated patients, regardless of treatment, and an added benefit
with temozolomide, suggest that MGMT methylation is both
prognostic and predictive (Table 1).

Several phase 2 studies in newly diagnosed elderly patients
suggested improved prognoses in methylated patients, regard-
less of treatment. ANOCEF was a single arm, phase 2 study
looking at temozolomide monotherapy in newly diagnosed
elderly patients >70 years of age demonstrating significantly
longer progression-free survival (PFS) and overall survival
(OS) for methylated patients [24]. A phase 2 study investigat-
ing the combination therapy with temozolomide and radiation
in elderly patients demonstrated significantly longer median
PFS (mPFS) and median OS (mOS) for methylated versus
unmethylated patients [25]. The German Glioma Network, a
prospective observational study of 233 elderly GBM patients
>70 years of age, suggested MGMT as a predictive marker for
chemotherapeutic response. The mPFS for methylated and
unmethylated patients was longest in those treated with che-
moradiation at ~7 months. While the mOS significantly im-
proved by 5.3 months by adding chemotherapy to radiation in
methylated patients, the improvement of 1.6 months in the
unmethylated patients was not significant [26¢]. These find-
ings suggest, at least in the elderly population, that adding
chemotherapy to radiation is not beneficial for
unmethylated patients.

The NOA-08 trial was a large, phase 3 study designed to
test temozolomide monotherapy as a non-inferior treatment to
standard radiation (60 Gy) in patients with newly diagnosed
high-grade gliomas >65 years of age. MGMT promoter meth-
ylation was tested in 51 % of samples using two distinct
methylation-specific PCRs, and 35 % were methylated. The
authors reported that MGMT promoter methylation status was
a predictive marker of response to temozolomide in the elderly
and proposed temozolomide monotherapy in elderly patients
who are MGMT methylation versus radiation therapy alone in
those unmethylated [27¢]. The Nordic trial sought to further
test the temozolomide’s efficacy as a monotherapy to standard
radiation (60 Gy) and hypofractionated radiation (34 Gy in 3—
4 Gy over 2 weeks) in newly diagnosed GBM patients
>60 years of age. MGMT methylation status was assessed in
59 % of patients, and 45 % of tumors were methylated [28e].
Results supported prior evidence demonstrating efficacy of
hypofractionated radiation (40 Gy) in elderly patients [29].
Conclusions were similar to those from the NOA-08 study,
with inferior mOS in MGMT-unmethylated patients, regard-
less of treatment, and no added survival benefit with chemo-
therapy [28].

Findings from these studies have led many European
neuro-oncologists to routinely test MGMT methylation in all
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Table 1 Subset analyses of survival data by MGMT status from trials of radiation and temozolomide in newly diagnosed malignant glioma

Study Age, median (range) Treatment arm PFS (0N
uMGMT (months) mMGMT (months) uMGMT (months) mMGMT (months)

Stupp [2, 8] 56 (19-71) Radiation 4.4 5.9 11.8 153
Phase 3 Chemotherapy 5.3 10.3 12.7 217
NOA-08 [27¢] 72 (66-84) Radiation 4.6 (EFS) 4.6 (EFS) 10.4 9.6
Phase 3 Chemotherapy 3.3 (EFS) 8.4 (EFS) 7 Not reached
Nordic [28¢] 70 (60-88) Radiation Not collected Not collected 7.0 82
Phase 3 Chemotherapy ~ Not collected Not collected 6.8 9.7
ANOCEF [24] 77 (80-87) Chemotherapy 2.6 6.0 44 7.2
Phase 2
Brandes [25] 68 (65-82) Chemoradiation 9.5 229 13.7 Not reached
Phase 2
German Glioma 74 (70-86.6) Radiation 52 4.5 8.8 7.8
ObNetWOFk [216’] Chemotherapy 0.5 6.8 2.6 72

servationa Chemoradiation 7.2 7.3 10.4 13.1

uMGMT unmethylated MGMT, mMGMT methylated MGMT, EFS event-free survival

newly diagnosed patients >65 years of age. Patients not felt to
be candidates for standard treatment chemoradiation (based
primarily on performance status) are treated with radiation or
temozolomide monotherapy, depending on their MGMT
methylation status [30¢¢]. An ongoing NCIC-led phase 3
study (NCT00482677) will address whether adding temozo-
lomide to hypofractionated radiation in newly diagnosed el-
derly GBM is beneficial. Patients are stratified by MGMT
promoter methylation, age, and extent of resection. Several
quality-of-life assessments will also be reported
(clinicaltrials.gov). For patients <65 years of age, there is
insufficient evidence for withholding temozolomide in
unmethylated patients. In the USA, there is generally more
reluctance to omit temozolomide for treatment of newly diag-
nosed unmethylated patients, likely related to the challenges
surrounding MGMT promoter methylation testing and the
hesitancy to withhold any treatment in a disease with such
limited options.

Beyond Temozolomide in Unmethylated MGMT Newly
Diagnosed GBM

Given the especially poor prognosis of unmethylated patients,
several trials have looked at novel targets as alternatives or
additions to temozolomide in this population. The CENTRIC
and CORE trials are the largest studies to date to stratify by
MGMT methylation status in newly diagnosed GBM [31, 32].
Cilengitide is an av[33/5 integrin inhibitor. Phase 1/2a results
in newly diagnosed noted improved PFS of 13.4 in methylated
versus 3.4 months in unmethylated patients and improved
mOS of 23.2 months in methylated compared to 13.1 months
in unmethylated [33]. CENTRIC was the randomized phase 3

study of cilengitide with standard chemoradiation versus stan-
dard treatment alone in newly diagnosed MGMT-methylated
patients. The mOS in both arms was 26.3 months, and mPFS
was not significantly different between the treatment and
control, again confirming the MGMT methylation’s prognos-
tic effect [32]. The comparative trial for MGMT-unmethylated
patients was the CORE study, a randomized, phase 2, open-
labeled study with two doses of cilengitide on 1:1:1 random-
ization with the hypothesis that intensifying cilengitide may
be more efficacious in patients with a worse prognosis. Pa-
tients were randomized to standard cilengitide or dose-
intensified cilengitide to standard chemoradiation, versus
standard chemoradiation. Preliminary results demonstrated
that, though mPFS was not significantly different between
the groups, there was a significantly longer mOS in the
standard dose of cilengitide at 16.3 months as compared to
13.4 months in the control arm and 14.5 months in the dose-
intensified arm [31]. These findings are encouraging, and we
are awaiting the results of the final analysis.

Multiple European-led trials [34-36] have used radiation
alone, over chemoradiation, as the comparative arm in trials of
novel targets to replace temozolomide. The GLARIUS trial, a
randomized phase 2 study of irinotecan/bevacizumab/radia-
tion versus chemoradiation with temozolomide in newly di-
agnosed unmethylated GBM, found a significantly prolonged
mPFS of 9.7 months in the experimental arm versus
5.9 months in the standard arm [34]. The mOS of 16.6 months
in the experimental arm suggests that it is reasonable to omit
temozolomide in newly diagnosed unmethylated patients and
encourages further investigation with this combination [22ee,
34]. The S039 trial tested enzastaurin, an inhibitor of
phosphoinositide-3 kinase/Akt and protein kinase C, in a
single arm phase 2 trial in newly diagnosed, unmethylated
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GBM. The mPFS was 6.6 months and mOS 15 months.
However, the study failed to reach its primary endpoint of
PFS at 6 months of 55 % [36]. EORTC 2608 was a random-
ized, controlled, phase 2 study of temsirolimus, a mTOR
inhibitor, in a newly diagnosed unmethylated GBM failed to
find a difference in OS >12 months between the experimental
arm and standard of care [35].

MGMT in Recurrent GBM

In the recurrent setting, MGMT methylation status has yet to
guide treatment. Preliminary data suggested that prolonged
exposure to temozolomide may suppress MGMT activity,
therefore making the cells more susceptible [37¢]. This
hypothesis led to a series of studies of dose-dense
schedules to prevent repletion of MGMT and improve
sensitivity to temozolomide and shift the outcome of
unmethylated patients toward those who are methylated.
The RESCUE study was a phase 2 trial investigating
metronomic temozolomide at the first progression after
standard chemoradiation. Though mOS was significantly
shorter in unmethylated patients, mPFS from initiation
of metronomic temozolomide was similar despite meth-
ylation status [38]. Several phase 2 studies of dose-
intensified temozolomide at recurrence—one on alternat-
ing weeks [39] and another on a 21 days on and 7 days
off schedule [40]—failed to demonstrate a difference in
PFS between methylated and unmethylated patients [39,
40]. Preliminary results of the phase 2 DIRECTOR trial
of alternative temozolomide dosing, which closed pre-
maturely from withdraw of support, demonstrated that
MGMT promoter-unmethylated patients failed to benefit
from temozolomide rechallenge [41]. A large, random-
ized trial of dose-dense temozolomide (21 days on and
7 days off of 100 mg/m?) in the adjuvant setting
(RTOG 0525) in newly diagnosed GBM patients re-
solved the conflicting data on timing of standard temo-
zolomide and efficacy of alternative dosing. No im-
provement was seen in PFS or OS with dose-dense
temozolomide, regardless of MGMT promoter methyla-
tion status [37¢]. These findings, in addition to results
from dose-dense temozolomide at recurrence, suggest
that unmethylated tumors cannot be “sensitized” to tem-
ozolomide by intensifying the dose.

However, there may be more encouraging results for
response of unmethylated tumors to other alkylating
agents. BELOB, a large, randomized, three-arm phase
2 study of lomustine versus bevacizumab (10 mg/kg)
versus combination (with reduced lomustine to 90 mg/
m?) in the first recurrence of GBM, demonstrated a PFS
at 9 months of 63 % for the combination group versus
43 % for lomustine alone and 38 % for bevacizumab
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alone [42¢]. Though mPFS and mOS were significantly
longer, regardless of treatment, the encouraging results
prompted an ongoing randomized, phase 3 study of
lomustine versus lomustine plus bevacizumab (EORTC
26101; NCT01290939) to further clarify the benefit of
adding bevacizumab to lomustine (clinicaltrials.org).
Though it is difficult to draw conclusions about the
different treatments specifically on unmethylated
subgroup, there appears to be a cytotoxic effect of
alkylating nitrosourea chemotherapies on unmethylated
tumors [42¢].

Conclusion

In conclusion, inactivation of the MGMT promoter
through methylation increases the sensitivity of malig-
nant cells to the DNA-damaging effects of alkylating
agents. However, the MGMT promoter is methylated in
~40 % of GBM, leaving 60 % with a presumed inher-
ent resistance to temozolomide and other alkylating
agents. The data complied from numerous subset anal-
yses clearly demonstrates MGMT promoter methylation
to be a prognostic factor in GBM. The data also appear
to consistently identify MGMT promoter methylation as
a predictive biomarker of response to temozolomide.
Applying these results clinically is challenging. While
unmethylated patients appear to have less of a response
to temozolomide, it is difficult to withhold an approved
chemotherapy from those with the poorest prognosis.
However, based on the data presented above and the
recently released European guidelines, it is reasonable to
omit temozolomide in elderly patients who are
unmethylated or younger patients with a poor functional
status. Though the data are unclear regarding the opti-
mal dose of radiation, it is also reasonable to treat
elderly patients with hypofractionated (34-40 Gy) ver-
sus standard (60 Gy) therapy. At recurrence, there is no
evidence for treating unmethylated patients with temo-
zolomide at any dose or schedule. However, other
alkylating agents, such as lomustine, particularly in
combination with bevacizumab, are reasonable consider-
ations in the appropriate clinical setting and within
discussions of quality of life.
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