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We explored the associations of aberrant DNA methyl-
ation patterns in 12 candidate genes with adult glioma
subtype, patient survival, and gene expression of enhan-
cer of zeste human homolog 2 (EZH2) and insulin-like
growth factor-binding protein 2 (IGFBP2). We analyzed
154 primary glioma tumors (37 astrocytoma II and III,
52 primary glioblastoma multiforme (GBM), 11 second-
ary GBM, 54 oligodendroglioma/oligoastrocytoma II
and III) and 13 nonmalignant brain tissues for aberrant
methylation with quantitative methylation-specific PCR
(qMS-PCR) and for EZH2 and IGFBP2 expression with
quantitative reverse transcription PCR (qRT-PCR).
Global methylation was assessed by measuring long
interspersed nuclear element-1 (LINE1) methylation.
Unsupervised clustering analyses yielded 3 methylation
patterns (classes). Class 1 (MGMT, PTEN, RASSF1A,
TMS1, ZNF342, EMP3, SOCS1, RFX1) was highly
methylated in 82% (75/91) of lower-grade astrocytic
and oligodendroglial tumors, 73% (8/11) of secondary
GBMs, and 12% (6/52) of primary GBMs. The
primary GBMs in this class were early onset (median
age 37 years). Class 2 (HOXA9 and SLIT2) was highly
methylated in 37% (19/52) of primary GBMs. None of

the 10 genes for class 3 that were differentially methylated
in classes 1 and 2 were hypermethylated in 92% (12/13)
of nonmalignant brain tissues and 52% (27/52) of
primary GBMs. Class 1 tumors had elevated EZH2
expression but not elevated IGFBP2; class 2 tumors had
both high IGFBP2 and high EZH2 expressions. The
gene-specific hypermethylation class correlated with
higher levels of global LINE1 methylation and longer
patient survival times. These findings indicate a general-
ized hypermethylation phenotype in glioma linked to
improved survival and low IGFBP2. DNA methylation
markers are useful in characterizing distinct glioma sub-
types and may hold promise for clinical applications.
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H
uman gliomas are histologically and molecularly
heterogeneous CNS malignancies.1 These
marked differences in histological as well as epi-

demiologic characteristics2,3 of glioma have prompted
many studies that have revealed genetic4 and gene
expression patterns that characterize different glioma
subgroups. Less numerous are studies of epigenetic
abnormalities, although such alterations, including aber-
rant DNA methylation of putative tumor-suppressor
genes (TSGs), are powerful markers for classifying
human cancer.5 We and others studying individual
TSGs found hypermethylation to be more common
among secondary glioblastoma multiformes (GBMs)
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than among primary GBMs.6–10 Other groups have
reported coordinate methylation of multiple genes in
glioma and have suggested that DNA methylation is
associated with tumor grade.11–13 Given these obser-
vations, we hypothesized that different patterns of
DNA methylation could delineate secondary from
primary GBM and differentiate GBM (grade IV) from
lower-grade gliomas. We examined a limited number
of genes based on previous studies indicating significant
alterations in DNA methylation status of the gene in
human brain tumors: MGMT,14 PTEN,10 RASSF1A,15

RFX1,16 EMP3,6,17 TMS1,18 ZNF342,19 SOCS1,20

PEG3,21 MAGEA1,22 HOXA9,23 and SLIT2.24

Furthermore, we examined whether overexpression of
specific oncogenes might be associated with aberrant
DNA methylation to gain mechanistic insight into the
epigenetic dysregulation of brain tumors.

The mechanisms responsible for hypermethylation of
groups of genes in specific types of human cancers are
obscure. Recently, attention has focused on the involve-
ment of Polycomb repressive complexes (PRCs) in DNA
methylation and particularly the enhancer of zeste
human homolog 2 gene (EZH2),25 which is the catalytic
component of the PRC2 and PRC3 complexes.26 EZH2
has been shown to control DNA methylation through its
ability to produce the nucleosomal histone H3 lysine 27
trimethylation mark (H3K27me3) that provides a plat-
form for recruiting DNA methyltransferases.27 PRC
activation is linked to cell type–specific patterns of
gene repression and DNA methylation through the
H3K27me3 markings that are produced in stem cells.26

Thus, PRC gene targets in cancer progenitor cells may
be preprogrammed for DNA hypermethylation that is
triggered later during cell transformation.28–30 EZH2
overexpression is associated with aggressive clinical
behavior in prostate, breast, and bladder cancers.31–37

The suppression of 14 genes that are direct PRC
targets in embryonic stem cells defined a gene expression
signature that was significantly associated with poor
clinical outcome in multiple microarray data sets of
tumors, including breast and prostate cancers.38

Although there have been no investigations of EZH2
in relationship to DNA methylation in glioma, EZH2
overexpression has been correlated with hypermethyla-
tion of APAF-1 in bladder cancer39 and PSP94 methyl-
ation in prostate cancer.40

An additional pathway we consider here is the PI3K/
Akt pathway, because EZH2 has been shown to be a
target of Akt phosphorylation, and the affinity of
EZH2 toward histone H3 and related synthesis of
H3K27me3 is greatly reduced in cells with activated
Akt.41 Given the potential importance of H3K27me3
in controlling DNA methylation, we hypothesized that
modification of EZH2 by Akt activation could affect
DNA methylation profiles. We chose to use mRNA
levels of the insulin-like growth factor-binding protein
2 gene (IGFBP2) as a biomarker of PI3K/Akt pathway
activation on the basis of studies showing that elevated
IGFBP2 is tightly linked to loss of the phosphatase
and tensin homolog gene (PTEN) in GBM and that
IGFBP2 may play a functional role in PTEN/Akt

signaling.42,43 Supporting this latter notion are obser-
vations in murine models of glioma indicating that
IGFBP2 plays a key role in the activation of the Akt
pathway.44 Proteomic studies identified a strong corre-
lation between high concentrations of PI3K,
Akt-pThr308, and IGFBP2 among a 12-protein cluster
that distinguished GBM from lower-grade gliomas.45

In primary human tumors, IGFBP2 mRNA levels are
closely correlated with protein expression of IGFBP2
by Western blot analysis43 and immunohistochemis-
try.46 There is a well-established relationship between
high IGFBP2 expression and increasing glioma tumor
grade47–51 and the presence of necrosis, microvascular
proliferation, and shorter survival times.46,48,49,51

Materials and Methods

Patients and Tissue Samples

We obtained 154 freshly frozen tumor tissues and 13
samples of nontumor brain from the University of
California–San Francisco Brain Tumor Research
Center tissue bank under appropriate institutional
review board approval. The demographic and tumor
characteristics for the glioma patients included in this
study are presented in Table 1. Tumor samples were
defined as secondary GBM if the patients had prior his-
tological diagnosis of a low-grade glioma. All ages given
are at the time of surgery, which occurred at the
University of California–San Francisco between 1990
and 2003. Nontumor brain samples are portions of the
temporal lobe that were surgically removed as a treat-
ment for epilepsy and processed in the same way as the
glioma specimens.

DNA Extraction and Bisulfite Modification

Genomic DNA and RNA were co-isolated from
approximately 25 mg wet weight of each frozen tissue

Table 1. Subject Age, Sex, and Histology for Glioma Patients and
Controls

Histology/
Grade

N Age, years Sex

Mean Med Min Max Female
(%)

Male
(%)

Astrocytoma/
II

28 39 38 21 64 11 (39) 17 (61)

Astrocytoma/
III

9 42 46 23 61 6 (67) 3 (33)

Primary GBM 52 54 54 22 77 17 (33) 35 (67)

Secondary
GBM

11 34 36 15 50 4 (36) 7 (64)

Oligoa/II and
III

54 39 37 23 60 26 (48) 28 (52)

Nontumor
brain

13 36 39 14 52 7 (54) 6 (46)

All 167 42 41 14 77 71 (43) 96 (57)
aOligo includes oligodendroglioma and oligoastrocytoma.
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sample using AllPrep DNA/RNA Mini Kit (Qiagen)
according to the manufacturer’s instructions and eluted
twice in a total of 100 ml of elution buffer. This pro-
cedure yielded 5–40 mg of genomic DNA. Bisulfite
modification of genomic DNA was performed using
the EZ DNA Methylation Kit (Zymo Research) accord-
ing to manufacturer’s protocol. CpGenome Universal
Methylated DNA (Chemicon International) was chemi-
cally converted at the same time and used as a positive
control/calibrator.

Quantitative Methylation-Specific PCR for Methylation
Analysis

Candidate genes were selected based on previous studies
showing their aberrant methylation in astrocytic glioma.
See Supplementary Material, Table S1 for primer
sequences and the size of amplicon. Because of hetero-
geneity in MGMT methylation, two different regions
were targeted. Quantitative methylation-specific real-
time PCR was performed on primary tumor samples
using the Applied Biosystems 7900HT Fast Real-Time
PCR System. The reaction plate was prepared with the
Beckman Coulter automated liquid handler–Biomex
3000. Each reaction contained 10.0 ml of 2× Power
SYBR Green PCR Master Mix (Applied Biosystems),
100–400 nM of forward and reverse primers, and 2 ml
of DNA template in a total volume of 20 ml. For the
amplification of EMP3, RASSF1A, and RFX1, 2–3%
dimethyl sulfoxide (DMSO) was added. PCR conditions
are modified by different primer concentrations, and the
addition of DMSO ensured that primer dimers and non-
specific amplification product were not included in the
calculation of threshold cycle (Ct). The dissociation
curve and agarose gel were run to confirm amplification
specificity. All genes were PCR amplified using SYBR
Green Real Time PCR Master Mix (Applied
Biosystems) under the following conditions: 958 C for
10 min followed by 40 PCR cycles of 958 C 15 s, 608
C for 30 s, and 728 C for 30 s. SYBR green fluorescence
data were collected only during the 728 C extension step.
Ct values were calculated by the 7900HT system soft-
ware, and average relative quantification (RQ) values
were obtained for each sample, where RQ¼ (target
gene/ACTB) / (Universal methylation calibrator/ACTB).

Quantitative Reverse Transcription PCR for Gene
Expression

We performed quantitative RT-PCR to determine
the relative expression levels of EZH2 and IGFBP2
on primary tumor samples using a 7900HT Fast
Real-Time PCR System (Applied Biosystems). Primers
and probes were purchased from Applied Biosystems
(ABI) as a premixed gene expression assay for each tran-
script (see Supplementary Material, Table S1). EZH2 has
two transcriptional variants that encode two distinct pro-
teins; we chose to utilize three assays, two of which would
distinguish between each transcript variant and a third
that would bind to a common region of both, in order

to get a relative quantity for the total EZH2 expression.
Samples were analyzed in triplicate for EZH2 variant 1,
EZH2 variant 2, total EZH2, IGFBP2, and ACTB,
which was used as the endogenous control. All targets
were amplified under the following conditions: 958 C
for 10 minutes, followed by 40 cycles of 968 C for 15 s,
and 608 C for 1 min. All RT-PCR reactions contained a
final concentration of 1× Taqman Universal Master
Mix, no Amperase UNG (Applied Biosystems, p/n
4324018), 1× of each corresponding Gene Expression
Assay reagent, and 3 ml of template cDNA. Relative
quantitative expression was determined with Sequence
Detection software v2.2.1 (Applied Biosystems) utilizing
the delta delta Ct method as previously described.52

cDNA prepared from normal adult brain RNA
(Clontech) was used as the calibrator sample.

EZH2 and EGFR Gene Amplification

Primers for real time-PCR were designed by using Primer
Expression version 1.5 software (Applied Biosystems).
The housekeeping glyceraldehyde 3-phosphate dehydro-
genase gene (GAPDH) was used as an internal control
for differences in DNA concentration. For each
sample, the gene of interest and GAPDH were both
amplified in triplicate, and results were analyzed by
using Sequence Detector version 1.7 and Dissociation
Curve version 1.0 software (Applied Biosystems).
Relative quantification was performed with the standard
curve method, and gene amplification levels were nor-
malized by dividing by GAPDH levels in each sample.
A cutoff of three copies was considered amplified.
Haploid copy numbers were compared by the delta
delta Ct method53 for the mean Ct of the reaction tripli-
cates as follows: 22DDCT ¼ ((1 + E)2DCTgene)/ ((1 +
E)2DCTreference gene), where E ¼ efficiency of the PCR
reaction (set at default value 0.95), DCTgene ¼ differ-
ence in Ct value between test sample and calibrator
sample (BT71) for the gene under investigation (test
gene), and DCT reference gene ¼ difference in Ct value
between test sample and calibrator sample (BT71) for
the reference gene (GAPDH). (See Supplementary
Material, Table S1 for primer sequence and amplicon
size.)

LINE1 Methylation Assay

Global methylation was estimated by measuring long
interspersed nuclear element-1 (LINE1) methylation as
previously described.54 Briefly, LINE1 region methyl-
ation extent was determined through quantitative bisul-
fite pyrosequencing. The method examines the cytosine
methylation status at 4 cytosine-phosphate-guanine
(CpG) sites in the LINE1 region. Each sequencing reac-
tion was run according to instrument manufacturer
(Qiagen) protocols on a PyroMarkMD System. Three
PCR amplifications were performed on each sample
and 2 pyrosequencing runs were done from each PCR,
resulting in 6 replicates for each specimen to assess
repeat measure variability. The average measure of
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LINE1 methylation across the 4 CpG sites was used for
each individual tumor.

Statistical Analysis

We used unsupervised learning methods to discover
methylation patterns and explore associations with
patient characteristics and tumor EZH2 and IGFPB2
expression. All analyses were conducted in the R statisti-
cal programming environment. We constructed visual
representations of raw data using hierarchical clustering
with average linkage, applied to pseudo-distances
obtained as one minus the Spearman correlation
among genes or among the geometric mean methylation
for each histology. The resulting image plots were com-
pared with model-based analyses described below. For
unsupervised learning, we employed methods that
assume discrete classifications (i.e., distinct methylation
phenotypes). For discrete clustering, we used the
Gaussian mixture model (GMM) framework.55–58 To
address missing values among cases, we used a modified
version of the GMM; here, the assumed multivariate
Gaussian distribution for each methylation profile i, con-
ditional on a given class, is N(m*i, S*i), where N(m,S) is
the assumed distribution for the fully observed profile,
conditional on the given class, and m*i, S*i are the respect-
ive mean vector and covariance matrix obtained by
deleting elements of m and S that correspond to
missing methylation observations for subject i. Cluster
number was selected based on the Bayesian
Information Criterion. We compared patient character-
istics with methylation classes or propensities using
chi-square tests for tabular data or analysis of variance,
respectively. In the former case, we used permutation
tests or exact methods to protect against possible small
cell counts. We compared EZH2 and IGFBP2 expression
among tumor classes using two-sample Student’s t-tests.
Survival follow-up data were available for 103 patients
with methylation data. Associations of methylation
classification with all-cause patient survival were exam-
ined using multivariate Cox proportional hazard models
with adjustments for patient age, sex, and tumor grade.

Results

Three Classes of DNA Methylation in Glioma

The characteristics of the study population are presented
in Table 1. To visualize the methylation data, we first
performed unsupervised hierarchical clustering of
samples. Interestingly, most lower-grade astrocytic or
oligodendroglial tumors were grouped together with
quantitatively higher methylation scores using
qMS-PCR. Applying a mixture modeling approach, we
next identified 3 classes of DNA methylation among
the glioma and normal specimens (Fig. 1). The coordi-
nate methylation of 8 genes (MGMT, PTEN,
RASSF1A, TMS1, ZNF342, EMP3, SOCS1, and
RFX1) defined a class of tumors that contained the
highest methylation scores compared with the other

classes. Among lower-grade tumors, 82% (75/91) fell
into this most highly methylated class 1 (Table 2).
Only 12% of primary GBMs were classified as class 1
compared with 73% of secondary GBMs. Nontumor
brain specimens were almost exclusively assigned to
methylation class 3 (92%), which contained the lowest
methylation scores. The primary GBMs were relatively
unmethylated with respect to the 8 class 1 genes but
more often contained hypermethylation of HOXA9
and SLIT2. About 37% of primary GBMs fell into the
class 2 methylation pattern that was driven by
HOXA9 and SLIT2 methylation. Because MAGEA1
and PEG3 did not contribute significantly to the classi-
fication, they were not considered further.

Fig. 1 Unsupervised clustering reveals 3 classes of DNA

methylation in glioma. Quantitative methylation results for 3

methylation classes. The figure shows the difference in

methylation level for each gene by methylation class. Methylation

class 1: red, class 2: green, class 3: blue.

Table 2. Distribution of Methylation Classes 1, 2, and 3 by
Histology

Histology/
Grade

N Methylation Class

Class 1 Class 2 Class 3

N Row
%

N Row
%

N Row
%

Astrocytoma/II 28 18 64 5 18 5 18

Astrocytoma/III 9 7 78 1 11 1 11

Primary GBM 52 6 12 19 37 27 52

Secondary
GBM

11 8 73 2 18 1 9

Oligoa/II and III 54 50 93 2 4 2 4

Nontumor brain 13 0 0 1 8 12 92

All 167 89 53 30 18 48 29
aOligo includes oligodendroglioma and oligoastrocytoma.
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Associations of Patient Characteristics with DNA
Hypermethylation Profiles

The average ages at diagnosis for patients with the differ-
ent subtypes of glioma were consistent with historical
data.3 As expected, patients with secondary GBM were
about 10 years younger than those with primary GBM.
Of interest among primary GBM patients were 6 cases
with class 1 hypermethylation, which is associated
with early age of diagnosis and gliomas of lower
grade. Patients with primary GBM with class 1 methyl-
ation patterns were younger at diagnosis compared with
other patients with primary GBM (mean 47 vs. 55 years
old and median 37 vs. 53 years old for class 1 GBM and
class 2 GBM, respectively).

Associations of EZH2 and IGFBP2 Expression with
Glioma Histology and Methylation Class

EZH2 (total) and IGFBP2 expression in relation to
glioma subtypes and methylation patterns are

summarized in Tables 3 and 4, respectively. EZH2 was
overexpressed in all grades of glioma but was greatest
among GBMs. The genomic region containing EZH2
was assessed for copy number changes in 60 tumors,
including those containing the highest expression
results. We found no evidence of EZH2 amplification,
as all RQ values were ,1.5 for all tumors tested (data
not shown). No significant correlations were noted
between amplification of the epidermal growth factor
receptor gene (EGFR) or TP53 mutation and EZH2
(data not shown). Consistent with previous studies,
IGFBP2 was highly expressed in GBM tumors (80%)
and only rarely expressed in lower-grade astrocytic or oli-
godendroglial tumors (6%). Because IGFBP2 overex-
pression is so infrequent among lower-grade tumors, we
focused our analysis on primary GBMs to explore the
associations of IGFBP2 and EZH2 expression with
methylation class. When the mean methylation score
for the 8 genes that define class 1 methylation were
regressed against the expression values for IGFBP2 and
EZH2, EZH2 positively associated with class 1

Table 3. Association of EZH2 and IGFBP2 Expression with Histological Subtype and Grade in Glioma

Histology/Grade EZH2 Expressiona IGFBP2 Expression

N Meanb Standard Error % Overexpressingc N Meanb Standard Error % Overexpressingc

Oligod/II and III 15 3 0.6 73 18 0 0.1 6

Astrocytoma/II 15 3 0.8 53 15 1 0.7 7

Primary GBM 25 10 1.8 92 26 8 2.1 81

Secondary GBM 5 4 1.8 60 5 10 5.1 80

Total 60 75 64 42

ANOVA p-value ¼ 0.002 ANOVA p-value ¼ 0.0018

ANOVA, analysis of variance.
aTotal transcripts of EZH2 are shown.
bFold increase of relative quantification in glioma tumors compared with normal brain.
cOverexpressing tumors defined as having .1.5-fold expression compared with normal brain tissues.
dOligo includes oligodendroglioma and oligoastrocytoma.
Two-sample t-tests comparing EZH2 expression between the different histological groups found significant p-values of 0.0055 and 0.0097
between primary GBMs and oligos and primary GBMs and grade II astros, respectively.
Two-sample t-tests comparing EZH2 expression between the different histological groups found significant p-values of 0.0037, 0.0013,
0.0144, and 0.0089 between primary GBMs and oligos, secondary GBMs and oligos, primary GBMs and grade II astros, and secondary
GBMs and grade II astros, respectively.

Table 4. Association of EZH2 and IGFBP2 Expression with Methylation Classes in Glioma (all histologies)

Methylation Classes EZH2 Expressiona IGFBP2 Expression

N Meanb StdErr % Overexpressingc N Meanb StdErr % Overexpressingc

Class I 34 4 0.7 74 38 1 0.4 18

Class II 13 10 2.5 85 13 11 4 69

Class III 13 7 2.6 56 13 8 2.1 85

Total 60 75 64 42

ANOVA p-value ¼ 0.0601 ANOVA p-value ¼ 0.0003

ANOVA, analysis of variance.
aTotal transcripts of EZH2 are shown.
bFold increase of relative quantification in glioma tumors compared with normal brain.
cOverexpressing tumors defined as having .1.5-fold expression compared with normal brain tissues.
Two-sample t-tests comparing EZH2 expression between the methylation classes found a significant p-value of 0.0084 between class I
and II.
Two-sample t-tests comparing IGFBP2 expression between the methylation classes found significant p-values of 0.0002 and ,0.0001
between class I and II and class I and III, respectively.
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methylation, whereas IGFBP2 was significantly inversely
related to class 1 methylation among primary GBMs
(Supplementary Material, Table S2). This result is graphi-
cally illustrated in Figure 2A and B. Those primary GBMs
that fell into class 1 methylation clearly contain elevated
EZH2, but in contrast to other GBMs demonstrated no or
very low IGFBP2 expression (p , 0.008).

Association of LINE1 Methylation with Methylation
Class

To explore possible relationships between gene-specific
and global DNA methylation, we compared the LINE1
methylation scores among different subtypes of glioma

and according to their DNA methylation class, as deter-
mined using our 12-gene panel. The results (Fig. 3) indi-
cate significant differences in LINE1 methylation among
glioma subtypes (p , 0.001). Relatively greater LINE1
methylation was common among astrocytoma, oligo-
dendroglioma, and oligoastrocytoma. GBM tumors
demonstrated the greatest heterogeneity in LINE1
methylation and the lowest LINE1 scores (global hypo-
methylation) among the subtypes. LINE1 methylation
was significantly higher among those gliomas classified
as having a class 1 (hypermethylation) pattern of genic
methylation. Thus, coordinate methylation of genes
having the class 1 pattern of methylation is accompanied
by higher levels of LINE1 methylation.

Association of Methylation Class with Patient
Survival Time

The log rank test of Kaplan-Meier plots indicated a sig-
nificant association of tumor methylation class with
patient survival time (p , 0.001). The Cox multivariate
analysis indicated that methylation class remained stat-
istically significant when the model contained important
predictors of patient outcome (Fig. 4). Class 1 pattern
associated with hypermethylation of genes was associ-
ated with the longest survival times.

No Association of 1p/19q Deletion with
Methylation Class

Ten tumors (4 oligoastrocytoma II and 6 oligodendro-
glioma II) had data on the 1p/19q deletion from
Nimblegen array analysis of comparative genomic
hybridization. All tumors, regardless of 1p/19q status,
showed the class 1 hypermethylation pattern. Thus,
1p/19q deletion seems independent of DNA hyper-
methylation in this limited sample.

Discussion

Although distinct DNA hypermethylation patterns have
been recognized for some time in human cancer, only
recently have mechanisms emerged that might explain
the targeting of specific groups of genes for aberrant
methylation. The clear differentiation of secondary
from primary GBM by methylation profiles confirmed
our a priori hypothesis based on studies of individual
genes and indicates the potential clinical value of
methylation profiles in distinguishing the two types of
GBM. A recent study proposed using EMP3 methylation
alone as a marker to differentiate secondary from
primary GBM6 (Supplementary Material, Table S3). In
addition to EMP3, the present study identified 7 other
genes differentially methylated in secondary and
primary GBMs. Combining our results with those of
earlier reports7,8 could provide a highly discriminating
panel for classifying these epigenetic subtypes of GBM
(Supplementary Material, Table S3). In one case, both
low- and high-grade glioma tissues were available, and
we found that the class 1 pattern was retained in the

Fig. 2 Associations of EZH2 and IGFBP2 expression with DNA

methylation classes. A. The figures shows the relative mRNA

expression levels of EZH2 for lower grade glial tumors and GBMs,

left and right panels, respectively. The EZH2 level corresponding

to each methylation class is depicted within the two subtypes of

glioma. When only one observation was made a single horizontal

line appears. B. The figure shows the relative mRNA expression

levels of IGBP2 for lower grade glial tumors and GBMs, left and

right panels, respectively. The IGFBP2 level corresponding to each

methylation class is depicted within the two subtypes of glioma.

When only one observation was made a single horizontal line

appears.
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high-grade lesion. Another potential application of such
an approach is suggested by our results in primary GBM
in which 12% of cases displayed a methylation profile
highly similar to known secondary GBMs that pro-
gressed from lower-grade tumors. Younger aged
primary GBM cases were overrepresented in this
group, and we speculate that they may represent a dis-
tinct epigenetic subtype that arises from clinically unrec-
ognized lower-grade lesions. Epidemiologic studies have
suggested the existence of long-latency, high-grade
glioma based on the significantly higher incidence of
seizure disorders preceding GBM diagnosis by 8–11
years.59 Molecular features such as mutations of TP53
and amplification of EGFR suggest that younger aged
primary GBM comprises different genetic subtypes,2

but the distinctions noted here based on methylation
profile provide an even more robust segregation.

Our 12-gene panel contained two genes, HOXA9
and SLIT2, that are recognized as PRC targets in
embryonic stem cells, whereas the others are not
known targets. A significant result of our study is that
glioma tumor types were segregated by DNA methyl-
ation profile according to the PRC target status of hyper-
methylated genes. The clustering of gene methylation in
37% of primary GBMs was driven by the hypermethyla-
tion of PRC targets HOXA9 and SLIT2, whereas the
coordinate methylation of 8 non-PRC targets character-
ized secondary GBMs and astrocytoma stage II, anaplas-
tic astrocytoma III, oligodendroglioma II, and
oligoastroglioma II.

Fig. 3 LINE1 DNA methylation values. Panel A shows mean LINE1 scores stratified by histopathologic subtype; NL indicates non-malignant

brain tissues. Panel B shows mean LINE1 scores stratified by methylation class.

Fig. 4 Survival analysis among glioma cases by DNA methylation class. The picture (left) shows Kaplan-Meier survival strata for methylation

classes where hash marks are censored values. The table (right) shows the Cox proportional hazards model of survival modeling DNA

methylation classes and covariates.
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An additional aim of this study was to characterize
patterns of aberrant DNA methylation in glioma and
explore the potential roles of PRC and PI3K/Akt in
these events by assessing the overexpression of EZH2
and IGFBP2 mRNA, respectively. We assessed EZH2
in primary glioma of different grades and found that
EZH2 was overexpressed in most astrocytic and oligo-
dendroglial tumors, but even more highly expressed in
the higher-grade GBM tumors. Thus, our results
follow the trend seen in other cancer types of increasing
PRC pathway activation and aggressive tumor charac-
teristics. We assessed three different qRT-PCR
methods for EZH2 mRNA expression and found that
both the short and long EZH2 isoforms showed very
similar associations with methylation class (data not
shown).The long EZH2 isoform was the predominant
form in glioma, as has been reported previously in
normal tissues.60 Previous studies postulated that gene
amplification may be a mechanism for the induction of
EZH2 in non-glial tumors.32 We found no evidence of
increased EZH2 gene copy number in our study,
which makes amplification an unlikely mechanism for
EZH2 overexpression in glioma.

IGFBP2, like EZH2, was highly overexpressed in
GBM but in contrast to EZH2 was not detectable
among lower-grade astrocytic and oligodendroglial
tumors (with the exception of two grade III astrocyto-
mas). However, IGFBP2 levels varied considerably
within primary GBMs, and lower IGFBP2 levels were
observed among tumors with a distinct methylation
profile and earlier age at onset. Primary GBMs without
IGFBP2 overexpression exhibited a phenotype defined
by methylation of 8 non-PRC targets. In contrast, PRC
targets HOXA9 and SLIT2 were methylated in GBMs
containing both IGFBP2 and EZH2 overexpression.
Although our observation that IGFBP2 expression is
associated with DNA methylation phenotype is novel,
our study does not provide evidence that this relationship
is causal with respect to PI3K/Akt. Nonetheless, any con-
nection between IGFBP2 expression and PI3K/Akt
pathway activation rests on the validity of IGFBP2 as a
marker of this pathway. Several studies support this
assumption42–45; however, there may be other phenom-
ena such as tissue hypoxia61 that could be associated with
both IGFBP2 expression and DNA methylation.
Furthermore, our hypothesis that Akt activation could
indirectly affect DNA methylation by phosphorylating
EZH241 must be regarded as speculative, although the
proposed pivotal role of H3K27me3 and EZH2 in con-
trolling methylation provides a strong rationale for
future studies to explore DNA methylation in cells with
and without Akt activation. A recent study62 questioned
the proposal that H3K27me3 is universally linked with

DNA hypermethylation of PRC gene targets. The conver-
gence of H3K27me3 with DNA methylation mechanisms
was posited to be dependent on cell type.62 Our study
provides a clue that PRC targeting for methylation may
be modified by the activation status of the PI3K/Akt
pathway. Supporting this idea further is our observation
that a GBM progressing from an earlier astrocytoma II
retained its class I methylation and low PRC target
methylation and that both first tumor and second
tumor were negative for IGFBP2 expression.

The finding that a pattern of gene hypermethylation
correlated with LINE1 methylation indicates that a gen-
eralized mechanism operates in some subtypes of glioma,
acting on specific genes associated with CpG sites as well
as nongenic repetitive DNA regions. In addition, this evi-
dence of epigenetic dysregulation was strongly linked
with patient survival and low expression of the IGFBP2
gene. Taken together, these studies suggest a convergence
of pathways that may offer new approaches for improv-
ing patient prognostication and therapeutic targets.

Our study has some notable strengths and limitations.
One strength is our application of a quantitative MS-PCR
method that has been shown to be superior to conven-
tional MS-PCR for detecting hypermethylation patterns
in human tumors. We also applied a novel unsupervised
clustering methodology to create methylation classes
that has advantages over conventional methods.58 A
limitation of our work is the relatively small number of
genes examined, which prevents us from knowing how
generalizable our findings might be regarding PRC
target and non–target gene methylation in different
types of glioma. Future studies that expand the set of
target genes interrogated will further inform PRC target
versus nontarget methylation in these diseases. Our find-
ings provide new insights into the associations of DNA
hypermethylation profiles with 2 expression biomarkers
that have strong connections to tumor progression and
cancer survival.
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