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Abstract Epigenetic silencing of the MGMT gene through
promoter methylation correlates with improved survival in
Glioblastoma Multiforme (GBM) patients receiving con-
current chemoradiotherapy. Although the clinical benefit is
primarily seen in patients with methylated MGMT promoter,
some unmethylated patients also respond to Temozolomide.
One possible explanation may be intratumoral heterogene-
ity. This study was designed to assess the methylation status
of the MGMT promoter in different areas of GBM and
determine if methylation status varied depending on the
fixation technique (paraffin-embedding versus fresh frozen)
used to store tissue. Using intraoperative navigation, biop-
sies were obtained from three distinct regions: the enhancing
outer area, the non-enhancing inner core, and an area
immediately outside the enhancing region. Only patients
with GBM were included for evaluation and analysis.
Samples taken from each area were divided with half stored
by flash freezing and the other half stored using paraffin
fixation. Methylation Specific-PCR (MS-PCR) was used for
analysis of MGMT promoter methylation. Thirteen patients
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were included. Ten were male with a median age of
62 years. In each patient, samples were taken from the
enhancing rim and the necrotic centre. However, it was not
considered safe or feasible to obtain samples from the area
immediately adjacent to the enhancing tumor rim in one
case. All patients were homogeneous for methylation status
throughout their tumor and tissue taken adjacent to it when
frozen tissue was used. However, four patients had dis-
crepancies in the MGMT promoter status between the frozen
and paraffin-embedded blocks and one patient was not
homogeneous within the tumor when paraffin-embedded
tissue was used. MGMT promoter methylation status was
homogeneous in all GBM tumors. Our observation that
methylation status varied depending if the DNA was
extracted from paraffin-embedded versus frozen tissue is
concerning. Although the reason for this is unclear, we
postulate that the timing from resection to fixation or the
process of fixation itself may potentially alter methylation
status in paraffin-embedded tumors.
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Introduction

Glioblastoma multiforme (GBM) is the most common and
lethal primary brain tumor. Stupp et al. demonstrated that
the addition of temozolomide (TMZ) to radiotherapy (RT)
significantly prolonged the survival of patients with newly
diagnosed GBM [1]. This study, in addition to other in
vitro studies, demonstrated synergy between TMZ and RT
[1-4]. As a result, concurrent treatment with TMZ and RT
has become the international standard of care for GBM
patients.
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The O°-methylguanine-DNA methyltransferase (MGMT)
gene encodes for a DNA-repair protein that removes alkyl
groups from the O° position of guanine. This position is an
important site in the context of alkylating chemotherapy such
as TMZ. If left alkylated, DNA is unable to replicate and the
cell subsequently undergoes apoptosis [5-7]. It is generally
accepted that high levels of MGMT activity in cancer cells
create a resistant phenotype by reducing the therapeutic effect
of alkylating agents such as TMZ. Several studies have shown
that epigenetic silencing of the MGMT gene through pro-
moter methylation is correlated with a median survival (MS)
of nearly 2 years in patients receiving RT with TMZ for the
treatment of GBM [5, 8, 9]. In contrast, patients whose tumors
are unmethylated only have a MS of 12 months with the same
treatment [5].

However, in these clinical trials, some patients with un-
methylated tumors did demonstrate a significant survival
benefit with RT and TMZ. This outlier finding is counter-
intuitive to the expectations derived from the overall results
for patients with unmethylated tumors. The reason for this is
unclear but two plausible explanations are commonly cited
to explain this apparent disparity. First, there may be intra-
tumoral heterogeneity for MGMT promoter methylation
status. In the Stupp study [1] 573 patients were included and
Hegi [5] was able to obtain genomic DNA from one or two
paraffin sections in only 206 cases without any requirement
to use tissue from a specific and common tumor location. In
some cases the location of the tumor precluded extensive
resection and the determination of MGMT promoter status
was made using stereotactic biopsy specimens. This may not
be an accurate assessment of methylation status in the tumor.
Although controversial, it has therefore been postulated that
intratumoral heterogeneity for MGMT promoter methyla-
tion may explain why some unmethylated patients respon-
ded to therapy (i.e. a stereotactic biopsy may have
unmethylated MGMT promoter status while in actuality, the
tumor is predominantly methylated but missed due to sam-
pling error effect) [10, 11].

An alternative explanation for the unexpected significant
treatment response of certain GBM patients with apparent
unmethylated tumor to concurrent RT and TMZ is that it
may be related to a false negative methylation result due to
an adverse effect associated with the tissue fixation method
used to preserve extracted tumor tissue. Paraffin embedded
samples were used to determine methylation status in most
of the clinical trials. While formalin fixation/paraffin
embedding is most commonly used to preserve tissue, it
has drawbacks in that formaldehyde can introduce delete-
rious changes to DNA. These include hydroxymethyl
group additions (-CH,OH) especially to adenine and
cytosine nucleotides, methylene bridges between adjacent
bases and the generation of AP (apurinic and apyrimidinic)
sites [12]. In contrast, flash freezing tissue produces
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relatively minimal DNA damage and is considered by
many to represent the gold standard for tissue preservation
[13].

This study was designed to address these two questions.
First, we endeavored to determine if the methylation status
of the MGMT promoter is homogeneous in different areas
of GBM tumors. Second, we assessed the corroboration of
promoter methylation status between paraffin-embedded
and frozen tissues taken from the same location within each
tumor. The need to answer these questions is extremely
important. The determination of whether treatment deci-
sions for patients with GBM can be based upon MGMT
methylation status will depend upon a reliable methodol-
ogy to establish this for each patient.

Methods and patients

After Institutional Ethics Review Board approval, adult
patients with suspected previously untreated GBM con-
sented to have portions of their tumor banked at the time of
their initial cranial surgery at Foothills Medical Centre in
Calgary, Alberta, Canada. A single neurosurgeon (MH) used
preoperative and intraoperative MRI planning and per-
formed intraoperative biopsies from the enhancing rim (x),
non-enhancing inner region (y), and an area outside of the
enhancing tumor rim (z) (Fig. 1). Each of the tumor samples
were divided into two parts with one half being flash frozen
and the other undergoing paraffin fixation. Only patients
with a confirmed pathological diagnosis of GBM were
included for evaluation and analysis. This study was per-
formed in accordance with the ethical standards laid down in
the 1964 Declaration of Helsinki and its later amendments.

We used the methylation specific polymerase chain
reaction (MS-PCR) technique outlined by Hegi et al. [5] for
the purpose of identifying the MGMT promoter methyla-
tion status in GBM tumors. Briefly, MS-PCR involved
isolating DNA from tumor samples followed by bisulphite
conversion. Bisulphite treatment chemically converts un-
methylated cytosines to uracil leaving methylated cytosines
unaltered. Afterwards, sequences within the MGMT pro-
moter which contain methylated CpG island motifs were
amplified via PCR using primers specifically designed to
distinguish between methylated and unmethylated DNA.
MS-PCR allows for a qualitative analysis of the MGMT
promoter methylation status of fresh frozen tissue and
paraffin-embedded samples (Fig. 2). DNA extracted from
HTB-30 cells was used as a control for the unmethylated
MGMT promoter and DNA from U887MG cells served as a
control for the methylated MGMT promoter (pos). Water
was used as a negative control (neg).

Descriptive statistics were used to analyze the distribu-
tion of methylation status of MGMT promoter between
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Fig. 1 Intratumoral sampling of GBM. a from the enhancing margin (x); (b) from the necrotic centre (y) and (¢) from infiltrated white matter

outside from the enhancing area (z)

different samples from the same patient when frozen and
paraffin-embedded samples were used.

Results
Clinical characteristics

Thirteen patients diagnosed with GBM were included in
this study, twelve had primary newly diagnosed de novo
GBMs and one had secondary GBM. Ten were male.
Median age was 62 years (range; 49-74) and a median
Karnofsky score of 80 (range; 50-90). Eight patients had a
gross total resection (>95% of the tumor resected) with
subtotal resection (between 50 and 95%) done in the rest.

After surgery, 10 out of 13 patients were offered concurrent
treatment with RT (60 Gy) and low dose temozolomide
(75 mg/m? daily) followed by monthly cycles of TMZ.
Two patients were not offered concurrent therapy because
of synchronous metastatic cancer (one lung adenocarci-
noma and one bladder cancer); one of these patients
received RT and the other medical palliative care. The
remaining patient had poor performance status resulting in
treatment with RT only.

Molecular data
In all patients, samples were taken from the enhancing rim

(x) and the necrotic centre (y). However, it was considered
safe to obtain samples from the area outside and adjacent to
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Fig. 2 Intratumoral sampling and corresponding results. a x: enhanc-
ing margin; y: necrotic centre; z: infiltrated white matter outside of
enhancing margin (when possible). b MS-PCR result showing
methylation of MGMT promoter in the three samples of one patient.
DNA extracted from HTB-30 cells was used as a control for the
unmethylated MGMT promoter and DNA from U87MG cells served
as a control for the methylated MGMT promoter (pos). Water was
used as a negative control (neg)

the enhancing rim (z) in only twelve of the thirteen
patients.

Results are shown in Table 1. All patients except one
had homogeneous MGMT promoter methylation status
within a given tumor and tissue taken adjacent to the

enhancing tumor edge demonstrated homogeneous MGMT
status with the enhancing tumor. These results were con-
sistent through three separate tests. The isolated finding of
heterogeneity occurred in the paraffin-embedded tissue of
patient #2, but did not occur when frozen tissue was used.
Importantly, when we compared frozen versus paraffin-
embedded samples taken from identical tumor regions,
discrepancies in the MGMT promoter status between fro-
zen and paraffin-embedded blocks were seen in four
patients (Table 1). In order to rule out possible PCR con-
tamination, tests were repeated and these results were also
consistent through multiple tests (Supplemental Fig. 1).

Slides review

The observation of inconsistent results led us to perform
additional investigations. We hypothesized that paraffin
embedded blocks with discordant results may have sig-
nificant necrotic tissue, low cellularity, inflammatory
infiltration or be non representative of the tumor itself.
Slides corresponding to the blocks of 12 of the 13 patients
including the ones with discordant results were reviewed
by a pathologist (TM) blinded to MGMT status results.
Sample size and cellularity, percentage of tumor and
inflammatory cells, blood vessels content and necrosis
were reviewed.

Median size of samples was 2 cm (range; 0.5-3 cm)
with most of the samples showing <30% of necrosis with a
range from none to >80% necrotic tissue. Tumor cells
varied from <5 to >80% and inflammatory cells ranged
from 5 to 40% of the cells in the slide. Blood vessels
content varied between 0 to 40%. After correlating these
results with MGMT promoter status there was no correla-
tion between any of these variables and the presence of
inconsistent results. Of notice, even in patients with <5%

Table 1 Molecular results Patient number

Fresh frozen tissue

Paraffin embedded tissue

x Tissue y Tissue z Tissue b Block ¢ Block d Block
1 M M ND ND M M
2 M M M M U M
3 6] U ND ND ND
4 M M ND ND ND ND
5 M M ND ND U U
6 U U U U U U
7 M M M U U U
8 U U U M M M
M MGMT hylated. ’ M M M v N N
e o blat, R T T A
unmethylated, ND not 11 M M M M M ND
determined (technically unable 12 M M M M M M
to obtain result or insufficient 13 U U U U U U

tissue for analysis)
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Fig. 3 Representative H&E slides of case #2 showing the similar
microscopic appearance of block B (left side—MGMT promoter
methylated) and C (right sidle—MGMT promoter unmethylated).
Magnification 10x

tumor cells and >80% necrosis, MGMT promoter meth-
ylation status was consistent. Specifically, patient #2 had a
2 cm sample with 50% necrosis, 30% tumor cells, 10%
inflammatory cells and 20% blood vessels in the sample
with an unmethylated result that was discordant with the
rest of paraffin and frozen samples (Fig. 3).

Discussion

In this study, we describe two key findings. First, MGMT
promoter methylation status is homogeneous throughout
the tumor if frozen tissue is used. Second, MGMT promoter
methylation status can vary if the sample is paraffin fixed
versus fresh frozen.

Others have recently corroborated the intratumoral
MGMT promoter methylation homogeneity reported in our
study. Parkinson et al. [11] evaluated 3—4 sites taken from
seven GBM tumors using MGMT promoter sequencing,
MS-PCR and IHC. They demonstrated that the degree of
methylation and protein expression was homogeneous
across each tumor. Interestingly, all samples analyzed in
their study were unmethylated for the MGMT promoter
which differs from our data where both methylated and
unmethylated tumors were seen. Cao et al. [14] analyzed
37 samples from 12 patients with GBM. They observed no
difference in the methylation status of the MGMT pro-
moter at different locations within individual tumors.
Similarly, Grasbon-Frodl reported from analysis of biopsy
specimens (including stereotactic) taken from 20 high
grade glioma patients (Grade III and IV) that the MGMT
promoter status determined by MS-PCR (confirmed by
sequencing) was homogeneous. However, the biopsy sites
were not standardized as the mean of the maximum dis-
tance between the chosen biopsy sites throughout each
tumor was 14 mm (range 2-32) [15].

However, intratumoral MGMT homogeneity has not
been seen in all studies [10, 14, 16, 17]. Juillerat-Jeanneret
et al. [10] assessed promoter methylation status using MS-
PCR and methylation-sensitive dot blot assay (MS-DBA)

in 14 patients. They reported differences in MGMT pro-
moter status in samples from the same tumor taken at least
3 mm apart from each other using MS-PCR and MS-DBA
in 7/14 cases. In this study, MS-PCR was used for patients
1-5 and MS-DBA for patients 6-14. These authors do not
mention whether they included internal positive and neg-
ative controls in the MS-PCR and MS-DBA. Frozen and
paraffin-embedded samples were from different fragments
of the same tumor, at sites located at least 3 mm apart of
each other. They also observed cases with discrepancy
between the results of MGMT promoter status from frozen
tissue and paraffin embedded tissue from the same patient.
They consider this finding a result of differential expres-
sion without questioning the influence of tissue processing.
Grasbon-Frodl [15] studied biopsy tissues from high grade
glioma patients. All specimens were initially frozen and
when a sample was taken for molecular analysis, a corre-
sponding sample (level 1 + 1 mm) was taken for paraffin
embedding. No differences in MGMT promoter methyla-
tion were detected between the different samples of each
individual tumor in 24 of 25 patients. One false negative
result was obtained due to the contamination of the biopsy
specimen by necrotic tissue. They observed intratumoral
homogeneity and suggested that misleading results may
have been obtained by tissue samples involving necrotic
debris and/or non-neoplastic tissue or blood. In our study,
we standardized sites of tissue analysis within the tumor
and we did not observe a difference in MGMT status based
on location within the tumor.

The second key finding of the study was that 4 out of 14
patients demonstrated a difference in methylation status
between matched frozen and paraffin-embedded samples. It
is possible that this may have been due problems with MS-
PCR analysis of MGMT status in formalin-fixed and par-
affin-embedded tissues. Recently Preusser et al. [18] tested
the reproducibility of MGMT promoter status determina-
tion by MS-PCR from formalin-fixed and paraffin-
embedded samples and found that only 38.5% of the runs
were successful and even when repeated 4 times, consistent
results were seen in only 1 of 6 cases.

Clearly, there is controversy regarding the reliability of
a single biopsy analysis to assess MGMT promoter meth-
ylation status [19]. For some, a strict interpretation of the
Stupp data would suggest that unmethylated patients
should only be treated with radiation and not concurrent
therapy. Furthermore, new clinical trials are beginning to
stratify patients on the basis of methylation status [20, 21].
The results of this study suggest that methylation status is
typically homogeneous within these tumors and supports
the use of single biopsy, even in an area immediately
outside of the enhancing rim, to determine methylation
status. However, we also observed that the evaluation of
methylation status varied depending if the DNA was
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extracted from paraffin-embedded versus frozen tissue.
Although the reason for this is unclear, we postulate that
the timing from resection to fixation and the process of
fixation itself may potentially alter methylation status in
paraffin-embedded tumors and/or impair the faithful
amplification of the MGMT promoter by methylation-spe-
cific PCR methodology.
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