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Hypermethylation of the O6-methylguanine-DNA-
methyltransferase (MGMT) gene has been shown to be
associated with improved outcome in glioblastoma
(GBM) and may be a predictive marker of sensitivity to
alkylating agents. However, the predictive utility of this
marker has not been rigorously tested with regard to sen-
sitivity to other therapies, namely radiation. To address
this issue, we assessed MGMT methylation status in a
cohort of patients with GBM who underwent radiation
treatment but did not receive chemotherapy as a com-
ponent of adjuvant treatment. Formalin-fixed, paraffin-
embedded tumor samples from 225 patients with newly
diagnosed GBM were analyzed via methylation-specific,
quantitative real-time polymerase chain reaction follow-
ing bisulfite treatment on isolated DNA to assess MGMT
promoter methylation status. In patients who received
radiotherapy alone following resection, methylation of
the MGMT promoter correlated with an improved
response to radiotherapy. Unmethylated tumors were
twice as likely to progress during radiation treatment.
The median time interval between resection and tumor
progression of unmethylated tumors was also nearly
half that of methylated tumors. Promoter methylation
was also found to confer improved overall survival in
patients who did not receive adjuvant alkylating che-
motherapy. Multivariable analysis demonstrated that
methylation status was independent of age, Karnofsky
performance score, and extent of resection as a predictor

of time to progression and overall survival. Our data
suggest that MGMT promoter methylation appears to
be a predictive biomarker of radiation response. Since
this biomarker has also been shown to predict response
to alkylating agents, perhaps MGMT promoter
methylation represents a general, favorable prognostic
factor in GBM.
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Introduction

T
he O6-methylguanine-DNA-methyltransferase
(MGMT) gene encodes for an important DNA
repair protein which acts by removing alkyl pro-

ducts from the O6 position on guanine. A so-called
“suicide enzyme,” following removal of the alkyl
groups, the newly alkylated MGMT protein, is then
marked for degradation by ubiquitinization.1,2 Proper
functioning of the gene is important for maintaining
cell integrity. Epigenetic silencing of the MGMT gene
by methylation of the CpG islands of the promoter
region has been shown to correlate with loss of gene
transcription and protein expression.1 Loss of
expression of the MGMT protein results in decreased
DNA repair and retention of alkyl groups, thereby
allowing alkylating agents such as carmustine (BCNU),
lomustine (CCNU), and temozolomide to have greater
efficacy in patients whose tumors exhibit hypermethyla-
tion of the MGMT promoter and reducing the MGMT
protein concentration.3–7 Although MGMT protein
expression is expressed in a wide variety of tumors
including colon, head and neck, and lung cancers, infil-
trative gliomas remain one of the most intriguing and
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potentially informative tumor groups to study the
impact of MGMT expression.8

Glioblastomas (GBMs) are classified as grade IV/IV
gliomas by the World Health Organization (WHO)
and portend a dismal prognosis with most patients sur-
viving only 1–2 years despite aggressive treatment.9

Although age, extent of resection, and performance
status remain the most reliable prognostic markers in
patient survival, the search continues for a marker that
will predict outcome and allow for a more effective,
tailor-made treatment regimen. MGMT expression has
recently gained interest as a potential predictive
marker for response to chemotherapy, particularly alky-
lating agents like temozolomide.

The current standard treatment of newly diagnosed
GBM is based on a phase III trial conducted by the
European Organisation for Research and Treatment
of Cancer (EORTC), which compared radiation alone
vs radiation plus concurrent and adjuvant temozolo-
mide. This study showed a significant improvement in
survival in the temozolomide arm, with a 2-year survi-
val rate of 26.5%, compared with 10.4% in the
radiation-only arm.10 Since then, the use of concurrent
radiation and temozolomide followed by adjuvant
temozolomide has become standard. Because of the in
vitro observations (described above) during the precli-
nical development of temozolomide, as well as prior
clinical data linking MGMT promoter methylation
with sensitivity to alkylating agents,3 a subset of the
cases from the EORTC trial were tested for MGMT
methylation status.4 The authors concluded that
MGMT promoter methylation conferred a survival
advantage only in patients who received temozolomide.
In other words, the methylated promoter was a predic-
tive marker of response to temozolomide. This con-
clusion was driven by the fact that there was a
statistically significant improvement in the survival
time of patients who had promoter methylation and
received temozolomide, although the benefit observed
from the MGMT promoter methylation in the patients
of the control arm (radiotherapy only) was not statisti-
cally significant (P ¼ .06). It should be noted that this
was performed on a subset (n ¼ 206) of the original
patient population of the EORTC trial (n ¼ 573).
Further, although not statistically significant, inspection
of the survival curves reveal a trend toward improved
survival in patients with unmethylated tumors who
received temozolomide vs those who did not. This is
most evident at the 2-year survival point, where those
in the unmethylated tumor group who received temo-
zolomide had an approximate 10%–15% actuarial
overall survival time compared with 0% in those who
did not receive temozolomide. Lastly, the time to pro-
gression of patients in the control arm (radiation
therapy alone) appeared to be more favorable in the
patients whose tumors had MGMT promoter methyl-
ation, suggesting that this biomarker is associated
with improved radiation response; that has relevance
to the interpretation of these data, as radiation
response has been shown to be a strong predictor of
improved overall survival time in patients with GBM.11

To more rigorously test whether MGMT promoter
methylation was a predictive marker of chemo-
sensitivity alone, or represented a more general prognos-
tic marker that predicted for responsiveness to different
modalities of therapy, namely radiotherapy, we deter-
mined the methylation status of 225 tumor specimens
from patients treated prior to the establishment of con-
current and adjuvant temozolomide as the standard of
care and analyzed for its association with clinical out-
comes. Our hypothesis was that if MGMT promoter
methylation is only a predictive biomarker of response
to akylating agents (namely temozolomide), then it
should not have a prognostic effect on patients receiving
radiation therapy alone. The null hypothesis then would
be that MGMT methylation predicts response to radi-
ation as well as alkylating agents and may represent a
general prognostic biomarker of outcome in GBM,
regardless of treatment.

Materials and Methods

Patient Population

Patients with tissue confirmed diagnosis of GBM (WHO
grade IV) were selected from The University of Texas
M. D. Anderson Cancer Center Neuropathology
Tissue Bank. All patients with tissue sufficient for
MGMT promoter methylation assessment were con-
sidered evaluable. All samples were from patients with
newly diagnosed GBM who had not received prior treat-
ment. A retrospective analysis of the patient charts was
performed to collect patient data such as demographics,
extent of surgical resection, treatment modalities, time
to progression, and overall survival. We chose to focus
our evaluation on patients who were treated prior to
the adaptation of concurrent/adjuvant temozolomide
as standard therapy. Two hundred and twenty-five
cases with sufficient tissue for molecular analysis were
identified. In addition to external beam radiation
therapy, 53 patients received adjuvant chemotherapy
and the remaining 172 patients did not receive any che-
motherapeutic agents until after the first tumor recur-
rence, permitting the determination of time to
progression and overall survival in the absence of con-
current/adjuvant alkylating chemotherapy in this latter
group. For the analysis of radiation response, 183
cases were identified as having (1) no adjuvant therapy
prior to the assessment of radiation response, and (2)
pre- and postradiotherapy magnetic resonance imaging
(MRI) studies available for assessment and comparison.

DNA Extraction/Bisulfite Treatment. Routinely pro-
cessed formalin-fixed, paraffin-embedded GBM samples
were selected from the 225 cases. The hematoxylin and
eosin-stained slides were reviewed by a neuropathologist,
and appropriate blocks were selected for tumor.
Following deparaffinization, DNA extraction was per-
formed using the Epicentre MasterPure Complete DNA
Purification Kit (Epicentre Biotechnologies, Madison,
WI). Bisulfite treatment was then performed on the
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extracted DNA via the Zymo Research EZ DNA
Methylation-Gold Kit (Cat. #D5005/D5006) to
convert unmethylated cytosine to uracil. Up to 2000 ng
of DNA per sample were bisulfite treated to obtain ade-
quate converted DNA for quantitative real-time polymer-
ase chain reaction (qRT-PCR).

Methylation-specific qRT-PCR and Determination of
MGMT Promoter Methylation. qRT-PCR was per-
formed using the eluted bisulfite-treated DNA. PCR
reactions were set at 20 mL volumes using up to 5 mL
of bisulfite treated DNA, methylation-specific primers
and probes, and 1� TaqMan Universal PCR Master
Mix without AmpErase. Primers and probes used to
detect methylated and unmethylated MGMT sequences
are shown in Table 1. The qRT-PCR was performed
using a Chromo4TM Real-Time PCR Detector from
Bio-Rad (Hercules, CA) under the following conditions:
10 minutes at 958C, then 40 cycles of 958C for 15
seconds, 558C for 15 seconds, and 608C for 45
seconds. Following methylation-specific qRT-PCR, the
resultant curves were reviewed to assess for MGMT pro-
moter methylation by analyzing the amplification of
both the methylated and unmethylated sequences.

Amplification of the methylated MGMT promoter
sequence was considered to represent MGMT promoter
methylation. In cases with concurrent amplification of
both the methylated and unmethylated sequences, the
samples were interpreted as methylated allowing for
DNA extraction from adjacent nontumoral tissue or
tumor heterogeneity. This was systematically achieved
by setting the threshold level of fluorescence detection
of FAM at 0.05 or higher after at least 40 PCR cycles,
based on qRT-PCR curves. Examples of the quantitative
methylation curves (with this cut-off line) are shown in
Fig. 1.

Endpoint Definitions and Statistical Analysis. To radio-
graphically assess the response of tumors to radiother-
apy, the preirradiation MRI was compared with the
post-treatment MRI. Postirradiation MRIs were
obtained between 4 and 10 weeks after the completion
of radiotherapy. Patients with a �25% increase in the
cross-sectional area of the enhancing component of a
subtotally resected tumor were considered to have pro-
gressed as described previously.12 This radiation
response scoring system has been shown to be highly
correlated with overall survival in an independent
patient series.13 Patients who underwent a gross total
resection and had re-appearance of frank enhancing
tumor (not the typical postradiation rim enhancement
of the cavity) were considered to have progressed. The
time to progression is defined as from the date of the
diagnostic procedure (biopsy or tumor resection) until
the date of first evidence of radiographic progression.
Patients were censored for time to progression if there
was no documented progression at the last imaging
study. The overall survival time was defined as from
the date of diagnosis to the date of death. Patients who
were alive at last follow-up were censored. The univari-
able time to progression and survival time comparisons
between groups were determined using the log-rank
method. Multivariable analyses were performed using
Cox regression models. Comparisons of characteristic
distributions between groups were performed using a
Fisher’s exact test and all P values were 2-sided.

Table 1. Sequences used in the qRT-PCR analysis

MGMT-methylated

Forward 50-GCGTTTCGACGTTCGTAGGT-30

Reverse 50-CACTCTTCCGAAAACGAAACG-30

Probe 50-CGCAAACGATACGCACCGCGA-30

MGMT-unmethylated

Forward 50-TGTGTTTTGGATATGTTGGGATAGT-30

Reverse 50-AACTCCACACTCTTCCAAAAACAA-30

Probe 50-TTTTTGTGGTGTGTATTGTT-30

COL2A1

Forward 50-TCTAACAATTATAAACTCCAACCACCAA-30

Reverse 50-GGGAAGATGGGATAGAAGGGAATAT-30

Probe 50-CCTTCATTCTAACCCAATACCTATCCCACCTCTAAA-30

Fig. 1. MGMT qRT-PCR curves. qRT-PCR shows amplification of methylated MGMT promoter (green curve), unmethylated MGMT

promoter (blue curve), and a COL2A1 control (red curve). (A) Example of a tumor with MGMT promoter methylation; (B) Example of a

tumor without MGMT promoter methylation.
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Results

Patient Characteristics

The demographic information of this patient set is sum-
marized on Table 2. The median age was 58.1 years. The
distribution of the RTOG recursive partition analysis
classes14,15 were 16%, 68%, and 16% for classes III,
IV, and V þ VI, respectively. Fifty-four patients (24%)
had methylation of the MGMT promoter. The distri-
bution of the RPA classes among the unmethylated
and methylated tumors was essentially identical to that
of the general population (with 19%, 62%, and 18%
for classes III, IV, and V þ VI in the unmethylated
group and 13%, 68%, and 21% for classes III, IV, and
V þ VI in the methylated group). The median survival
for the whole group was 50.4 weeks.

Impact of MGMT Promoter Methylation on Radiation
Response. Of the 225 cases, 183 had sufficient clinical
and radiographic information to assess the response to
radiotherapy. There were 138 unmethylated and 45
methylated cases in this cohort. The proportion of patients
with a GBM that harbored an unmethylated MGMT
promoter had a tumor progression rate that was twice
that seen in unmethylated cases (58% vs 29%, respect-
ively, P , .001, Fisher’s exact test [Table 3]).

The Impact of MGMT Promoter Methylation on Time
to Progression and Overall Survival. There were 172
cases that did not receive any adjuvant alkylating
agents. However, they may have received these agents
for salvage after tumor recurrence. This allowed for
the MGMT promoter methylation status to be evaluated

with respect to time to progression without the con-
founding effect of alkylating agent administration.
Figure 2 demonstrates an improved time to progression
when the MGMT promoter is methylated. The median
progression time of the methylated group is twice that
of the unmethylated group (31 vs 15 weeks, P ¼ .009,
log-rank). Multivariable analysis reveals that the
MGMT promoter methylation status is an independent
factor in determining time to progression when account-
ing for known risk factors such as age, performance, and
extent of tumor resection (Table 4).

Figure 3 shows that there is a survival benefit in
patients with tumors with MGMT promoter methyl-
ation. The median overall survival time was 63 weeks
in the MGMT methylated vs 51 weeks in the unmethy-
lated tumors (P ¼ .019, log-rank). The actuarial 2-year
overall survival rate was nearly double when the tumor
MGMT promoter was methylated compared with the
MGMT unmethylated group (30% vs 16%).
Multivariable analysis reveals the MGMT promoter
methylation status to be an independent prognostic
factor when accounting for age, performance status,
and extent of resection (Table 4).

Table 2. Patient demographic information

Characteristic N (%)

Age (yr)

, 50 61 (27)

� 50 164 (73)

KPSa

90–100 120 (53)

70–80 94 (42)

, 70 11 (5)

Extent of resection

GTRb 111 (49)

STR/bxc 114 (51)

RPAd

III 35 (16)

IV 154 (68)

V 36 (16)

MGMT promoter status

Unmethylated 171 (76)

Methylated 54 (24)
aKarnofsky performance score.
bGross-total resection.
cSubtotal resection/biopsy.
dRTOG recursive partitioning analysis.

Table 3. Radiation response of 183 patients receiving radiation
alone after resection of GBM stratified by MGMT promoter
methylation status

MGMT status Progression on
post-XRT scan

Stable/response
on post-XRT

scan

Total

Unmethylated
MGMT
promoter

80 (58%)a 58 (42%) 138

Methylated
MGMT
promoter

13 (29%)a 32 (71%) 45

a P ¼ .001, Fisher’s exact.

Fig. 2. Progression-free survival and MGMT promoter methylation

status. Kaplan–Meier curves showing progression-free survival for

patients with methylated (dotted line) vs unmethylated (solid

line) tumors.
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Discussion

Our data suggest that MGMT promoter methylation is a
prognostic biomarker in GBM even in the absence of
chemotherapy with alkylating agents. MGMT promoter
methylation, therefore, may not only predict an
improved response to temozolomide, but may represent
a surrogate marker of a more treatment-responsive
tumor in general. We have shown that there was an
approximately 50% reduction in the rate of tumor pro-
gression during radiation therapy in methylated tumors
vs those that were unmethylated. We also demonstrated
that methylation of the MGMT promoter resulted in a
nearly 2-fold delay in tumor progression compared
with tumors with unmethylated MGMT promoter,
even in the absence of the use alkylating agent
chemotherapy.

A prior report examined a cohort of 219 GBM
patients and explored the prognostic impact of MGMT
promoter methylation in a variety of treatment set-
tings.16 This study concluded that MGMT promoter
methylation was not prognostic in patients who received
radiation only; that the benefit was seen only in patients

who received adjuvant temozolomide; and that this
advantage was most pronounced when temozolomide
was given concurrently with radiation. Although these
data are somewhat at odds with ours, we note that 85
cases in this study met the same criteria of the 172
cases that were used in our primary progression time
and overall survival analyses. Our greater numbers may
have increased the likelihood of finding a significant
relationship. Further, there are no radiotherapy-alone
response data in this study. Analysis of clinical radiation
response provides the clearest measurement of the impact
of MGMT promoter methylation status on response to
other modalities, as the clinical courses (such as salvage
therapies) are highly variable after definitive local
therapy. Lastly, the manner in which the methylation
status was determined is different between these two
studies. The differences in techniques may also account
for the differences between the two studies.

MGMT promoter methylation was found to be an
independent prognostic factor for progression and
overall survival after accounting for other known risk
factors. Promoter methylation may predict a better
response to any form of therapy, including radiation
therapy, as we have shown in this study. Although the
mechanism for temozolomide resistance in unmethy-
lated tumors is appealing and intuitive, the mechanism
of radiation resistance is less clear. It is possible that
MGMT promoter methylation is a surrogate marker
for other, yet to be delineated processes that contribute
to the overall aggressive biology of these tumors.
Nonetheless, because of our observations, and the
results of the subset analysis of the EORTC trial, it is
reasonable to conclude that the MGMT promoter
methylation status is an important prognostic factor in
GBM that is on par with age and performance status.
Though this requires validation in a prospective
setting, it should also be considered, like age and per-
formance status, part of patient stratification and ran-
domization in future GBM trials.
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Fig. 3. Overall survival and MGMT promoter methylation status.

Kaplan–Meier curves showing overall survival for patients with

methylated (dotted line) vs unmethylated (solid line) tumors.

Table 4. Cox regression model for time to progression and
overall survival time in 172 GBM patients not receiving adjuvant/
concurrent alkylating chemotherapy

Time to
progression Overall survival

Variable P-value HR P-value HR

Agea .040 1.2 ,.001 1.3

MGMT .017 1.6 .023 1.6

KPSb .012 0.3 .001 0.7

STR/bx vs GTRc .006 1.6 Not significant
aCoded as decade.
bKarnofsky performance score (score divided by 10 for this
analysis).
cSubtotal resection/biopsy vs gross-total resection.
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