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MGMT CpG island is invariably methylated in adult astrocytic
and oligodendroglial tumors with IDHI or IDH2 mutations
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We have previously identified a region containing 16 CpGs within the MGMT CpG islands which is critical for the
transcriptional control of MGMT (Malley, Acta Neuropathol 2011). To investigate the patterns and incidence of MGMT
methylation in astrocytic and oligodendroglial tumors, we quantitatively assessed methylation at these 16 CpGs using
bisulfite modification followed by pyrosequencing of 362 gliomas not treated with temozolomide, and correlated the findings
with previously identified patterns of genetic abnormalities, patients’ age and survival. The MGMT gene was considered to be
methylated when the mean methylation of the 16 CpGs was 10% or higher. This cut-off value distinguished diffuse
astrocytomas with high and low MGMT expression. Within each tumor type, the patterns of methylation were highly variable
and also highly heterogeneous across the 16 CpGs. A high incidence of MGMT methylation was observed in all subtypes of
gliomas included in this study. Among a subset of 97 tumors where conventional methylation-specific PCR (MSP) was also
applied, methylation was detected by both methods in 54 tumors, while the pyrosequencing results identified a further 17
tumors. No additional cases were found using MSP alone, indicating that pyrosequencing is a robust method for methylation
analysis. All tumors with IDH1/IDH2 mutations except two had MGMT methylation, while there were many tumors with MGMT
methylation, particularly primary glioblastomas, which had no mutations of IDH1/2. We suggest that MGMT methylation may
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be one of the earliest events in the development of astrocytic and oligodendroglial tumors.

Gliomas are the most common group of primary brain
tumors consisting of clinically and biologically distinct sub-
types. The three main subgroups of glioma are astrocytic,
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oligodendroglial and mixed gliomas, which are further malig-
nancy graded into up to four grades according to the WHO
classification.! Glioblastomas (WHO grade IV) are the most
malignant and common astrocytic brain tumor in adults, the
overall median survival being only just over 14 months de-
spite modern combined therapies.”> Most glioblastomas are
primary glioblastoma (pGB), while secondary glioblastoma
(sGB) generally develops by progression from astrocytomas
WHO grade II or III. Patients with astrocytic or oligodendro-
glial tumors WHO grade II and III survive longer, however
they always recur and are ultimately fatal.

Among the many genetic and epigenetic abnormalities
commonly found in adult gliomas, three have been reported
to predict response to treatment and/or prognosis: IDHI/
IDH2 mutations, concurrent deletion of the entire 1p and
19q chromosomal arms (total 1p/19q loss) and MGMT meth-
ylation.>* With the exception of pGB, mutations of either
IDHI or IDH2 occur in more than 50% of adult astrocytic,
oligodendroglial and oligoastrocytic tumors.”™® It has been
shown that the presence of IDHI1/2 mutations is associated
with longer patient survival.””*'° IDH1/2 mutations have
been proposed as the earliest genetic changes in a subset of
WHO grade II/III  astrocytic and oligodendroglial
tumors.>®!" Mutant IDH1/IDH2 are known to acquire a
neomorphic enzymatic activity converting o-ketoglutarate to
D-2-hydroxyglutarate (D-2-HG) wusing NADPH as a
co-factor.'* The cellular consequences of IDH mutations are
currently unclear,'>"? although they have recently been
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linked to a hypermethylation phenotype in glioma and acute
myeloid leukemia (AML)."*""” Mutations of IDHI/2 are also
strongly associated with another prognostic marker, i.e., total
1p/19q loss,™”® a consequence of an unbalanced translocation
t(1;19)(q10;p10)'®"® seen in the majority of oligodendroglial
tumors but only very occasionally in astrocytic tumors.***'
The total 1p/19q loss has been shown to predict longer sur-

vival in patients with anaplastic oligodendroglial tumors*>**

as well as astrocytic tumors.'

DNA hypermethylation of the CpG island (CGI) of the
MGMT gene is an important therapeutic indicator for
response to alkylating agents in glioblastomas.> MGMT (O°-
methylguanine-DNA methyltransferase) is a DNA repair pro-
tein that removes O°-methylguanine from DNA, the main
lesion produced by alkylating chemotherapeutic agents such
as temozolomide (TMZ).** Transcriptional silencing of
MGMT by DNA methylation is therefore expected to
increase the chemosensitivity of tumors, although recently
two large clinical studies showed that patients with anaplastic
gliomas and MGMT methylation responded to radiotherapy
alone compared with those without methylation.”>*® Abnor-
mal hypermethylation of MGMT is a common finding in var-
ious subtypes of astrocytic and oligodendroglial tumors of
almost all malignancy grades (reviewed in Ref. 27). The pres-
ence of MGMT methylation is significantly correlated with
longer overall survival for newly diagnosed glioblastoma
patients as well as other types of glioma.*”**

We documented the methylation status of the MGMT
CGI in 362 astrocytic and oligodendroglial tumors of all
major types using bisulfite modification of DNA and pyrose-
quencing. We found that MGMT methylation highly corre-
lated with the presence of IDHI/IDH2 mutations in all types
of astrocytic/oligodendroglial tumors of WHO grade II and
III. Our findings suggest that MGMT methylation may be the
earliest change in the development of subtypes of gliomas.

Material and Methods

Tumor materials and DNA extraction

A total of 362 astrocytic, oligodendroglial and mixed gliomas
were included in the study as follows: 22 diffuse astrocytomas
grade II [A], 61 anaplastic astrocytomas grade III [AA], 172
primary glioblastomas grade IV [pGB], 10 secondary glioblas-
tomas grade IV [sGB], 34 oligodendrogliomas grade II [O],
20 anaplastic oligodendrogliomas grade III [AO], 20 oligoas-
trocytomas grade II [OA], 23 anaplastic oligoastrocytomas
grade III [AOA]. Six normal brain tissue samples from cere-
bral subcortex were also included.”” All patients were oper-
ated prior to 1998 and received various adjuvant treatments
but not temozolomide. The histopathological diagnosis was
made according to the WHO criteria.! Collection, handling
and DNA/RNA extraction from tumor tissues and the
patients’ blood samples were as described previously.”® The
study was approved by the Ethical Committee of Sahlgrenska
University Hospital (S339:01), the Karolinska Hospital (no.
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91:16) and the Cambridge Research Ethics Committee (Cam-
bridge, UK; NRES Cambridgeshire 2 REC reference 03/115).

Pyrosequencing

Bisulfite modification and pyrosequencing were performed as
previously described.”® Briefly, 500 ng of genomic DNA was
bisulfite-modified using an EZ DNA methylation kit (Zymo
Research, Orange, CA) according to the manufacturer’s rec-
ommendations. The bisulfite-modified DNA was amplified
using the forward primer PC4963 (GTTTYGGA-
TATGTTGGGATAG) and the biotinylated reverse primer
PC5453 (AAAACCACTCRAAACTACCAC). Single-stranded
templates for pyrosequencing were prepared using a Pyro-
Mark Vacuum Prep Workstation (Qiagen, Crawley, UK)
according to the manufacturer’s recommendations. Two
assays were designed and run on this template using two
pyrosequencing primers: PC4966 (GATAGTTYGYGTTTT-
TAGAA) and PC4967 (GYGATTTGGTGAGTGTTTG).
Pyrosequencing was performed using PyroGold Q96 SQA
Reagents and the Pyro Q-CpG software on a PyroMark ID
pyrosequencer (Qiagen, Crawley, UK) according to the man-
ufacturer’s recommendations. The full details of the pyrose-
quencing assay are given in Supporting Information.

Methylation-specific PCR (MSP)

Methylation-specific PCR (MSP) was performed essentially
according to the published protocol.>" The bisulfite-modified
DNA was directly amplified using the published primer pairs
specifically designed to target completely methylated sequen-
ces.”’ A touchdown thermal cycling program was used for
amplification. PCR products were run on an agarose gel and
digitally captured for visual assessment using the Labworks
software and GelDoc-It Imaging System (UVP, Cambridge,
UK). The MSP assay is described in details in Supporting
Information.

Real-time quantitative PCR

mRNA expression levels of MGMT were determined with a
forward primer located in Exon 3 (CTCTTCAC-
CATCCCGTTTTCCA) and a reverse primer in Exon 5
(AGAAGCCATTCCTTCACG) by real-time quantitative PCR
(qPCR) using LightCycler 480 SYBR Green I Master (Roche
Diagnostics, Burgess Hill, UK) and the SYBR Green I (483-533
nm) detection format on a LightCycler 480 (Roche Diagnostics,
Burgess Hill, UK) as described.”*** The expression level of 18S
rRNA was used as an internal reference for normalization.”
Expression was measured relative to that of normal brain RNA
(Applied Biosystems/Ambion, Austin, TX). Relative quantifica-
tion analyses were performed using LightCycler 480 software
version 1.2 (Roche Diagnostics, Burgess Hill, UK).

Genetic analysis

The copy number status of known oncogenes (CDK4, CDK®,
MDM?2, MDM4, CCNDI1, CCND2, CCND3, EGFR, IDHI,
IDH2) and 1p/19q as well as mutation status of IDHI, IDH2,
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TP53, RBI, PTEN and CDKN2A have previously been
reported.>*?%334

Statistical analysis

Statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS) version 18.0 (SPSS, Chicago,
IL). Multiple test correction was performed using the Benja-
mini and Hochberg false discovery rate (FDR) in the R statis-
tical analysis environment version 2.10.1 (www.r-project.org).
The log-rank test was performed for univariate analysis, and
Cox regression with forward likelihood ratio for multivariate
analysis of potential association between overall survival and
age, diagnosis or presence of MGMT methylation, IDHI/2
mutations, or total 1p/19q loss, using the SPSS version 18.0.

Results

Strategy for MGMT methylation analysis

The MGMT CGI encompasses a 762-bp region around Exon 1
of MGMT and contains 98 CpGs according to the UCSC
Human Genome Browser GRCh37/hgl9 Assembly (http:/
genome.ucsc.edu/). In this study, the CpG sites within the
MGMT CGI are assigned with consecutive numbers (CpGl-
CpG98) from 5’ to 3’ on the coding strand of MGMT. The nu-
cleotide coordinates in the MGMT CGI are presented as a dis-
tance from the transcription start site (TSS, distance = 0,
chr10:131,265,401) defined by Harris et al.”>® In a previous study,
we pyrosequenced the whole MGMT CGI (from —452 to +309
relative to TSS) in glioma cell lines and xenografts, and found
that the methylation status of two separate regions defined as
differentially methylated region 1 (DMRI, from —242 to —63)
and 2 (DMR2, from +95 to +225) were statistically significantly
correlated to MGMT mRNA expression.”” DMR2 was always
methylated when DMRI was methylated. Moreover, a luciferase
reporter assay showed that the status of some of the individual
CpG sites within DMR2, i.e. CpG83, 86, 87 and 89, may be crit-
ical for the promoter activity.”> On the basis of these findings,
we chose to focus on the 16 CpGs (CpG74-89, from +106 to
+213, see Supporting Information Table 1) included within
DMR? in this study. This region contains all 9 CpGs that are
interrogated by the widely used MSP primers (CpG76-80 for
MSP-F and CpG84-87 for MSP-R, see below).”!

MGMT methylation profiling

The methylation levels of all 16 CpGs were determined in all
362 tumors by pyrosequencing using bisulfite-modified DNA.
The levels were highly variable across the 16 sites within individ-
ual cases, the maximum difference at a single CpG being 90.4%
(ranging from 0% at CpG88 to 90.4% at CpG85 in GB45, Sup-
porting Information Table 1). The methylation profiles across
the 16 sites varied greatly from tumor to tumor, even among
tumors of the same type. The methylation levels for all analyzed
loci in all tumors (5792 data points) showed a bimodal distribu-
tion (histogram, Fig. 1). The distribution of methylation levels in
normal brain generally overlapped with the first peak. Repeated
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Figure 1. A histogram generated from all 5,792 data points
(methylation levels) in 362 tumors (open bars, left ordinate) and
96 in 6 normal brain (grey bars, right ordinate) from each of the
16 sites in the MGMT CpG island.

PCR amplification and pyrosequencing of chemically unmethy-
lated bisulfite-modified human genomic DNA (see Supporting
Information) gave a mean methylation level of 4.9% (SD 2.4%,
Supporting Information Table 1). We thus considered that this
distribution of methylation levels represents methylation statuses
which could have different functional consequences.

Given the highly heterogeneous patterns of methylation
and the presence of a number of critical CpG sites as identi-
fied previously,” we considered that the methylation level at
any single CpG site would not reflect the true methylation
status of the region as a whole. Thus, the mean methylation
level of all 16 CpG sites was used.

To further determine a level of methylation that signifi-
cantly affects expression, MGMT expression was quantified
using gPCR in 18 diffuse astrocytomas and compared with the
mean methylation levels across the 16 CpGs. Two distinct
groups of tumors were observed, one with high expression and
low mean levels of methylation similar to normal brain and
unmethylated DNA (1.6-4.9%), the other with low expression
and higher methylation levels (12.1-44.4%) (Fig. 2).

Based on these findings, MGMT was scored as methylated
when the mean methylation was 10% or higher. This cut-off
value was set above the mean methylation levels + 2x stand-
ard deviations of the four unmethylated controls (9.8%, see
above). Thus the 362 tumors were scored as methylated and
unmethylated (Table 1). Over 50% of all tumor types were
scored as methylated.

Comparison of MSP to pyrosequencing results
To compare efficacies of methylation detection methods, a con-
ventional direct MSP was performed on all oligodendrogliomas

Int. J. Cancer: 131, 1104-1113 (2012) © 2011 UICC
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and mixed gliomas (97 tumors in total). Methylation was
scored as positive (3+), weakly positive (2+), very weakly
positive (1+), or negative (—) by visual inspection (Fig. 3a).
All cases showing a positive MSP PCR product were consid-
ered methylated. In total, 54 out of 97 tumors (56%) were
recorded as methylated by MSP (34, 30; 2+, 12; 14, 12;

4 -
.
3
=
Q
»
)]
[ e
g2
- .
= .
x
£ ¢ .
1 aleg .
[ ]
= . . . .
o [ ]
0 S0 e T e .
0 10 20 30 40 50

Mean methylation %

Figure 2. Correlation of MGMT mRNA expression to the methylation
levels in 18 diffuse astrocytomas (closed circle) shows two distinct
groups, with either high expression and low methylation, or vice
versa. Five oligodendrogliomas grade Il which are scored as
methylated by pyrosequencing but not by MSP show low MGMT
expression (open circle). The mRNA expression relative to that of
normal brain is plotted against the mean methylation of the 16
CpG sites.

Table 1. Frequencies of MGMT methylation and /DH1/2 mutations
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Supporting Information Table 1). All of these 54 tumors had
also been scored as methylated by pyrosequencing using the
above criteria. However, 17 tumors were scored methylated
only by pyrosequencing but not by MSP. No tumors were
scored methylated by MSP alone. The discordant cases
showed low or no methylation by pyrosequencing at several
CpGs, mostly within the MSP-F region, but moderate or
high methylation in other CpGs and low MGMT expression
(Figs. 2 and 3b).

Correlation between MGMT methylation and genotype

Next, we investigated whether the patterns of MGMT methyl-
ation correlated to any of the genetic abnormalities previ-
ously identified in the same tumor series.>*"***** Strikingly,
we found that all but two tumors (AA15 and O41, 127/129)
with IDH1/2 mutations regardless of tumor type had MGMT
methylation (Table 1 and Supporting Information Table 1).
While mean methylation in AA15 was 8.8%, the methylation
level at CpG89 was 25.0%, and O41 had mean methylation
of 8.2% but showed 22.3% methylation at CpG87. In A, O,
AO and AOA, all tumors with MGMT methylation except
two (AOA4, AOA15) had IDHI/2 mutations. Among AA,
sGB and OA, the great majority of tumors with MGMT
methylation also had IDHI/2 mutation. In contrast, only a
small fraction of pGB with MGMT methylation had IDHI1/2
mutations. When the levels of mean methylation were com-
pared between tumors with or without IDHI/2 mutations in
all cases, tumors with IDHI/2 mutations showed significantly
higher levels of methylation than those without (p < 0.001,
Mann-Whitney U test). Within each tumor type, there was a
clear difference in the distribution of mean methylation levels

No. of cases (incidence %) IDH/MGMT concordance

WHO No. of Mean methylation (%) IDH1/2 MGMT IDH
Tumor type grade Cases of all CpGs MGMT met mutation met//DH mut mut/MGMT met
Astrocytic tumors
PA | 44 3.2 1 (2.3%) 0 (0%) na na
A I 22 18.8 15 (68%) 15 (68%) 100% 100%
AA 1 61 22.5 42 (69%) 34 (56%) 97% 79%
pGB \% 172 23.8 90 (52%) 6 (3.5%) 100% 6.7%
sGB IV 10 31.9 7 (70%) 5 (50%) 100% 71%
Oligodendroglial tumors
0 Il 34 30.9 26 (76%) 27 (79%) 96% 100%
AO 1 20 36.2 13 (65%) 13 (65%) 100% 100%
Mixed gliomas
OA I 20 16.4 12 (60%) 10 (50%) 100% 83%
AOA 1 23 35.2 20 (87%) 19 (83%) 100% 95%
Total 406 22.8 226 (56%) 129 (32%) 98% 52%

MGMT met, cases with mean methylation >10% at any site. PA, Pilocytic astrocytomas. A, diffuse astrocytomas. O, oligodendrogliomas WHO grade
Il. OA, oligoastrocytomas WHO grade Il. AA, anaplastic astrocytomas. AO, anaplastic oligodendrogliomas. AOA, anaplastic oligoastrocytomas. sGB,

secondary glioblastomas. pGB, primary glioblastomas. na, not applicable.

Int. J. Cancer: 131, 1104-1113 (2012) © 2011 UICC
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Figure 3. Comparison of MSP and pyrosequencing results. a, A
representative result of MSP. An 81 bp PCR product of
methylation-specific PCR (MSP) was amplified only from
methylated DNA. meth, methylation status scored based on MSP
result (3+, positive; 2+, weakly positive; 1+, very weakly positive;
—, negative). A 166bp PCR product for the pyrosequencing PCR
(Pyro) was amplified regardless of the methylation status and was
used as a control. Unmeth, fully unmethylated control DNA. Meth,
fully methylated control DNA. G, unmodified genomic DNA. neg, no
template DNA. b, Profiles of the methylation levels by
pyrosequencing in selected cases. All four cases had mean
methylation above 10% by pyrosequencing and were therefore
qualified as methylated. AOA21 (scored as methylated by MSP)
showed more than 10% methylation at all sites, while 031 (weakly
positive by MSP), 0A22 and AOA3 (scored negative by MSP) had
methylation levels reaching less than 10% at some or all of the
CpGs in the MSP-F region.

between tumors with and without IDHI/2 mutations in A,
AO, OA (p = 0.002), AA and O (p < 0.001, Fig. 4). The dif-
ference was not significant in AOA, pGB or sGB.

Another notable common genetic change that correlated to
MGMT methylation was total 1p/19q loss. The presence of
total 1p/19q loss was significantly correlated with higher mean
MGMT methylation in O (Mann-Whitney test with FDR mul-
tiple test correction, p < 0.001), AO (p = 0.002) and AOA (p
= 0.020). However this correlation was not observed in any
other tumor types. No other genetic changes examined, includ-
ing the presence of TP53 mutation, were correlated to MGMT
methylation after FDR multiple test correction.

The MGMT gene is located at 10926, where deletions fre-
quently occur in glioblastomas as a result of monosomy 10.
We therefore compared MGMT methylation levels with the
copy number status of 10q26 determined previously™** to
establish whether there was a correlation between them. There

IDH1/IDH2 mutation and MGMT methylation in gliomas

was no significant difference in the mean methylation levels
between the tumors with or without 10926 loss (all tumors p
= 0.707, all glioblastomas p = 0.803, Mann-Whitney U test).

MGMT methylation and clinical features

There was no statistically significant difference in the inci-
dence of MGMT methylation between male and female (chi-
squared test or Fisher’s exact test). Patients with MGMT-
methylated tumors were significantly older than those with
MGMT-unmethylated tumors among As (p < 0.001, Mann-
Whitney’s U-test, see Supporting Information Table 2 and
Supporting Information Fig. 1a), OAs (p < 0.001), AOs (p =
0.017) and AOAs (p = 0.015). There was no statistically sig-
nificant difference in age between the patients with MGMT-
methylated tumors and unmethylated tumors in other tumor
types. All patients with MGMT-methylated tumors were adult
(18 years or older) with the exception of only two pGBs (12
and 15 years, Supporting Information Table 2) and two AAs
(both 17 years).

We then investigated a correlation between MGMT meth-
ylation and survival. Because our previous study suggested
that tumors in pediatric and adult patients of the same histo-
logical subtype may belong to biologically distinct catego-
ries,”” we focused among adult patients with tumors of
WHO grade II-IV (18 years or older, 334 patients) in this
analysis. A and AOA were excluded from this analysis as
there were not enough patients with MGMT-unmethylated
tumors for comparison (Supporting Information Table 2). A
univariate analysis using the log rank test within each sub-
type showed that the presence of MGMT methylation was
associated with longer survival only among pGBs (p =
0.014), median survival being 301 days (95% Confidence
interval (CI): 240-361 days) for methylated and 205 days
(95% CI: 178-232 days) for unmethylated cases. Presence of
IDHI1/2 mutation (p = 0.003) or total 1p/19q loss (p =
0.028) was also correlated with longer overall survival. A
multivariate analysis using Cox regression was then per-
formed including age and presence of either MGMT methyla-
tion, IDHI/2 mutations, or total 1p/19q loss, or any combi-
nation of these genetic/epigenetic parameters within each
tumor subtype. The results showed that age [p < 0.001, Haz-
ard ratio (HR) 1.053, 95% CI 1.037-1.070], presence of
MGMT methylation (p = 0.001, HR 1.695, 95% CI 1.236-
2.323) and total 1p/19q loss (p = 0.006, HR 5.540, 95% CI
1.641-18.702) were independent prognostic factors among
pGBs (Supporting Information Table 3). None of the genetic/
epigenetic parameters appeared to be independent prognostic
factors in any other tumor types.

Discussion

In this study, we measured methylation levels at 16 CpG sites
which we previously determined to be strongly associated
with mRNA expression of MGMT>’ in 362 astrocytic and oli-
godendroglial tumors of all grades using bisulfite modifica-
tion and pyrosequencing. This is the most comprehensive

Int. J. Cancer: 131, 1104-1113 (2012) © 2011 UICC
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Figure 4. Box plots for the mean MGMT methylation levels according to the IDH1/2 status in each tumor type. Distributions of the
methylation levels are indicated by open boxes (no mutations in /DH1/2) or filled grey boxes (mutations in IDH1 or IDH2). A, diffuse
astrocytomas. O, oligodendrogliomas WHO grade Il. OA, oligoastrocytomas WHO grade Il. AA, anaplastic astrocytomas. AO, anaplastic
oligodendrogliomas. AOA, anaplastic oligoastrocytomas. sGB, secondary glioblastomas. pGB, primary glioblastomas.

study of MGMT methylation analysis using pyrosequencing
performed on diverse types of gliomas published to date.
Pyrosequencing provides quantitative and highly reproducible
levels of methylation at each CpG over multiple sites in a
time- and labor-efficient way.”® It has advantages over other
methods such as MSP, where heterogeneous methylation pat-
terns may result in erroneous results. Our study showed that
24% (17/71) of tumors with significant methylation and
scored as positive by pyrosequencing were not detected by
MSP. The methylation levels measured by pyrosequencing in
these tumors were very low at some of the CpGs within the
regions where MSP primers bind, in particular the forward
primer (Fig. 3 and Supporting Information Table 1). Thus,
pyrosequencing can precisely profile heterogeneous methyla-
tion which may not be detected by MSP. To properly assess
the efficacy of MGMT methylation as a molecular marker to
predict clinical outcome, we believe it is crucial to utilize an
accurate assay for clinical testing. On the other hand, the
quantitative output at individual CpGs with pyrosequencing
sets several challenges in determining a significant overall
methylation status, an issue especially relevant in the context
of clinical testing where a binary classification, i.e., methyl-
ated or unmethylated, is required.”” They are as follows.

First, a biologically relevant and clinically practicable (i.e.,
reasonably small) region within the CGI needs to be defined
for the methylation analysis. We have previously studied the
whole MGMT CGI using a combination of pyrosequencing,
real-time quantitative PCR and luciferase reporter assay, and
identified a region where the methylation status was most
strongly correlated with mRNA expression.”” The pyrose-
quencing analysis in the present study examines the 16 CpG
sites in this region.

Int. J. Cancer: 131, 1104-1113 (2012) © 2011 UICC

Second, the methylation data from multiple sites need to
be compiled into a single measure. We found that the pat-
terns of methylation among the 16 sites were very heteroge-
neous. We have also reported that several individual CpGs,
including CpG83, 86, 87 and 89, may be critical for the tran-
scriptional regulation of MGMT.*> Thus, focusing on single
CpGs carries an inherent risk of missing methylation at other
sites. We therefore used the mean methylation level across
the 16 sites to represent the methylation status of a case. The
mean of the methylation levels across multiple CpG sites
measured by pyrosequencing is commonly used to interpret
pyrosequencing data.***’

Finally, a biologically and clinically relevant cut-off value
to score methylation needs to be determined. The methyla-
tion levels for all data points showed a bimodal distribution
(histogram, Fig. 1). Thus, it appears that there are two dis-
tinct statuses of methylation in this particular region of the
MGMT CGI, which supports the idea of converting variable
methylation levels into a binary classification, i.e., methylated
or unmethylated. We have used 10% as cut-off value (see
Results). Among 18 diffuse astrocytomas, this cut-off value
clearly separates tumors with low and high expression (Fig.
2).

Ultimately, the optimal criteria and cut-off value have to
be those which best predict clinical outcome. In our tumor
series, we found age, MGMT methylation and total 1p/19q
loss as independent prognostic markers among pGBs. One li-
mitation in our investigation is the retrospective nature of
the study with the uncontrolled patient cohort treated with
various adjuvant regimens before TMZ was introduced in
routine clinical practice. We have shown that pyrosequencing
can more accurately determine MGMT methylation than
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MSP, which is currently the most widely used method for
clinical testing. However, the efficacy and criteria of MGMT
methylation assessment by pyrosequencing as a clinically rel-
evant method to predict prognosis and treatment response
for glioma patients needs to be evaluated in a prospectively
treated large patient cohort with a sufficient number of
tumors representing each subtype in comparison to MSP.
Other confounding factors such as the amount of nonneo-
plastic cells in the samples, which could influence the
observed methylation levels, should also be considered when
determining criteria in a clinical setting. The pyrosequencing
protocol used in this study is currently being assessed in sev-
eral independent clinical studies including the translation
part of the BR12 Clinical Trial (Ref. 41 and Collins et al., in
preparation) and the French Multi-centre Study (Quillien et
al., in preparation).

When MGMT methylation was scored using the above
criteria, the most striking finding in our tumor series was the
strong correlation with the presence of IDHI/2 mutations in
all types of adult astrocytic and oligodendroglial tumors. All
tumors with either IDHI or IDH2 mutations except two had
been independently scored as having significant methylation
(mean methylation of 16 CpG sites >10%) of the MGMT
gene. Thus, almost all 129 tumors with IDHI/2 mutations
also showed increased methylation at one or more CpG sites
of MGMT. Moreover, almost all tumors with MGMT methyl-
ation had IDHI/2 mutations among A, O, AO and AOA,
meaning IDHI/2 mutations and MGMT methylation are
nearly 100% concordant in these tumors (Table 1). In other
types (AA, OA and sGB), several tumors had MGMT meth-
ylation without IDHI/2 mutations, while only a small minor-
ity of pGB with MGMT methylation had IDHI/2 mutations.
The association between IDHI/2 mutations and MGMT
methylation has also been observed by others.'** However,
no data for individual cases were presented in these studies
and the virtually invariable presence of MGMT methylation
in IDHI/2-mutated tumors as established in our study has
not been previously documented. Our observation may also
be attributable to the fact that pyrosequencing was more sen-
sitive than MSP to detect methylation.

Recently, several reports have suggested an association
between the presence of IDHI/2 mutation and a CpG island
methylator phenotype (CIMP).'*'” Noushmehr et al. profiled
DNA methylation genome-wide in 272 GBs in the context of
The Cancer Genome Atlas and observed hypermethylation in
a distinct set of genes in a subset of tumors, to which the
term glioma-CpG island methylator phenotype (G-CIMP)
was applied.'® They further studied methylation of eight
selected genes using Methylight, seven of which were found
to be methylated in the G-CIMP phenotype, in an independ-
ent set of gliomas of various subtypes and malignancy grades,
and found that the G-CIMP phenotype was strongly associ-
ated with the presence of IDHI mutations. They suggested
that the transcriptional silencing of as yet unknown G-CIMP
targets may provide an advantageous environment for the ac-
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quisition of IDHI mutation.'® Figueroa et al. studied for
methylation status genome-wide in 385 AMLs, the other
human malignancy that frequently has IDHI/2 mutations
and found that IDHI/2-mutant AML display global DNA hy-
permethylation and a specific hypermethylation signature.'*
They suggested that mutation of IDHI/2 may lead to
increased methylation through impairment of TET2, which
converts 5-methylcytosine to 5-hydroxymethylcytosine in an
a-ketoglutarate dependent manner. It has been suggested that
5-hydroxymethylcytosine may act as an intermediate in the
pathway that actively demethylates 5-methylcytosine.*’ Muta-
tions of IDHI/2 may suppress TET2 through depleting or
antagonizing o-ketoglutarate with D-2-hydroxyglutarate,
which is a metabolite specific to mutated IDHs.'>'>**

In the light of these reports, it is possible that MGMT
methylation may occur as part of the G-CIMP phenotype
and thus associated with the presence of IDHI/2 mutations.
It has to be pointed out, however, that the causal relationship
between IDHI/2 mutations and the methylator phenotype
has yet to be experimentally demonstrated. The reduction of
o-ketoglutarate in IDHI1/2-mutated gliomas has not been
reproduced.'” It is noteworthy to recall that o-ketoglutarate
can also be converted from glutamate, which exists in abun-
dance in the brain. No TET2 mutations have so far been
reported in gliomas.’ Until the direct role of IDHI1/2 muta-
tions in increased methylation is established, the chronologi-
cal order of these two events remains an open question.

In our study, a number of tumors had MGMT methyla-
tion but no IDHI1/2 mutations, indicating that MGMT meth-
ylation may occur independently of IDH status. Based on
these observations, an alternative hypothesis would be that
MGMT methylation may precede IDHI/2 mutations in glio-
mas, at least under some circumstances. A biological basis
for this may be explained as follows.

The main function of MGMT is to repair O°-methylgua-
nine, which is one of the most toxic, mutagenic and carcino-
genic DNA adducts.*® Although O°-methylguanine is best
known to be formed by various carcinogens and alkylating
agents, it is also generated by endogenous sources such as S-
adenosylmethionine (SAM), a reactive methyl group donor
physiologically present in living cells.*> Persistence of unre-
paired O°-methylguanine due to MGMT methylation may
cause misreading by DNA polymerase and mispairing with
thymine instead of cytosine (reviewed in Ref. 46). It has been
shown that silencing of MGMT induced by DNA methylation
may lead to an increased incidence of G:C to A:T transition
mutations.*® The vast majority of IDHI/2 mutations in our
tumor series are G:C>A:T transitions (119/129, 92.2%, Sup-
porting Information Table 1). The high incidence of such
transition mutations in IDHI/2 has also been seen in other
large scale studies.”*” It is thus possible that early MGMT
methylation may have allowed transition mutations in IDH1/
2 to persist. In addition, it has been reported that the inci-
dence of G:C>A:T transition mutations in TP53 is signifi-
cantly higher in tumors with MGMT methylation as opposed
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to those without.*® In this study, among all TP53 point muta-
tions, G:C>A:T transition mutations was 24.2% in MGMT
methylation cases compared with 13.7% in cases lacking
methylation (p = 0.017, chi-squared test, see also Supporting
Information Table 1). This suggests that MGMT methylation
may play a role in the early development of glioma through
acquisition of a mutator phenotype, thus conferring a selec-
tive advantage to tumor cells. However, the number of grade
II or III gliomas with MGMT methylation and without IDH
mutation which supports this hypothesis is limited, and our
findings need to be confirmed in a larger series of samples.
The hypothesis also requires experimental testing.

We have previously proposed a model of glioma develop-
ment in which IDHI/2 mutations precede total 1p/19q loss
or TP53 mutations.” This was based on the observation that
IDH1/2 mutations are strongly associated with the presence
of either total 1p/19q loss or TP53 mutations in these
tumors, as has also been reported by others.>”®'" It now
appears that a multistep acquisition of MGMT and IDHI1/2
mutations, whichever comes first, followed by either total 1p/
19q loss or TP53 mutations may play a critical role in the
early stage of gliomagenesis for astrocytic and oligodendro-
glial tumors. The previously reported correlations between
MGMT methylation and either total 1p/19q loss or TP53
mutations may in fact merely reflect their association with
IDH1/2 mutations.*** A number of studies have shown that
the presence of IDHI/2 mutations, MGMT methylation or
total 1p/19q loss predicts therapy response and/or longer sur-

2,1022,23,26,42 :
Our results, showing that

vival of the patients.
these three abnormalities are strongly associated, raise the
question as to which event is a biologically independent pre-
dictive/prognostic marker. Wick et al. reported in their study
of 274 anaplastic gliomas of three different subtypes that
IDH1/2 mutation and MGMT methylation were independent
prognostic markers, IDHI/2 mutation providing the best
prognostic model, but not total 1p/19q loss in a multivariate
analysis.”® On the other hand, van den Bent et al. showed
in their study of 154 gliomas of mixed grades and subtypes
that IDHI1/2 mutation and total 1p/19q loss are independ-
ent prognostic factors but not MGMT methylation.'® San-
son et al. investigating almost the same number and spec-
trum of gliomas as the present study showed that IDHI
mutation was an independent prognostic marker.*> MGMT
methylation data were however not available for all cases.
Variations in the methodologies used to detect the genetic/
epigenetic abnormalities may partially explain these diver-
gent findings.
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