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Abstract

The aim of the present study was to identify genetic and epigenetic alterations involved in the progression of
oligodendroglial tumors. We characterized 21 paired, World Health Organization (WHO) grade II and III oligodendroglial
tumors from patients who received craniotomies for the partial or complete resection of primary and secondary
oligodendroglial tumors. Tumor DNA was analyzed for alterations in selected genetic loci (1p36, 9p22, 10q23–24, 17p13,
19q13, 22q12), isocitrate dehydrogenase 1 (IDH1), isocitrate dehydrogenase 2 (IDH2) and the CpG island methylation status
of critical tumor-related genes (MGMT, P16, DAPK, PTEN, RASSF1A, Rb1). Alterations of these markers were common early in
the tumorigenesis. In the primary tumors we identified 12 patients (57.1%) with 1p36 deletions, 17 (81.0%) with 19q13
deletions, 9 (42.9%) with 1p36/19q13 codeletions, 11 (52.3%) with 9p22 deletions, and 12 (57.1%) with IDH1 mutation.
Epigenetic analysis detected promoter methylation of the MGMT, P16, DAPK, PTEN, RASSF1A, and Rb1 genes in 38.1%,
19.0%, 38.1%, 33.3%, 66.7%, and 14.3% of primary tumors, respectively. After progression, additional losses of 1p, 9p, 10q,
17p, 19q and 22q were observed in 3 (14.3%), 1 (4.8%), 3 (14.3%), 2 (9.5%), 1 (4.8%) and 3 (14.3%) cases, respectively.
Additional methylations of the MGMT, P16, DAPK, PTEN, RASSF1A, and RB1 promoters was observed in 4 (19.0%), 2 (9.5%), 0
(0%), 6 (28.6%), 2(9.5%) and 3 (14.3%) cases, respectively. The status of IDH1 mutation remained unchanged in all tumors
after progression. The primary tumors of three patients with subsequent progression to high-grade astrocytomas, all had 9p
deletion, intact 1p, intact 10q and unmethylated MGMT. Whether this may represent a molecular signature of patients at-
risk for the development of aggressive astrocytomas needs further investigation.
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Introduction

Oligodendroglial tumors are slow growing tumors of the central

nervous system that are common in the frontal and temporal lobes

of the brain, which, include WHO grade II and III oligodendro-

gliomas and oligoastrocytomas. The survival of patients with

oligodendroglial tumors varies greatly. Many of these neoplasms

respond to chemotherapy, especially procarbazine-vincristine-

CCNU (PCV) or temozolomide regimens. However, progression

of oligodendroglial tumors to aggressive phenotypes or higher

grade, e.g, astrocytomas, is also common and associated with

much shorter survival times. Although histopathology remains the

gold standard for oligodendroglioma diagnosis and grading,

molecular diagnosis has become a useful method for neuropath-

ologic evaluation of these tumors to predict the clinical outcome.

Previous research has identified genetic and epigenetic alter-

ations involved in oligodendroglioma progression. For example,

loss of 1p/19q is considered a common early event in the

tumorigenesis of oligodendroglial tumors and has been linked to

the prolonged survival times and chemosentivity of these patients

[1–3]. Mutation of isocitrate dehydrogenases 1 and 2 genes (IDH1

and IDH2), which catalyze the oxidative decarboxylation of

isocitrate to a-ketoglutarate, has been associated with improved

survival in glioma patients [4,5]. Also, O6-Methyl guanine methyl

transferase (MGMT) a DNA repair enzyme, and methylation of

the promoter of the AGT gene at 10q26 leads to the repression of

gene expression, and enhanced chemosensitivity in gliomas,

especially glioblastoma multiforme [6–8]. Our previous study,

which analyzed 49 patients with oligodendroglial tumors, demon-

strated that novel genetic and epigenetic alterations, other than

1p/19q loss, in the primary tumors also predicted progression-free

or overall survival [9]. However, only a limited number of genetic

loci have been investigated in regard to alterations between the

primary and secondary tumors [2,10–14], and no previous

publication has evaluated the changes in the methylation status

of tumor-related genes, other than MGMT, along the course of

tumor progression [11].

The present study was a longitudinal investigation of 21

clinically, genetically and epigenetically-paired surgical specimens

from resections of primary (at initial diagnosis) and secondary

(after progression) oligodendroglial tumors. These paired samples

were examined for changes in phenotype, chromosomal deletions,
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IDH1 mutation, IDH2 mutation and methylation status of tumor-

related gene promoters.

Materials and Methods

Clinical Data
The study included 21 patients, all of Chinese origin, with 42

oligodendroglial tumors (oligodendroglioma grade II and III,

oligoastrocytoma grade II and III) diagnosed according to the

WHO criteria, after surgery, at the National Taiwan University

Hospital (NTUH) between January 1996 and December 2005. All

patients underwent two craniotomies for partial or subtotal tumor

resection. Subtotal resection was defined when more than 95% of

the tumor was removed, and partial resection was defined as less

than 95%. The first tumors excised from patients were primary

tumors; the second tumors were resected following tumor

progression, defined as $25% increase in the largest cross-

sectional area of the tumor. The histopathology of archival tumor

specimens was reviewed by two pathologists who were unaware of

patient data. Axial cross sections of magnetic resonance T1-

weighted images with and without contrast were used to assess the

tumor location and volume. Clinical data, including initial

presentation, sex, age, extent of surgery, post-operative chemo-

therapy, irradiation, time to progression, and outcome, were

obtained from the medical records. All participants provided their

written consent to participate in this study, which was approved by

the committee on human studies of NTUH (National Taiwan

University Hospital).

DNA Extraction and Quantitative Microsatellite Analysis
for Genetic Diagnosis
DNA was extracted from paraffin-embedded tissues using a

Genomic DNA mini Kit (Geneaid). The microsatellite markers

used to identify genetic alterations included: D1S214, D1S463 and

D1S507 on 1p; D9S162 and D9S285 on 9p; D10S185 and

D10S192 on 10q; D17S786 and D17S1828 on 17p; D19S408 and

D19S606 on 19q; and D22S421 on 22q. Quantitative microsat-

ellite analysis (QuMA), using Taqman real-time polymerase chain

reaction (PCR) with an annealing temperature of 59uC, is based
on amplification of microsatellite loci that contain (CA)n repeats,

where the repeat itself is the target for hybridization by the

fluorescence-labeled probe (CACACACACACACACACACA-

CACACACAC). The primers for each microsatellite marker were

designed using Primer Express (ABI). A detailed list of these

primers is given in Table 1. A reference pool of six chromosome

loci that remain unaltered during glioma tumorigenesis was used

as controls. These included D2S385, D3S1554, D5S643,

D8S1800, D12S1699 and D21S1904 [15]. The primers and

probe were purchased from Purigo and ABI. The pooled standard

deviation for all markers in normal DNA was used to calculate a

tolerance interval (TI). In this study, copy numbers ,1.45 were

considered to be losses [9].

PCR Amplification and Direct Sequencing of IDH1 and
IDH2
PCR amplification was performed to amplify a region of IDH1,

including codon 132, and IDH-2, including codon 140 and 172

regions. Primers (forward-59- GTGCTAAAACTTGGCAGATT

and reverse-59- CCTTGCTTAATGGGTGTAGA) were de-

signed to amplify a 660-bp fragment spanning the catalytic

domain of IDH1, and primers (forward-59-

TGCTTGGGGTTCAAATTCTG and reverse-59- ACTG-

GATCTCCTCGCCTA) were designed to amplify a 294-bp

fragment of IDH2. Reactions contained 4 ml (15–400 ng) gDNA

template, 4.4 ml nuclease-free H2O, 0.8 ml forward and reverse

primers, 10 ml 2X master mix buffer. The PCR program consisted

of a 10 minute initial denaturation step (94uC), followed by 35

cycles of 94uC for 60 seconds, 58uC for 60 seconds and 72uC for

60 seconds. This was followed by a final extension step consisting

of 10 minutes at 72uC. PCR products were sequenced directly by

the Missionbio Company. The resulting sequences were analyzed

with Softgenetics Mutation Surveyor DNA Variant Analysis

Software.

Promoter Methylation Status of Tumor-related Genes
The methylation status of six tumor-related genes was

determined from tumor DNA using methylation-specific PCR

(MSP). One microgram of genomic DNA from each sample was

modified by treatment with bisulfite [16]. MSP was performed

using specific primers for either methylated or unmethylated

DNA, which was modified by bisulfite treatment. The PCR

reactions were carried out using previously published primer sets

and optimized conditions for MGMT, p16, Death-associated

protein kinase (DAPK), phosphatase and tensin homologue

deleted on chromosome ten (PTEN), RAS association domain

family 1A (RASSF1A) and the retinoblastoma gene (Rb1) [7,17–

20]. PCR amplification was performed in a thermal cycler with a

15-minute denaturation at 95uC, followed by 40 cycles of 94uC for

45 seconds, 55–66uC for 45 seconds, and 72uC for 1 minute. This

program was followed by a final extension at 72uC for 20 minutes.

A negative control without a template, a generalized negative

control, and a generalized positive control were used for each MSP

set. The PCR products were separated on 4% agarose gels, stained

with ethidium bromide and visualized under UV illumination. If

the amplicon for both the M- and U-primer or for the M-primer

alone could be identified, the promoter of a gene was considered

methylated.

Statistical Analysis
SPSS Version 15.0 for Windows was used for all statistical

analyses. Correlations between categorical parameters were

determined using Chi-square and Fisher’s exact tests.

Results

Clinical Characteristics of Study Patients
Between January 1, 1995 and December 31, 2005, 21 patients

(42 tumors) met the criteria for this study. The clinical

characteristics of these patients and tumor phenotypes are

described in Table 2. All tumors were obtained by open

craniotomy and partial or subtotal tumor excision. The interval

between the first and second surgery ranged between one and ten

years.

At the time of first surgery, the median age was 43.4 (19–69)

years, and 14 patients (66.7%) were male. The primary tumors

included nine WHO Grade II oligodendrogliomas, four

anaplastic oligodendrogliomas, seven Grade II oligoastrocyto-

mas, and one anaplastic oligoastrocytoma. For the progressive

tumors, various adjuvant therapies were administered before the

second surgery, including radiotherapy and chemotherapy.

Sixteen of the 21 primary tumors (76.2%) were of WHO grade

II. Of the secondary tumors, only 8 (38.1%) remained WHO

grade II. However, thirteen (61.9%) of the patients retained their

initial histological diagnosis, and 18 (85.7%) of the tumors

maintained an oligodendroglial phenotype, regardless of tumor

grade. In one case (case 4), the initial grade II oligoastrocytoma

progressed to a glioblastoma multiforme (GBM) tumor. In two

cases (cases 13 and 15) with the initial diagnosis of grade II

Studies in Progressive Oligodendroglial Tumors
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oligoastrocytoma, anaplastic astrocytoma was diagnosed after

progression.
Genetic Analysis by QuMA
The results from the genetic analysis of chromosomal loss are

provided in Table 3. Genetic alterations were observed in 19

(90.5%) of the paired samples. At first surgery, 12 (57.1%) had

1p36 deletions, 17 (81.0%) had 19q13 deletion, and 9 (42.9%) had

Table 1. Summary of primer sequences used for real-time PCR.

Microsatellite Forward primer Reverse primer

D1S214 GCCCGAATGACAAGGTGAGA CATTCTGCATTCCTAAAAGCCAGTA

D1S463 GCCTGAAGCAATGAATAACAGTTG CTTTTAAGCCTTTTAGTTAGTCTGAGTTTGT

D1S507 GAAAGCCACAAACCCTCTTCAC GGATGGGCTCTAGGGTTTCTG

D9S162 CCAGAGAAACAGAACCAATAGAATACATAC TCCCACAACAAATCTCCTCACA

D9S285 AAATTTGCCAAGAGAGTAGATCTGAAG CCAATTAACATATCCCTCACCTTTG

D10S185 TTTCATTTGCCACTTTTCCTACATC AAAATGGAAAAAGGGCAATGC

D10S192 GCTTACCTAGACCTTCATAATCACAGATG TCAGACCAGTTTCCTGCCTTTATC

D17S786 GAGAGTGAAAGTGACATGTTTTCCA ATTTGGGCTCTTTTGTAAAGAATTCT

D17S1828 ACAGGTGCACTCACAGATTTGC AGACTCTTTTTGGAGATTCAGGGTAA

D19S408 CGCAAGCCTGAAGTATGTGCTA GAGAACCAACTCATCTTTATTAAATGCA

D19S606 CCCTCCGTGGGCACTGT AGGTACGAGGCTGTGCCTGTAG

D22S421 AAAACCTGCTGCCCCTAACAT GCCTTTCTTAAAGGAATTTCATACAACT

doi:10.1371/journal.pone.0067139.t001

Table 2. Clinical characteristics, treatment, and outcome of patients.

Patient No.
Age at
diagnosis Sex

Pathological
diagnosis Locationa Treatmentb

Age at
prog.

Pathological
diagnosisc

Treatment
after prog.d

Prog.-
free/survival

1 30 F OA II FL OP+RT 33 OA III T, BOP 38/91+

2 19 M OD II FL OP+RT 25 OD III – 94/129

3 39 M OD II FL OP 49 OD II RT 115/137+

4 69 F OA II TL OP 71 GBM – 30/43

5 36 M OD III PL OP+RT 42 OD III – 72/99+

6 39 M OD II FL OP+RT 41 OD III PCV 28/51

7 30 M OD II LV OP+RT 34 OD II BCNU, C, O 50/127+

8 45 F OD II FL OP 47 OD II RT 24/150

9 33 M OA II FL OP+RT 37 OAII – 43/65+

10 56 M OA III FL OP 58 OAIII RT+T 9/57+

11 63 F OD II FL OP 64 OA III – 20/27+

12 36 M OA II FL OP+RT 41 OA II – 58/109+

13 38 M OA II PL OP+RT 41 AA BCNU, O 30/71

14 37 F OAII FL OP 40 OAIII RT 31/77+

15 48 M OAII PL OP+RT 50 AA – 21/80+

16 57 M ODIII FL OP 61 ODIII RT 45/110+

17 38 M ODII FL OP 40 ODII – 27/85+

18 60 F ODII TL OP 64 ODIII RT 57/95

19 37 M ODII FL OP 40 ODII – 40/62+

20 44 F ODIII FL OP 45 ODIII T 13/25+

21 51 M ODIII TL OP+RT 55 ODIII T 47/61+

aFL = Frontal lobe, TL = Temporal lobe, LV = Lateral ventricle, PL = Parietal lobe.
bOP= operation (partial or complete resection), RT = radiotherapy.
cODII = grade II oligodendroglioma, ODIII = grade III oligodendroglioma, OAII = grade II oligoastrocytoma, OAIII = grade III oligoastrocytoma, AA= anaplastic
astrocytoma, GBM=glioblastoma multiforme.
dT = Temodal, BOP (BCNU, vincristine, cisplatin), RT = radiotherapy, PCV= (procarbazine, vincristine, CCNU), C = cisplatin, O = oncovin.
doi:10.1371/journal.pone.0067139.t002
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1p36/19q13 codeletion. Eleven tumors (52.3%) were found to

have 9p22 deletion. After progression (at second surgery)

additional loss of chromosome 1p, 9p, 10q, 17p, 19q and 22q

was observed in 3 (14.3%), 1 (4.8%), 3 (14.3%), 2 (9.5%), 1 (4.8%)

and 3 (14.3%) cases of the 21 samples, respectively.

In some cases, a deletion which was detected in the primary

tumor was not detected in the secondary tumor. For example, of

the 12 cases with 1p deletion in the primary tumor, 4 (33.3%) had

an intact 1p loci in the secondary tumor. Of these four tumors,

three were initially oligoastrocytoma WHO grade II or III. Of the

12 cases with 1p deletion in the primary tumor, all maintained an

oligodendroglial phenotype in the secondary tumor. In contrast,

three of the nine cases with initially intact 1p loci were diagnosed

with astrocytic tumors after progression (x2 test, P=0.06). Three

cases had intact 1p loci in primary samples but presented with 1p

deletion after progression.

Of the 11 cases with 9p deletion in primary tumors, three

progressed to astrocytic tumors. Of the remaining eight cases, five

of the seven with grade II primary tumors had advanced to grade

III after progression. All primary tumors with intact 9p maintained

their oligodendroglial phenotypes, but two of the seven grade II

tumors advanced to grade III. Accordingly, 9p deletion was

significantly correlated with progression to a higher grade or

malignant transformation (P,0.05). Of the seven tumors with

intact 1p but 9p deletion, three progressed to astrocytic tumors; in

contrast, of the nine tumors with combined 1p and 19q loss, none

progressed to astrocytic tumors (x2 test, P=0.03).

Of the three cases with 10q23–24 deletion in primary tumors,

two (66.7%) had an intact 10q in the secondary tumors. Of the

seven primary tumors with 7p13 deletion, two progressed to

anaplastic astrocytomas in the subsequent tumors, and the other

three progressed to grade III oligodendroglial tumors. Only one

primary tumor was found with 22q12 deletion, but four secondary

tumors possessed 22q12 deletions. The proportion (7 of 10)

radiotherapy patients that experienced additional chromosomal

loss was not significantly different from the proportion (6 of the 11)

observed among patients who did not receive radiotherapy

(p.0.05).

IDH1 and IDH2 Mutations
The results from the direct sequencing of IDH1 are provided in

Table 3. At first surgery, 12 (57.1%) of tumors contained IDH1

mutations; all were heterozygous and located within the codon for

amino acid residue 132. In all cases the mutation was the same,

CGTRCAT, resulting in an amino acid substitution of ArgRHis

(Fig. 1). The IDH1 mutational status remained unchanged at

second surgery in all 12 tumor pairs. No IDH2 mutations were

identified in our patients with primary–progressive paired

oligodendroglial tumors.

Table 3. Genetic analysis in longitudinal samplesa.

Patient No. Diagnosis 1p34–36 9p21–22 10q23–24 17p13 19q13 22q12 IDH1

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

1 OA II OA III RET RET DEL RET RET RET RET RET DEL RET RET DEL mut mut

2 OD II OD III DEL DEL DEL DEL RET RET RET DEL DEL DEL RET RET wild wild

3 OD II RET RET RET RET RET RET DEL DEL DEL DEL RET DEL wild wild

4 OA II GBM RET RET DEL DEL RET RET RET RET DEL DEL RET RET wild wild

5 OD III DEL DEL RET RET RET RET RET DEL DEL DEL RET RET mut mut

6 OD II OD III DEL DEL DEL DEL RET RET DEL RET DEL DEL RET RET wild wild

7 OD II DEL DEL DEL DEL RET DEL RET RET DEL DEL RET RET mut mut

8 OD II RET DEL DEL DEL RET RET DEL DEL DEL DEL RET RET mut mut

9 OA II DEL RET RET RET RET RET RET RET DEL RET RET RET wild wild

10 OA III DEL RET DEL RET RET RET DEL DEL DEL DEL RET RET wild wild

11 OD II OA III RET RET DEL DEL DEL RET DEL DEL DEL RET RET RET mut mut

12 OA II DEL DEL RET RET DEL RET RET RET RET DEL DEL DEL mut mut

13 OA II AA RET RET DEL DEL RET DEL DEL DEL RET RET RET RET mut mut

14 OA II OA III DEL RET RET RET RET DEL RET RET RET RET RET DEL mut mut

15 OA II AA RET RET DEL DEL RET RET DEL RET DEL DEL RET RET mut mut

16 OD III DEL RET RET RET DEL DEL RET RET DEL RET RET RET wild wild

17 OD II DEL DEL RET RET RET RET RET RET DEL DEL RET RET mut mut

18 OD II OD III DEL DEL RET RET RET RET DEL RET RET RET RET RET mut mut

19 OD II RET DEL RET RET RET RET RET RET DEL DEL RET RET wild wild

20 OD III DEL DEL RET DEL RET RET RET RET DEL DEL RET RET mut mut

21 ODIII OD III RET DEL DEL RET RET RET RET RET DEL DEL RET RET wild wild

aGenetic alterations of six tumor-related gene in paired oligodendroglial tumors. ‘‘1st’’ and ‘‘2nd’’ indicate the primary (at initial diagnosis) and secondary (after
progression) resections, respectively. Diagnoses in bold indicate patients who experienced progression in tumor grade or to a more aggressive phenotype between the
first and second resections. Patients with a single diagnosis are those who did not experience progression in tumor grade or phenotype, but whose diagnosis remained
stable from the first to the second resection. ‘‘DEL’’s indicate samples for which chromosomal deletion was observed, and ‘‘RET’’s indicate samples for which retention
of both chromosomal alleles was observed. ‘‘mut’’ =mutated IDH1; ‘‘wild’’ =wild type IDH1.
doi:10.1371/journal.pone.0067139.t003
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Epigenetic Analysis
Among the primary tumors, promoter methylation of the

MGMT, P16, DAPK, PTEN, RASSF1A, and Rb1 genes were

detected in 38.1%, 19.0%, 38.1%, 33.3%, 66.7%, and 14.3%,

respectively. At least one promoter methylation was detected in

each tumor (Table 4). In secondary tumors, promoter methylation

of the MGMT, P16, DAPK, PTEN, RASSF1A, and RB1 genes

was detected in 52.4%, 28.6%, 38.1%, 61.9%, 66.7% and 28.6%,

an addition of 3 (14.3%), 2 (9.5%), 0 (0%), 6 (28.6%), 0 (0%) and 3

(14.3%) cases, respectively.

Of the 13 primary tumors with unmethylated MGMT

promoters, 12 were grade II. Three of these progressed to

astrocytic tumors, and three advanced to grade III. Of the 8

primary tumors with MGMT methylation, 6 had 1p/19q co-

deletion, one had intact 1p, and another had intact 19q. Three

were grade III tumors. The methylation status of MGMT was

correlated with 1p deletion (P,0.05) and 1p/19q co-deletion

(P,0.05), but not 19q deletion (P=0.55).

Of the 14 primary tumors with unmethylated PTEN, 6 had

methylated PTEN promoters after progression. Methylation of

RASSF1A was most common (66.7%) among primary tumors, but

two of these cases were unmethylated following progression to

anaplastic astrocytomas. In one case (case 4), the tumor progressed

to GBM and RASSF1A remained unmethylated. In the three

patients with progression to astrocytic tumors, all tumor-related

genes tested (with the exception of PTEN in case 4) were

unmethylated.

Considering the effect of radiotherapy after after resection of

primary tumors, 5 of the 10 patients who received radiotherapy

experienced additional methylations. In contrast, 6 of the 11

patients who did not receive radiotherapy experienced additional

methylations (P.0.05).

Discussion

Acquisition of various genetic and epigenetic alterations may

cause extensive changes in the expression of the genes involved in

tumorigenesis. In this study, we have shown genetic and epigenetic

changes in 21 paired oligodendroglial tumors by longitudinal

assessment. The changes in some of the selected genetic loci

between primary and secondary tumors have been evaluated in

previous studies [2,10–14], but with the exception of MGMT [11],

the significance of promoter methylation in tumor-related genes

remained unknown.

In this study, all the tumors experienced deletions in at least one

locus, demonstrating that genetic alterations are relatively

common and early events in the development of oligodendroglial

tumors. Using the longitudinal samples, we observed acquisition of

genetic alterations in the progressive tumors. Loss of 1p/19q is

considered a common early event in the tumorigenesis of

Figure 1. Nucleotide sequence analysis. Nucleotide sequence analysis of IDH1 showing mutation at codon 132 of IDH1 gene. Arrows indicate
the position of the different nucleotide substitutions.
doi:10.1371/journal.pone.0067139.g001
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oligodendroglial tumors and has been linked to the prolonged

survival times and chemosentivity of these patients [1–3].

However, our previous study demonstrated that only the presence

of the 19q deletion, i.e., either with or without 1p deletion, was a

significant predictor of longer progression-free survival in our

Chinese patient population [9]. In the current study, 66.7% of

primary tumors with 1p deletion retained the 1p loss after

progression. In addition, two-thirds of primary tumors with 1p/

19q co-deletion retained this genetic characteristic. These tumors

were all oligendendrogliomas, instead of mixed tumors. This

suggests that the proliferation of a sub-group of tumor cells with

intact 1p or 19q may occur after the primary resection, especially

in mixed oligoastrocytomas.

In the three cases with tumor progression to astrocytic tumors,

their initial diagnoses were all grade II oligoastrocytoma. These

comprised 37.5% of the eight grade II and III oligoastrocytomas

observed among the primary tumors. Astrocytic tumors have a

relatively shorter survival than oligodendroglial tumors of the same

grade [21]; therefore, it is important to examine whether some

characteristics such as genetic or epigenetic markers in the primary

tumors can help predict progression to this phenotype. Among the

astrocytic tumors, only one of the six genes examined was

methylated in each of the primary tumors (PTEN in case 4;

RASSF1A in cases 13 and 15), implying that epigenetic alterations

in other pathways may be involved in tumorigenesis or tumor

progression. All primary tumors that progressed to high-grade

astrocytomas had 9p deletion, intact 1p and intact 10q; 19q

deletion was detected in two of these. In addition, the two cases

that progressed to anaplastic astrocytomas also displayed IDH1

mutations. Loss of chromosome 9p is less common in oligoden-

droglial tumors than glioblastoma multiforme tumors [9,22], but,

in glioblastomas and oligodendroglial tumors, it is associated with

a shorter overall survival or progression-free survival [9,17,23].

Compatible with previous studies, our results also demonstrated

that the tumors with combined 1p and 19q loss had a significantly

lower probability of progression to astrocytic tumors. Concor-

dantly, methylation of tumor-related gene promoters was less

common in these cases, especially among secondary tumors and

may suggest that these tumor-related genes are more susceptible to

methylation during tumor progression or transformation.

Our results also support previous findings that 9p deletion is

correlated with progression to a higher grade or malignant

transformation. Located on chromosome band 9p21, p16 is a cell-

cycle regulator gene. Deletion or mutation of the p16 gene is more

frequently involved in high-grade gliomas than in low-grade

gliomas and associated with oligodendroglioma progression from

grade II to grade III [2,24,25]. In our cohort, we found

methylation of p16 in 19% of primary and 28.6% secondary

tumors. However, the methylation status of p16 was not associated

with phenotype change during progression.

One of the probable targets on 10q is the tumor suppressor gene

PTEN, as suggested by previous studies demonstrating that PTEN

Table 4. Methylation status of tumor gene promoters in longitudinal samplesa.

Patient No. Diagnosis MGMT P16 DAPK PTEN RASSF1A RB1

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

1 OA II OA III + +

2 OD II OD III + + + + + + +

3 OD II + + + + + + + +

4 OA II GBM + +

5 OD III + + + + + + + + + +

6 OD II OD III + + + + + + + +

7 OD II + + + + +

8 OD II + + + + + + + +

9 OA II + + + + +

10 OA III + + + +

11 OD II OA III + + + + + +

12 OA II + + + + + + + +

13 OA II AA +

14 OA II OA III + + + + +

15 OA II AA +

16 OD III + + + +

17 OD II + +

18 OD II OD III + + + + + + +

19 OD II + + + + +

20 OD III +

21 OD III OD III + + +

Percent of samples methylated: 38.1% 52.4% 19.0% 28.6% 38.1% 38.1% 33.3% 61.9% 66.7% 66.7% 14.3% 28.6%

aMethylation status of the promoters of six tumor-related gene in paired oligodendroglial tumors. ‘‘1st’’ and ‘‘2nd’’ indicate the primary (at initial diagnosis) and
secondary (after progression) resections, respectively. Diagnoses in bold indicate patients who experienced progression in tumor grade or to a more aggressive
phenotype between the first and second resections. Patients with a single diagnosis are those who did not experience progression in tumor grade or phenotype, but
whose diagnosis remained stable from the first to the second resection. ‘‘+’’s indicate samples for which methylation was observed.
doi:10.1371/journal.pone.0067139.t004
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mutation was predictive of a poor outcome and shorter survival in

anaplastic oligodendrogliomas [26,27]. The gene is located at

10q23.3 and is a negative regulator of cell survival through the

phosphatidylinositol 3-kinase (PI3K)/Akt pathway. PTEN meth-

ylation was detected in 6 (28.6%) secondary tumors and there was

an increase from 33.3% to 61.9% observed in our study.

Compared to the other genes, which remained epigenetically

stable, PTEN appeared to be more susceptible to methylation

during tumor progression. Loss of chromosome 10q, including the

PTEN locus, is correlated with poor prognosis in patients with

GBM and oligodendrogliomas [27–29]. Although 10q loss was less

common than PTEN methylation in the secondary tumors,

neither 10q nor PTEN status was correlated with changes in

tumor phenotype.

In recent analyses, frequent IDH1 mutations were observed in

secondary GBMs, diffuse or anaplastic astrocytomas, oligoden-

drogliomas, and anaplastic oligodendrogliomas [30,31]. The

IDH1 gene on chromosome 2q33 encodes the enzyme isocitrate

dehydrogenase 1, which plays an important role in nicotinamide

adenine dinucleotide phosphate (NADPH) production and par-

ticipates in the citric acid cycle [32,33]. When Arg is replaced, cells

with decreased IDH1 expression become more susceptible to

oxidative damage. These mutations appear to be associated with

younger age and better outcome within each glioma entity

[34,35]. In the present study, all mutations were heterozygous and

located at amino acid residue 132. The status of mutations

remained unchanged in all primary–progressive paired oligoden-

droglial tumors.

The MGMT gene is frequently methylated in oligodendroglial

tumors [9,36], and correlation between its methylation and 1p/

19q co-deletion is equivocal [36,37]. Our results demonstrated

that all three cases with progression to astrocytic tumors had an

unmethylated MGMT promoter in primary tumors but subse-

quent MGMT methylation; MGMT methylation was correlated

with isolated 1p deletion but not 19q deletion. It remains unclear

whether the better survival of patients with 1p/19q co-deletion in

oligodendroglial tumors can be explained by MGMT methylation.

We acknowledge the limitations of our study, which include the

small number of patients, heterogeniety of treatment, and inherent

bias of using methylation-specific PCR in mixed tumors. It should

be noted that ten (47.6%) of our patients received radiotherapy

prior to tumor progression, and it can be argued that this therapy

could have affected the accumulation of genetic or epigenetic

alterations. In contrast, none of our patients received chemother-

apy prior to progression. Unfortunately, analysis of the relation-

ship between radiotherapy and genetic or epigenetic alterations

was limited by our relatively small sample size. Also, although the

methylation-specific PCR method is a sensitive technique to

identify the methylation status of genes, its application to

differentiate the methylation status in single cells of tumors,

especially mixed tumors, is limited. As different clonal expansion is

frequently observed in progressive tumors presenting with genetic

or epigenetic changes in subsequent samples, future studies should

investigate changes in larger study populations and focus on the

different patterns of genetic and epigenetic alterations in tumors

with intra-tumoral heterogeneity.

Using a longitudinal assessment, this study identified genetic

and epigenetic alterations in 21 primary-progressive paired

oligodendroglial tumors. In the primary tumors that experienced

subsequent progression to high-grade astrocytomas, all had 9p

deletion, intact 1p, intact 10q and unmethylated MGMT. These

results require confirmation in a larger study population, but they

may indicate a molecular signature for identifying tumors at risk of

progression to the astrocytic phenotype. Patients with this

signature should be monitored closely. Also, the safety, efficacy

and timing of the use of chemotherapy or radiotherapy should be

investigated in these patients.
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