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Introduction

Abstract

Aberrant methylation has been associated with transcriptional inactivation of
tumor-related genes in a wide spectrum of human neoplasms. The influence
of DNA methylation in oligodendroglial tumors is not fully understood. Genomic
DNA was isolated from 61 oligodendroglial tumors for analysis of methylation
using methylation-specific multiplex ligation-dependent probe amplification assay
(MS-MLPA). We correlated methylation status with clinicopathological findings
and outcome. The genes found to be most frequently methylated in oligoden-
droglial tumors were RASSF1A (80.3%), CASP8 (70.5%), and CDKN2A (52.5%).
Kaplan—Meier survival curve analysis demonstrated longer duration of
progression-free survival in patients with 19q loss, aged less than 38 years, and
with a proliferative index of less than 5%. Methylation of the ESR1 promoter
is significantly associated with shorter duration of overall survival and progression-
free survival, and that methylation of IGSF4 and RASSF1A is significantly as-
sociated with shorter duration of progression-free survival. However, none of
the methylation status of ESR1, IGSF4, and RASSF1A was of prognostic value
for survival in a multivariate Cox model. A number of novel and interesting
epigenetic alterations were identified in this study. The findings highlight the
importance of methylation profiles in oligodendroglial tumors and their possible
involvement in tumorigenesis.

DNA repair enzyme, is hypothesized to play a role in
repairing the DNA alkylation that occurs at the O°®-position

Epigenetic modifications, including mainly DNA methyla-
tion and histone modification, are known to modify gene
expression patterns and control different biological pro-
cesses such as cell differentiation and proliferation.
Aberrant methylation of CpG islands has been demon-
strated to be a common event associated with transcrip-
tional inactivation of tumor-related genes in a wide
spectrum of human neoplasms [1, 2]. For example, aber-
rant DNA methylation in sporadic colorectal cancer has
been demonstrated to be predominantly involved in the
early events during malignant phenotype progression [3,
4]. O%-Methyl guanine methyl transferase (MGMT), a
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of guanine by nitrosourea and temozolomide compounds
during chemotherapy in a manner that ultimately leads
to resistance to these compounds [5, 6]. Recent studies
found that the methylation of the promoter of the AGT
gene at 10926, which encodes the MGMT protein, leads
to transcriptional inactivation of the gene, thereby increas-
ing chemosensitivity in gliomas, especially glioblastomas.
Although methylation of tumor-related genes, such as
MGMT has been detected in other types of brain tumors,
including oligodendroglial tumors, meningiomas and
ependymomas, the association between methylation status
of these genes and progression-free or overall survival
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has not been completely examined [7-9]. Nevertheless,
detection of gene methylation may prove essential in not
only diagnosis but also therapeutic response and prognostic
prediction.

Methylation-specific multiplex ligation-dependent probe
amplification (MS-MLPA) is a polymerase chain reaction
(PCR)-based technique that allows for identification of
the methylation status of multiple genes in a single experi-
ment [10]. Based on the annealing of probes containing
a recognition site for the methylation-sensitive restriction
enzyme Hhal, this technique has been applied in several
studies of cancer [11]. On digestion of the sample DNA
with Hhal, probes designed to recognize Hhal sites within
unmethylated regions will not generate a signal, as these
sequences have been cut by Hhal and cannot bind to
the probe. This study used this innovative technique to
determine the methylation status of 24 genes in oligo-
dendroglial tumors and correlate methylation status with
clinical outcome.

Materials and Methods

Ethics statement

All participants provided their written consent to partici-
pate in this study, which was approved by the committee
on human studies of NTUH (National Taiwan University
Hospital).

Patient population and data collection

Archival specimens of 61 oligodendroglial tumors obtained
after surgery on patients, all identified as ethnically Chinese
at the National Taiwan University Hospital (NTUH)
between January 1994 and December 2005, were examined.
The study was approved by the Institutional Review Board
and informed consent was obtained from the patients.
The histopathology of the tumors, of which 39 were World
Health Organization (WHO) grade II oligodendrogliomas,
7 grade II oligoastrocytomas, and 15 grade III oligoden-
drogliomas, was reviewed by two pathologists blind to
the patient data (Table 1).

DNA extraction and MS-MLPA

After hematoxylin and eosin evaluation had been performed
to ensure that a minimum of 80% of cells were tumorous,
DNA was extracted from paraffin-embedded tissues using
the Genomic DNA Mini Kit (Geneaid, Taipei county,
Taiwan), followed by verification of the concentration and
purity of the DNA samples. MS-MLPA was performed using
the ME002 Kit (MRC-Holland, Amsterdam, Netherlands),
which simultaneously checks for methylation at one or two
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Table 1. Patient demographic and clinicopathologic parameters.

Parameter No. (%)

Gender Male 34 (55.7)

Female 27 (44.3)
Age Mean (SD), years 37.7 (13.5)

Range, years 11-82
Histology Grade Il oligodendroglioma 39

Grade Il oligoastrocytoma 7

Grade Il oligodendroglioma 15

Grade Ill oligoastrocytoma 0
Follow-up Mean (SD), months 87.1(48.1)

Range, months 15-195

SD, standard deviation.

CpG dinucleotides of 24 proven or suspected tumor sup-
pressor genes (Table 2). MS-MLPA was followed by evalu-
ation of several genes using two probes capable of recognizing
different Hhal restriction sites in their promoter regions,
several experimental procedures (using MLPA kit) conducted
according to manufacturer’s instructions, and analysis of
signal peak sizes to identify methylation status.

Quantitative microsatellite analysis

Quantitative microsatellite analysis (QuMA) was performed
to examine the microsatellite markers D1S507, D1S463,

Table 2. Information of the genes analyzed by the methylation-specific
multiplex ligation-dependent probe amplification Kit ME0O2.

Chromosomal
Gene Name localization
TIMP3 Tissue inhibitor of metalloproteinase 3 22912.3
APC Adenomatous polyposis coli 5921
CDKN2A  Cyclin-dependent kinase inhibitor 2A 9p21
MLH1 Human mutL homolog 1 3p21.3
ATM Ataxia telangiectasia mutated 11922.3
RARB Retinoic acid receptor 3p24
CDKN2B  Cyclin-dependent kinase inhibitor 2B 9921
HIC1 Hypermethylated in cancer 1 17p13.3
CHFR Checkpoint with forkhead and ring 12024.33
finger domains
BRCA1 Breast cancer 1 17921
CASP8 Caspase 8 2q933-q34
CDKN1B  Cyclin-dependent kinase inhibitor 1B 12p13.1
PTEN Phosphatase and tensin homolog 10023.31
BRCA2 Breast cancer 2 13912
CD44 CD44 molecule 11p13
RASSF1A  Ras-association domain family member 1 3p21.3
DAPK1 Death-associated protein kinase 1 9q34.1
VHL Von Hippel-Lindau 3p26-p25
ESR1 Estrogen receptor 1 60925.1
TP73 Tumor protein p73 1p36
FHIT Fragile histidine triad 3p14.2
IGSF4 Cell adhesion molecule 1 11923
CDH13 Cadherin 13 16024.2
GSTP1 Glutathione S-transferase p1 11913
1831
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D1S162, D1S214, DI1S2795, and DI1S464 on 1p and
D19S408, D19S926, and D19S606 on 19q. A process that
uses Tagman real-time PCR, QuMA is based on ampli-
fication of microsatellite loci that contain (CA), repeats,
where the repeat is the target for hybridization by the
fluorescence-labeled probe CACACACACACACACACA
CACACACACAC (Purigo, Taipei, Taiwan). Using different
flanking primers that had been designed with Primer
Express (ABI, Foster City, CA), the single probe was used
to determine the copy number of microsatellite loci dis-
tributed throughout the human genome (see Table 3 for
a detailed list of primers). A reference pool of six loci
of chromosomes (D2S385, D3S1554, D5S643, D8S1800,
D12S1699, and D21S1904) was used as a control pool.
The pooled standard deviation (SD) for all markers in
normal DNA was used to calculate a tolerance interval
(TI), as had been described by Nigro et al. [12]. When
all the loci on the same arm of a chromosome were
determined to have been deleted, loss of 1p or 19q was
concluded, and copy numbers <1.45 were considered to
be losses.

MIB-1 immunohistochemistry

For immunohistochemical staining, a 5-pym section of
the tumor tissue was deparaffinized, rehydrated, and sub-
jected to antigen retrieval (Trilogy, Cell Marque, Hot
Springs, AR). After cooling for 20 min at room tem-
perature, the retrieval solution was decanted and the
sample washed three times at room temperature using
a phosphate-buffered saline solution. After tissue blocking
using a commercial blocking solution (Dual Endogenous
Enzyme-Blocking Reagent, Dakocytomation), the primary
antibodies for Ki-67 (1:100, Dako; MIB-1) were added,
and the specimen was incubated at 4°C overnight. Ki-67
staining was then performed using the Ventana
Autostainer (iVIEW DAB Detection Kit, Ventana Medical
Systems, Tuscon, AZ) before all sections were counter-
stained with hemalum. Two observers reviewed each slide
and performed Ki-67 scoring by determining the
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percentage of positive nuclei from regions of maximal
nuclear staining after counting more than 600 cells at
x400 magnification.

MS-MLPA data analysis

The peak sizes of MS-MLPA were exported to an Excel
file for determination of aberrant methylation, which can
be identified by the appearance of a signal peak after
Hhal digestion that had been absent in the normal blood-
derived DNA. Normalization of the peak area of each
probe was performed by dividing it by the combined
areas of the nearest control probes. The relative peak area
of each target probe from the digested sample was com-
pared with that of the undigested sample. For each probe,
methylation was scored when the calculated ratio was
more than 15%.

Statistical analysis

SPSS Version 15.0 for Windows was used to perform
all statistical analysis and a significance level of P < 0.05
considered an indication of statistical significance in the
examination of data. For survival analysis, multiple com-
parisons were made and a Bonferroni-corrected P-value
of 0.002 was viewed as significant. The chi-square test
was used to compare the frequencies of promoter hyper-
methylation according to clinicopathological parameters
in brain tumors; the Fisher’s exact test to examine data
with lower than expected values; the log-rank test to
analyze the association between the methylation of genes
and progression-free or overall survival, with progression-
free survival calculated from surgery to tumor progres-
sion or relapse and overall survival defined as the duration
between surgery and death; and Kaplan—Meier survival
analysis to determine whether MS-MLPA could be used
to differentiate among patients according to clinical
outcome, including according to extent of progression-
free and overall survival. Multivariate survival analysis
using Cox’s regression model was performed to determine

Table 3. Summary of primer sequences used for quantitative microsatellite analysis.

Microsatellite marker Forward primer

Reverse primer

D1S507 5’-GAAAGCCACAAACCCTCTTCAC-3" 5-GGATGGGCTCTAGGGTTTCTG-3"

D15S463 5’-GCCTGAAGCAATGAATAACAGTTG-3" 5-CTTTTAAGCCTTTTAGTTAGTCTGAGTTTGT-3"
D1S162 5’-ACCTTCGGGTTATCCAACAAACT-3’ 5-GGGAAAGCCGCCAACAG-3’

D1S214 5’-GCCCGAATGACAAGGTGAGA-3" 5-CATTCTGCATTCCTAAAAGCCAGTA-3’

D1S2795 5-ATGTCTCCTCACTTAGTTGGATTAGACA-3’ 5’-ACCACAGCCTCAGGCTTCTG-3’

D15S464 5’-GATGCATTTCATTTTGGCATAGAA-3’ 5’-GGCCTAAAAATCTTAAACATAGCATAGC-3’
D195408 5’-CGCAAGCCTGAAGTATGTGCTA-3" 5’-GAGAACCAACTCATCTTTATTAAATGCA-3’
D195926 5-TTAGGCCATGATCCCAGGTTTA-3" 5-CAGTGGCCTTATGCGTGAGTAG-3"

D195606 5’-CCCTCCGTGGGCACTGT-3’ 5-AGGTACGAGGCTGTGCCTGTAG-3’

1832 © 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 1. Kaplan—Meier curve survival analysis indicating that progression-free survival was significantly longer with (A) 19q loss (log rank, P =0.049),
(B) age less than 38 years (log rank, P = 0.037), and (C) proliferative index of less than 5% (log rank, P = 0.003).

the independent predictors for patient survival. Covariates
in this model were selected based on context knowledge
and previous
Interaction between significant variables was examined

reported significant genetic markers.

by Cox’s regression model adjusting for patient’s age,
chromosome 19q loss, and Ki67 proliferative index.
Correlation between Ki67 proliferative index and meth-
ylation status of genes was examined by Student’s
t-test.

Results

Clinical characteristics

Clinical data, including sex, age and pathological diagnosis,
were obtained from the medical records (Table 1). They
included 27 women (44.3%) and 34 men (55.7%). The
mean follow-up period from surgery was 87.1 months
(range, 15-195 months). Adjuvant therapy was not per-
formed in 25 patients (41.0%); 10 (16.4%) received both
radiotherapy and chemotherapy, 25 (41.0%) received only
radiotherapy and one (1.6%) only chemotherapy. A com-
bination regimen of procarbazine, lomustine, and vincris-
tine was the most commonly used. Fifty-seven percent
of the patients had frontal lobe tumors or both the frontal
and other lobes were involved.

© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Correlation between genetic alterations and
prognosis

Copy numbers at six loci on 1p and three loci on 19q
were identified in all 61 tumors, while intact 1p and 19q
was found on six tumors. The frequencies of deletions
in regions 1p and 19q and of 1p/19q codeletion were
found to be 70.5%, 88.5%, and 68.9%, respectively. The
results of Kaplan—Meier survival curve analysis indicated
that progression-free survival duration was significantly
longer in patients with 19q loss (log rank, P = 0.049;
Fig. 1A) and who were under 38 years of age (log rank,
P = 0.037; Fig. 1B), and that overall survival was signifi-
cantly longer in patients who were under 38 years of age
(log rank, P = 0.007; Fig. 2A).

Correlation between Ki-67 proliferative
index and prognosis

A Ki-67 labeling index (LI) of 4.11 + 5.14, 21.65 + 10.66,
and 7.15 + 6.86 was found for the grade II oligodendro-
gliomas, grade III oligodendrogliomas, and grade II oli-
goastrocytomas, respectively. Based on the MIB-1 labeling
in proliferating cells, a proliferative index of less than
5% is a useful prognostic factor for both progression-free
survival (log rank, P = 0.003; Fig. 1C) and overall survival
in this study (log rank, P = 0.006; Fig. 2B).
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Figure 2. Kaplan-Meier curve survival analysis indicating that overall survival was significantly longer with (A) age less than 38 years (log rank,
P =0.007) and (B) proliferative index of less than 5% (log rank, P = 0.006).

MS-MLPA profiles

Opverall, the most frequently hypermethylated genes identi-
fied by MS-MLPA were RASSF1A, CASP8, and CDKN2A/
pl6, which were detected in 80.3%, 70.5%, and 52.5%
of the cases, respectively (Table 4). As can be observed
in Table 4, which shows the frequency of methylation of
the genes in oligodendroglial tumors based on clinico-
pathologic variables, no methylation of CHFR, PTEN, or
VHL was detected in the samples tested.

Ki67 proliferative index between methylated and
unmethylated groups of genes was examined by Student’s
t-test (Table 5). Methylation of RASSFIA was associated

with high Ki67 proliferative index (P < 0.001).

Correlation between MS-MLPA profiles and
prognosis

The results of Kaplan—Meier survival analysis indicated
that overall survival duration was significantly shorter for

Table 4. Frequency of gene methylation in patients with oligodendroglial tumors based on clinicopathologic variables.

Age, years (%) Gender (%) Histology (%)
Overall
Gene methylation (%) <38(n=27)  >38(n=34) Male Female oD Il oD i OAIl
TIMP3 8.2 7.4 8.8 11.8 3.7 7.7 14.3 6.7
APC 1.6 3.7 0.0 2.9 0.0 2.6 0.0 0.0
CDKN2A 52.5 51.9 52.9 52.9 51.9 53.8 71.4 40.0
MLH1 1.6 0.0 2.9 29 0.0 2.6 0.0 0.0
ATM 19.7 22.2 17.6 29.4 7.4 23.1 28.6 6.7
RARB 24.6 22.2 26.5 26.5 22.2 20.5 28.6 33.3
CDKN2B 295 40.7 20.6 35.3 22.2 30.8 28.6 26.7
HIC1 14.8 22.2 8.8 23.5 3.7 17.9 28.6 0.0
CHFR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BRCA1 1.6 0.0 2.9 29 0.0 0.0 14.3 0.0
CASP8 70.5 77.8 64.7 73.5 66.7 76.9 71.4 53.3
CDKN1B 4.9 1.1 0.0 8.8 0.0 7.7 0.0 0.0
PTEN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BRCA2 11.5 22.2 2.9 14.7 7.4 12.8 0.0 13.3
CD44 213 333 11.8 235 18.5 25.6 0.0 20.0
RASSF1A 80.3 70.4 88.2 79.4 81.5 84.6 100.0 60.0
DAPK1 4.9 7.4 2.9 8.8 0.0 7.7 0.0 0.0
VHL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ESR1 14.8 111 17.6 8.8 22.2 12.8 28.6 13.3
TP73 13.1 18.5 8.8 17.6 7.4 15.4 28.6 0.0
FHIT 9.8 1M1 8.8 11.8 7.4 15.4 0.0 0.0
IGSF4 9.8 14.8 5.9 8.8 111 12.8 0.0 6.7
CDH13 4.9 7.4 29 29 7.4 7.7 0.0 0.0
GSTP1 9.8 18.5 2.9 11.8 7.4 10.3 0.0 13.3

OD II, Grade Il oligodendroglioma; OD Ill, Grade Ill oligodendroglioma; OA Il, Grade Il oligoastrocytoma.
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Table 5. Correlation between Ki67 proliferative index and methylation
status of genes.

Ki67

Loci Methylated Unmethylated P-value
TIMP 0.06 +0.08 0.09+0.10 0.61
CDKN2A 0.09 +0.09 0.08+0.11 0.57
ATM 0.07 £ 0.08 0.09+0.10 0.57
RARB 0.05 +0.06 0.10+0.11 0.06
CDKN2B 0.05 + 0.06 0.10+0.11 0.07
HIC1 0.06 + 0.06 0.09+0.10 0.46
CASP8 0.08 +0.10 0.11+0.09 0.41
CDKN1B 0.00 + 0.00 0.09+0.10 0.22
BRCA2 0.08 +0.07 0.09+0.10 0.91
CD44 0.05 +0.07 0.09 £ 0.11 0.31
RASSF1A 0.10+0.10 0.01 +£0.01 0.00'
DAPK1 0.01 +0.01 0.08 +0.10 0.27
ESR1 0.16+0.18 0.07 +0.08 0.36
TP73 0.06 +0.09 0.09+0.10 0.56
FHIT 0.06 + 0.06 0.09+0.10 0.55
IGSF4 0.07 £ 0.07 0.08 +0.10 0.86
CDH13 0.07 +0.12 0.09+0.10 0.79
GSTP1 0.03 +0.07 0.09+0.10 0.29

'Gene APC and MLH1 and BRCA1 have only one methylated sample
and could not be compared with independent t-test.

patients with tumors methylated for the ESR1 gene com-
pared to those with tumors unmethylated for ESR1 (log
rank, P = 0.013; Fig. 3) and that progression-free survival
duration was significantly shorter for patients with meth-
ylation for ESRI (log rank, P = 0.007; Fig. 4A), IGSF4

ESR1

1.0 -

1Ld

08 =

06

Unmethylated
Methylated

04 4

Overall survival

00

T T T T T
0,00 0,00 100,00 150,00 200,00

Time (weeks)

Figure 3. Kaplan—-Meier curve survival analysis indicating that tumors
methylated for ESR1 showed poor overall survival than those
unmethylated for this gene (log rank, P =0.013).

© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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(log rank, P = 0.003; Fig. 4B), and RASSF1A (log rank,
P = 0.039; Fig. 4C) compared to those with tumors with-
out methylation for ESR1, IGSF4, and RASSFI1A.

None of the methylation status of ESRI, IGSF4, and
RASSFIA was of prognostic value for survival in a mul-
tivariate Cox model when patient’s age, chromosome 19q
loss, and Ki67 proliferative index were adjusted (Table 6).

We also examined the two-way interaction between
significant markers by Cox’s regression mode and found
a significant interaction between RASSFIA and IGSF4,
and ESRI and IGSF4 (Table 7).

Discussion

Acquisition of various genetic and epigenetic alterations
involving tumor suppressor genes, cell-cycle regulation
genes, and oncogenes may cause extensive changes in the
expression of the genes involved in carcinogenesis. Extensive
study of the genetic alterations and possible pathways
underlying the tumorigenesis of selected brain tumors has
indicated that several of these alterations act as early events
in tumor development, while others play roles at later
or advanced stages. Among the alterations that have been
observed, hypermethylation of CpG islands in the promoter
regions of tumor suppressor genes has been found to
generally lead to the silencing of the respective genes [13].
Regarding the gene alterations among specific types of
tumors, high incidence of loss of chromosome 1p and
19q and methylation of several genes, such as MGMT,
estrogen receptor gene, RB1, TP73, TP14, TP15, and TP16,
have been found to be characteristics of oligodendroglial
tumors.

In light of these findings, this study evaluated the appli-
cation of MS-MLPA in determining the epigenetic profiles
of 61 oligodendroglial tumors, including 39 grade II oli-
godendrogliomas, 7 grade II oligoastrocytomas, and 15
grade III oligodendrogliomas. The ME002 Kit was chosen
because it included the analysis of genes playing important
roles in cell-cycle control, transcription regulation, and
cell differentiation and proliferation. This kit has been
widely used to investigate the methylation status in studies
of breast cancer, prostate cancer, and neuroblastoma
[14-16].The results are concordant with previous reports
revealing alterations in the methylation profiles of several
genes in patients with oligodendroglial tumors, including
TIMP3 [17], CDKN2A [17], CDKN2B [18], CDKNIB,
PTEN [8], RASSF1A [8], DAPKI1 [17], ESR1 [18], TP73
[17], and GSTP1 [17].

Importantly, this study was the first to identify 14
methylated genes in oligodendroglial tumor patients,
namely APC, MLH1, ATM, RARB, HICI, BRCA1, CASPS,
BRCA2, CD44, VHL, FHIT, IGSF4, CDH13, and MLHI.
Correlation of clinical outcome with the methylation

1835



DNA Methylation in Oligodendrogliomas

A ESR1

1

Methylated|

Progression-free survival

000 0 10000 1500 20000

Time (weoks)

c RASSFIA

nmethylated

’ T
05 |
LW
i i

Progression-free survival

00

T T T T T
0w am 10000 15000 200

Time (weeks)

L.-T. Kuo et al.

B 1GSE4

Pregression-free survival

T T T T T
0 000 10000 15000 200,00

Time (wecks)

Figure 4. Kaplan—-Meier curve survival analysis indicating that (A) tumors methylated for ESR1 showed poor progression-free survival than those
unmethylated for this gene (log rank, P = 0.007), (B) tumors methylated for IGSF4 showed poor progression-free survival than those unmethylated
for this gene (log rank, P = 0.003), (C) tumors methylated for RASSF1A showed poor progression-free survival than those unmethylated for this gene

(log rank, P=0.039).

Table 6. Multivariate analysis of methylation status in relationship to
overall survival and progression-free survival.

Overall survival Progression-free survival

Hazard ratio (95% Hazard ratio

Loci cn! P-value (95% Cl)! P-value
RASSF1A  3.93(0.19-2.10) 0.458 0.64 (0.19-2.10)  0.458
|GSF4 6.12 (0.44-34.83) 0.218 0.45(0.03-6.39)  0.558
ESR1 1.73 (0.55-5.41) 0.347 1.42 (0.37-5.51) 0.612

Cl, confidence interval.
Tadjusted for patient’s age, loss of 19, and Ki67 proliferative index.

Table 7. Analysis of two-way interaction between significant markers.

Overall survival Progression-free survival

Interactions P-value

19q'RSSF1A 0.788 0.378
19q1ESR1 0.155 0.584
19q1IGSF4 0.090 0.194
ESRT'RSSF1A 0.272 0.259
RASSF1AYIGSF4 0.378 <0.001
ESR1'IGSF4 0.378 <0.001

Tadjusted for patient’s age and Ki67 proliferative index.

1836

profiles of these genes, which may help to improve the
histopathologic stratification and prognostic prediction in
terms of progression-free survival and overall survival,
revealed that individual tumors behaved according to their
methylation patterns. These findings highlight the impor-
tant roles that these genes may play in neoplasm
development.

To the best of our knowledge, MLPA has only been
used to identify copy number variations in oligodendroglial
tumors [19, 20] and, prior to this study, never to analyze
the methylation profiles of these tumors. In contrast to
methylation-specific PCR (MSP), which is widely used to
detect the methylation status of a single gene or a limited
number of genes, MLPA, a method that uses methylation-
sensitive digestion, not only allows screening of several
promoters of tumor-related genes in a sole experiment
but also provides semiquantitative data for analysis. The
reproducibility and reliability of the results obtained by
MLPA, which requires only a small amount of DNA
extracted from fresh or formalin-fixed tumor tissue, have
been proven [20]. As MLPA was performed in this study
using samples obtained by at least partial or total excision
instead of tumor biopsy, the risk of failing to analyze
the most aggressive part of the tumor, and thus, the risk

© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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of making an erroneous diagnosis of a lower-grade tumor,
was relatively low.

The identification of general methylation profiles for
oligodendroglial tumors demonstrated the potential impact
of these tumor-related genes on tumor progression. In
accordance with previous studies, high methylation rates
were found for CDKN2A [17], CDKN2B [18], and
RASSF1A [8], suggesting that aberrant methylation of these
genes may indicate early change in tumorigenesis of oli-
godendroglial tumors, regardless of cell type. Both CDKN2A
and CDKN2B, tumor suppressor genes encoding pl6
(INK4a) and p15 (INK4b), respectively, which are local-
ized to 9p21 and act via the Rb and p53 pathways, have
been found to be aberrant to some degree in gliomas
[21, 22]. More specifically, p16/INK4 has been found to
induce G1 cell-cycle arrest through the Rb pathway, and
both p16 and p14ARF have been identified as modulators
of chemo- and radiosensitivity in gliomas [23]. Although
52.5% of the pl6 genes in the series examined in this
study were found to have been methylated, p16 methyla-
tion status was not found to be significantly correlated
with the clinical outcome. CASPS, a gene located at 2q33-34
that encodes caspase 8, was found to be methylated in
70.5% of the current series. The most upstream protease
of the activation cascade of caspases responsible for the
execution-phase of cell apoptosis, methylation of the CASP8
gene has been reported to be a common epigenetic char-
acteristic in thyroid cancer and breast cancer [24, 25].

The gene found to be most commonly methylated in
this study was RASSF1A, which is located at 3p21.3, where
it is involved in Ras signaling. As methylation of RASSF1A
has been reported in a variety of tumors [24, 26], RASSF1A
promoter methylation has been reported to be a useful
predictor for clinical outcome in lung cancer, hepatocel-
lular carcinoma, and breast cancer [26-28]. In this study,
RASSF1A promoter methylation was found to be associ-
ated with shorter duration of progression-free survival
using univariate survival analysis, but this gene was not
a prognostic factor in a multivariate Cox model, adjusting
for patient’s age, chromosome 19q loss, and Ki67 prolif-
erative index.

Aberrant methylation of the ESR1 gene, a ligand-activated
transcription factor located on chromosome 6q24-q27 that
is composed of several domains important for hormone
and DNA binding and for transcription activation, has
been found to be an independent marker of poorer out-
come in laryngeal cancer [29]. In this study, methylation
of ESRI1, which had been previously detected in grade II
and grade III oligodendrogliomas but whose clinical cor-
relation with prognosis had not been previously examined
[18], was found to be a statistically significant predictor
of overall and progression-free survival using univariate
survival analysis. However, this gene was of no prognostic
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value in a multivariate Cox model, adjusting for patient’s
age, chromosome 19q loss, and Ki67 proliferative index.
IGSF4 gene, a novel immunoglobulin (Ig)-like intercellular
adhesion molecule located on chromosome 11923, was
first characterized as a tumor suppressor of non-small-cell
lung cancer. Methylation of the gene was found to be
associated with poor survival in non-small-cell lung car-
cinoma [30]. In accordance with prior research, univariate
analysis in this study demonstrated that
progression-free survival was found to be significantly
shorter for patients with IGSF4 methylation compared to
those without IGSF4 methylation. However, IGSF4 was
not a prognostic factor in a multivariate Cox model.

survival

Loss of 1p/19q is considered a common early event in
tumorigenesis of oligodendroglial tumors. Codeletion of
1p and 19q has been linked to prolonged survival in oli-
godendroglial tumor patients [31, 32], among those whose
tumors have lost the entire arm of chromosomes 1p/19q
tend to have a better prognosis than those with tumors
having only partial or no loss of these chromosomes [33].
In contrast, only 19q deletion and not 1p/19q codeletion
was found to be a significant predictor of longer duration
of progression-free survival in the series examined in this
study. To demonstrate the proliferative phase of the cell
cycle, the MIB monoclonal antibody, a specific marker of
proliferation, was used to identify Ki-67, a nuclear antigen
expressed in all phases of the cell cycle except the GO
phase [34]. Based on consideration of a Ki-67 LI of more
than 5% as a predictor for shorter duration of progression-
free survival and overall survival, no correlation was found
between Ki-67 LI and 1p/19q status in this study, in
accordance with previous studies [8, 35, 36].

The generalizability of the findings of this study may
be limited by the four primary limitations faced by this
study, namely the relatively small sample examined, the
histological heterogeneity of oligodendroglial tumors, vari-
ous treatments provided, and, most significantly, the limi-
tations inherent in using MLPA. Survival analysis was
conducted in the entire group instead of patients in each
subgroup of tumors due to the limitation of case numbers.
Being based on a single CpG site and analyzing only a
small part of the promoter, MLPA cannot provide a com-
plete profile of the methylation status of all CpG sites in
a single gene. When using MLPA, a cutoff ratio calculated
by dividing the relative peak area of each target probe by
that of the undigested sample ranging from 15% to 30%
is used [37-39]. In this study, methylation was scored
when the ratio was found to be more than 15%.

Conclusions

The innovative application of MS-MLPA in this analysis
of oligodendroglial tumors allowed for identification of

1837



DNA Methylation in Oligodendrogliomas

a number of novel and interesting epigenetic alterations,
including involving APC, MLH1, ATM, RARB, HICI,
BRCAI1, CASP8, BRCA2, CD44, VHL, FHIT, IGSF4,
CDH13, and MLHI1. Significantly, methylation of ESR1
was found to be significantly associated with shorter dura-
tion of progression-free and overall survival and methyla-
tion of IGSF4 and RASSF1A with shorter duration of
progression-free survival using univariate analysis. These
findings highlight the importance of these potential bio-
markers and their promoter regions on chromosomes and
their possible involvement in tumorigenesis, indicating
that they play a greater role in the subclassification of
certain tumors. These findings also provided hints for
designing therapeutic strategies in oligodendroglial tumors,
given the reversible nature of epigenetic gene silencing.
Larger studies are required to confirm the findings of
this study.
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