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ABSTRACT

Background. 1p/19q-codeleted anaplastic gliomas have variable
clinical behavior. We have recently shown that the common
9p21.3 allelic loss is an independent prognostic factor in this
tumor type. The aim of this study is to identify less frequent
genomic copy number variations (CNVs) with clinical importance
thatmay shed light onmolecular oncogenesis of this tumor type.
Materials and Methods. A cohort of 197 patients with anaplas-
tic oligodendroglioma was collected as part of the French
POLA network. Clinical, pathological, and molecular informa-
tion was recorded. CNV analysis was performed using single-
nucleotide polymorphism arrays. Computational biology and
feature selection based on the random forests method were
used to identify CNV events associated with overall survival
and other clinical-pathological variables.
Results. Recurrent chromosomal events were identified in
chromosomes 4, 9, and 11. Forty-six focal amplification events

and 22 focal deletion events were identified. Twenty-four focal
CNV areas were associated with survival, and five of them
were significantly associated with survival after multivariable
analysis. Nine out of 24 CNV events were validated using an
external cohort of The Cancer Genome Atlas. Five of the vali-
dated events contain a cancer-related gene or microRNA:
CDKN2A deletion, SS18L1 amplification, RHOA/MIR191 copy-
neutral loss of heterozygosity, FGFR3 amplification, and ARNT

amplification. The CNV profile contributes to better survival
prediction compared with clinical-based risk assessment.
Conclusion. Several recurrent CNV events, detected in ana-
plastic oligodendroglioma, enable better survival prediction.
More importantly, they help in identifying potential genes
for understanding oncogenesis and for personalized therapy.
The Oncologist 2018;23:1–11

Implications for Practice: Genomic analysis of 197 anaplastic oligodendroglioma tumors reveals recurrent somatic copy number
variation areas that may help in understanding oncogenesis and target identification for precision medicine. A machine learning
multivariable model built using this genomic information enables better survival prediction.

INTRODUCTION

Gliomas represent approximately 80% of primary malignant
brain tumors [1]. Grade 2 and 3 gliomas, also termed lower-
grade gliomas (LowerGG), have variable clinical behavior [2].

Recently, several studies uncovered three robust histomolecular
subgroups of LowerGG that differ clinically: (a) gliomas with
1p/19q-codeletion and isocitrate dehydrogenase (IDH)
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mutations are defined as oligodendroglioma, have better prog-
nosis and response to therapies, and harbor somatic mutations
in CIC, FUBP1, NOTCH1, and the TERT promoter; (ii) gliomas
without 1p/19q-codeletion and with IDH mutations have inter-
mediate prognosis and had frequent mutations in TP53 and
ATRX; and (iii) gliomas with neither 1p/19q-codeletion nor IDH
mutations have comparable prognosis and molecular profile to
glioblastoma [2–4]. These two pivotal genetic alterations (1p/
19q-codeletion and mutations in IDH genes) have been inte-
grated in the new classification of brain tumors published by
World Health Organization (WHO) [5].

Somatic copy number variations (CNVs) play a central role
in oncogenesis [6] and are implicated in survival prediction and
response to therapies [7, 8]. Recently, several studies reported
on the CNV landscape in LowerGG. Brat et al. showed in an
analysis of The Cancer Genome Atlas (TCGA) cohort that Low-
erGG with 1p/19q-codeletion and IDH mutation subtypes had
low number of recurring CNV events (4q12 amplification and
focal 1p deletion, including CDKN2C in a few cases). This cohort
contained 82 tumors with 1p/19q-codeletion, among which
only 37 were grade 3 [2]. Suzuki et al. analyzed the CNV land-
scape of 715 LowerGG tumors in TCGA cohort and a Japanese
cohort. This combined cohort contained 256 1p/19q-codeleted
tumors, of which 113 were grade 3 [3]. This study pooled all
types of grade 2 and 3 gliomas into the CNV recurrence analy-
sis, and this approach might mask relatively rare CNV associ-
ated with specific histologic subgroups.

We present here the CNV landscape of anaplastic oligoden-
droglioma, based on the largest nationwide prospective cohort
of patients with grade 3 glioma, established by the Prise en
charge des oligodendrogliomes anaplasiques (POLA) network
[9]. This cohort enables the examination of correlation of CNV
events with clinical-pathological variables and prognosis.

MATERIALS AND METHODS

Patients
A cohort of 197 patients with primary anaplastic oligodendro-
glioma was collected as part of the POLA network [9]. The
patients’ characteristics are given in TableT1 1. The samples were
accrued over 6 years between 2008 and 2014. Clinical-
pathological information and molecular analysis were under-
taken with (a) the patient’s informed consent, (b) the regulatory-
requested ethical board approval, and (c) the tenets of the Dec-
laration of Helsinki. The patients were followed up clinically, and
this was recorded by the electronic Case Report Form (eCRF) sys-
tem. 1p/19q-codeletion was defined as the loss of at least 90%
of the probes mapped on 1p and 19q with concurrent chromo-
somes 1 and 19 centromeric breakpoints. The histological review
was performed by the central pathological review team.The def-
inition of severe nuclear atypia was marked nuclear pleomor-
phism with enlarged nucleoli occasionally associated with
multinucleated giant cells. Tissue invasion was defined by the
presence of isolated tumoral cells intercalated among axons on
routine staining (hematoxylin and eosin). The clinical-
pathological variables used in the study are given in supplemen-
tal online Table 1. Four patients with zero follow-up were
excluded from the survival analysis.

DNA Preparation
Cell pellets were digested with proteinase K; DNA was extracted
using the QIAamp DNA mini kit (Qiagen, Hilden, Germany), and
DNA concentration was measured by NanoDrop (Thermo Fisher
Scientific, Waltham, MA). The quality of DNA was controlled on
gel of agarose 1%.

CNV Analysis
CNV analysis was performed using the iSelect Infinium Human
OmniExpress version 1.0 chip platform (n 5 46; 730,397
probes; Illumina, San Diego, CA), Quad370 (n 5 43; 373,397
probes; Illumina), Quad610 (n 5 54; 620,711 probes; Illumina),
and hcore (n 5 54; 298,930 probes; Illumina). Normalized inten-
sity signals were generated from the Illumina GenomeStudio soft-
ware and then further normalized by Quantile Normalization
modified with a threshold (tQN) [10]. The array-based single-
nucleotide polymorphism (SNP) data can be accessed through
ArrayExpress under accession number E-MTAB-5669.The normal-
ized data was analyzed for CNV and loss of heterozygosity using
the Global Parameter HiddenMarkovModel (GPHMM) algorithm
[11]. DNA index was dichotomized to diploid/tetraploid state, in
which DNA index of �3 was interpreted as tetraploidy. The cut-
offs for gain, high level amplification, loss, and homozygous dele-
tion were determined by GISTIC software (Broad Institute,
Cambridge, MA), as described below.

Recurrent CNV Analysis
In order to identify recurrent CNV events, GISTIC version 2.0
[12] was used. The GISTIC module identifies regions of the
genome that are significantly amplified or deleted across a set
of samples. Each aberration is assigned a G-score that considers

Table 1. Patients’ epidemiological and clinical
characteristics

Characteristic
Number
of patients

Age, mean 6SD, years 49.96 11.8

Sex

Male, n (%) 108 (55)

Female, n (%) 88 (45)

Karnofsky index, mean 6SD 886 16

Surgery

Resection, n (%) 150 (76)

Biopsy, n (%) 32 (16)

Not specified, n (%) 15 (8)

Treatment

RT 71

PCV 3

PCV1 RT 62

RT1 TMZ 24

TMZ 11

No treatment 4

Watch and see 1

Other 4

Not specified 17

Abbreviations: PCV procarbazine, lomustine, and vincristine; SD,
standard deviation; RT, radiotherapy; TMZ, temozolomide.
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the amplitude of the aberration as well as the frequency of its
occurrence across samples. False discovery rate q-values are
then calculated for the aberrant regions, using a background
score distribution generated by random permutation of the
marker locations in each sample. Regions with q-values below
a defined threshold are considered significant. The CNV seg-
mentation files produced by GPHMM were used, and the copy
number values were converted to log R ratio (LRR), as required
by the GISTIC 2.0 software. In order to produce a unified
marker file for the different platforms, the segmentation files
were binned at 1,000 base pairs, similar to a protocol carried
out when using GISTIC with sequencing data (GISTIC support,
personal communication). The parameters used to analyze the
recurrent amplifications and deletions were -smallmem 0,
-broad 1, -brlen 0.5, -conf 0.95, -armpeel 1, -savegene 1, -gcm
mean, -twosides, 1 -rx 1, -ta 0.1, -td 0.1, -cap 2, -js 4, and -max-
seg 2000. Cutoffs for CNV state were determined by GISTIC
with the following default parameters: normal: 20.1< LRR<
0.1; loss: 21.3< LRR<20.1; homozygous deletion: LRR
<21.3; gain: 0.1< LRR< 0.9, high amplification: LRR >0.9.
The normal variation CNV file was taken from the Database of
Genomic Variants (release date October 16, 2014) [13] in order
to exclude normal CNV areas from the analysis. Copy-neutral
loss of heterozygosity (CN-LOH) was defined as loss of hetero-
zygosity and copy number state that equals the estimated sam-
ple ploidy. The parameters used for the analysis of recurrent
CN-LOH were -smallmem 0, -broad 1, -brlen 0.5, -conf 0.95, -
armpeel 1, -savegene 1, -gcm mean, -twosides 1, -rx 1, -ta 0.1, -
td 0.1, -cap 1.5, and -fname LOH.

Survival Analysis
Survival analysis was carried out using R (R Foundation, Vienna,
Austria). For the survival analysis, we used the univariate Wald
test on the Cox model (survival package [14]). We used the

random forests approach for multivariable analysis of the sur-
vival data (randomForestSRC package [15]). The importance of
each variable in the multivariable model was measured by (a)
the variable importance (VIMP) parameter and (b) the depth of
the variable in the trees [15]. The threshold for VIMP was
defined as 0.01, and the threshold for depth was defined by
the software. Variables were selected as informative if they
were positive for at least one of these criteria and visualized
using the ggRandomForests package. C-index [16] was used to
estimate the predictability of the multivariable models (surv-
comp package [17]).

External Validation
We computed position overlaps with cancer-related oncogenic
CNV areas based on curated CNV areas from 12 types of cancer
[6]. The overlap analysis was performed using the genomic
ranges package for R [18]. External validation of CNV peak sur-
vival analysis was performed using CBioPortal [19] with TCGA
lowerGG provisional cohort (n 5 530). The queries were made
using Cosmic census genes [20] for CNV peaks containing such
genes and otherwise using several genes spanning each tested
CNV peak. Amplification peaks and deletion peaks were com-
pared with corresponding peaks, and CN-LOH peaks were com-
pared to deletion peaks.

RESULTS

Patients
A cohort of 197 patients with anaplastic oligodendroglioma
were included in the current study. The median age at diagnosis
was 50.0 years, and the sex ratio (male-female) was 1.23. Mean
follow-up time was 3 years (range, 0–6.4 years; Table 1).

Figure 1. Copy number variation landscape. Landscape of recurrent deletions (A) and amplifications (B) identified by GISTIC.
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CNV Landscape
In the cohort, 117 of 197 (59%) patients were estimated to
have diploid genomes, and 80 (41%) were estimated to have
tetraploid genomes. Median tumor purity was 0.76 (range,
0.2–0.94). To identify and characterize the landscape of CNV
in this tumor type, GISTIC analysis was carried out (Fig.F1 1).
Recurrent chromosome arm losses (aside from 1p and 19q)
were found in chromosome arms 4p, 4q, 9p, 9q, 13q, 14q, 15q,
18p, and 18q. The most frequent chromosome arms were 4p
and 4q (30%) and 9p (23%). Recurrent chromosomal gains
were found in chromosome arms 7q, 11p, and 11q, and the
most frequent were 11q (19%) and 11p (15%). Recurrent CN-
LOH chromosomal events were identified in chromosome arms
9p, 9q, 11p, 11q, 16q, 21p, and 21q. The most frequent were
9p (15%) and 21p (8%; Fig.F2 2, supplemental online Tables 2
and 3).

As shown in Figure 1A and B and in supplemental online
Table 4, there were 46 focal amplification events and 22 focal
deletion events. In addition, 113 focal CN-LOH events were iden-
tified. The mean frequency (in the cohort) of focal amplification
events was 17% (range, 3%–37%); of focal deletion events, 17%
(range, 2%–31%); and of CN-LOH events, 7% (range, 3%–17%).

The cosmic census genes [20] and oncogenic microRNAs
[21] located within the focal CNV peaks are given in TableT2 2.
Some of these genes are already known to be involved in glio-
mas: FGFR3 [22], TERT, CDKN2A, NOTCH1, and PIK3R1 [3].
Importantly, nine of the cancer genes located in the focal CNV
peaks are potentially druggable (FGFR3, NOTCH1, XPO1,
CDKN2A, CCNE1, PPP2R1A, RHOA, NUP98, and PTPN11) [23].

CNV Focal Areas Overlap with Cancer-Related CNV
Areas
The CNV focal peaks identified in this study were compared to
a pan-cancer landscape of CNV peaks identified and curated
from 12 tumor types [6]. As shown in supplemental online
Table 5, 9 amplification peaks, 3 deletion peaks, and 15 CN-LOH
peaks overlap known cancer-related CNV peaks (median over-
lap of 23%).

Correlation Between Genomic Characteristics (CNV,
Ploidy) and Clinical-Pathological Variables
There was an association between high Karnofsky score at diag-
nosis and the presence of amplification peak 6p22.1 (p 5 .04,
chi square test, false discovery rate [FDR] correction) and oli-
goastrocytic histological aspect (p 5 .007, chi square test, FDR
correction) and also between low Karnofsky score at diagnosis
and the presence of amplification peak 2q33.2 (p 5 .003, chi
square test, FDR correction). In addition, CN-LOH 9p was associ-
ated with a previous history of cancer and with less tissue

invasion. An additional six associations are given in supplemen-
tal online Table 6.

We have previously shown that anaplastic glioma with
1p19q codeletion can be stratified in three pathological groups
predictive of prognosis according to microvascular proliferation
and necrosis [24, 25]. CNV events associated with the grouping
variable are given in supplemental online Table 7. Our data also
predicted a worse prognosis for Group 3, which was positive
for both necrosis and microvascular proliferation. Samples of
this group showed significantly higher number of chromosomal
alterations (p 5 3.34e205). For the complete cohort of all three
groups, the total number of chromosomal CNVs equal to or
greater than three predicted worse survival (p 5 .016).

Overall Survival Analysis
Table T33 shows the clinical variables and CNV variables associ-
ated with OS at the .05 level. Amplification peak 14q13.1 and
CN-LOH 17p11.2 were significant at the .05 level after FDR cor-
rection. Next, multivariable analysis including CNV variables
(significant at the .05 level) and the clinical-pathological varia-
bles (significant at the .1 level) was performed using a random
forests method. We generated 1,000 trees, and the classifica-
tion error rate was 0.23. As shown in Figure F33, the clinical-
pathological variables that contributed significantly to the
model were severe nuclear atypia, necrosis, age at diagnosis,
and ploidy. Images of severe and mild nuclear atypia are given
in Figure F44. The CNV variables that contributed to the model
were deletion of peak 9p21.3; amplification of peaks 14q13.1,
11q14.2, 20q13.33, and 1q21.3; CN-LOH peak 17p11.2; and
gain of 11p. Each of these predictors showed marked group dif-
ferences in survival rates. For example, survival rates at 6 years
were 54% and 95% for patients with and without severe
nuclear atypia, respectively. Survival rates at 4 years were 55%
and 92% for patients with and without LOH 17q11.2. The maxi-
mal differences in survival rates for the informative variables
are given in supplemental online Table 8.

To evaluate the relative predictive power of the clinical and
the CNV variables and to rule out model overfitting, C-index
was calculated using cross validation. Briefly, C-index is an esti-
mate of the probability for any two individuals (chosen from
the sample) that an individual with predicted longer survival
indeed survived more time than his or her counterpart. C-index
of 0.5 reflects model prediction that is equivalent to random
comparisons. Eighty percent of the samples were selected ran-
domly and were used to build a random forest-based model.
The C-index was estimated from the other 20% of the samples.
This process was repeated randomly 1,000 times. The median
C-index was 0.62 for CNV variables and 0.65 for the clinical vari-
ables. The median C-index for the combined model was 0.69.
The model based on clinical variables performed better than

Figure 2. Chromosomal view of the copy number variation landscape.C
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the model based on CNV variables (p 5 .0002). The combined
model performed best, compared with the models based on
either CNV (11.3% added model accuracy; p< 2e216) or clinical
variables (6.2% added model accuracy; p 5 2e29). Accordingly,
it appears that the CNV variables are informative for survival
prediction and moreover complement the clinical-pathological
variables in this regard.

We then focused on the variables that had predictive
power for patients’ overall survival (OS). Older age (>45 years),
tetraploidy [26], severe nuclear atypia, and necrosis predict

worse OS. Deletion peak 9p21.3 predicted shorter OS even for
heterozygous deletion state. This peak contains CDKN2A, which
has an effect on survival in several cancer types [27]. The pres-
ence of the other CNV areas described above also predicted
poor OS (Fig. 3).

Progression-Free Survival
supplemental online Table 9 gives the variables associated with
progression-free survival (PFS; p< .05). Severe nuclear atypia
was also significant after FDR correction. Multivariable analysis

Table 2. CNV focal peak containing a cancer gene and/or cancer-related microRNA

Peak CNV type q_val
Wide peak
position

Number
of genes

Cancer
genes

Size,
Mb

1q21.3 Amplification 0.070289 chr1:150640001–150919999 6 ARNT 0.28

4p16.3 Amplification 3.25E-12 chr4:1–3369999 63 FGFR3, WHSC1 3.37

5p15.33 Amplification 2.84E-11 chr5:1–1729999 31 TERT 1.73

6p22.1 Amplification 4.60E-13 chr6:28750001–29459999 16 TRIM27 0.71

7p22.3 Amplification 1.15E-32 chr7:1–2399999 33 MIR339 2.40

7q21.2 Amplification 1.61E-22 chr7:91560001–91669999 1 AKAP9 0.11

9q34.3 Amplification 8.66E-14 chr9:138520001–140769999 98 NOTCH1, MIR126,
MIR602

2.25

10p12.31 Amplification 1.02E-10 chr10:21720001–22369999 6 MLLT10, MIR1915 0.65

10q26.3 Amplification 9.02E-07 chr10:131520001–135534747 52 DUX4, MIR202 4.01

11p15.5 Amplification 1.33E-22 chr11-1-2769999 97 HRAS, MIR210,
MIR483, MIR675

2.77

11q13.1 Amplification 0.0013644 chr11:65260001–65819999 36 MALAT1 0.56

11q21 Amplification 0.022932 chr11:95670001–96119999 4 MAML2 0.45

15q23 Amplification 0.20978 chr15:69920001–70699999 4 MIR629 0.78

16p13.3 Amplification 2.81E-06 chr16:3850001–5439999 33 CREBBP 1.59

17q22 Amplification 0.0041037 chr17:56620001–57539999 14 MIR454 0.92

17q25.3 Amplification 5.34E-05 chr17:76900001–81195210 102 ASPSCR1, CANT1,
MIR657

4.30

19p13.3 Amplification 9.47E-10 chr19:1–2869999 112 STK11, TCF3,
FSTL3

2.87

20q13.33 Amplification 3.25E-48 chr20:60200001–63025520 96 SS18L1 2.83

2p15 Deletion 0.17938 chr2:61270001–62929999 12 XPO1 1.66

5q13.2 Deletion 0.024899 chr5:67530001–71019999 31 PIK3R1 3.49

9p21.3 Deletion 2.03E-21 chr9:20650001–71019999 32 CDKN2A, MIR31,
MIR491

3.05

17q22 Deletion 0.0029997 chr17:56610001-5789999 17 CLTC, MIR454 1.25

19q12 Deletion 1.07E-16 chr19:30200001–30909999 2 CCNE1 0.71

19q13.11 Deletion 3.99E-30 chr19:33330001–34889999 15 CEBPA, LSM14A,
CEP89

1.56

19q13.41 Deletion 3.80E-25 chr19:51920001–55679999 180 CNOT3, PPP2R1A,
TFPT, ZNF331,
MIR372, MIR373,
MIR498

3.76

3p21.31 CN-LOH 0.025673 chr3:4839001–50449999 87 RHOA, MIR191 2.06

4q35.2 CN-LOH 0.11545 chr4:190740001–191154276 10 DUX4 0.41

9q34.3 CN-LOH 0.10358 chr9:138790001–140099999 68 NOTCH1, MIR126 1.31

11p15.4 CN-LOH 0.11135 chr11:3150001–8969999 145 LMO1, NUP98 5.82

12q24.12 CN-LOH 0.0003985 chr12:111630001–112929999 17 ALDH2, PTPN11,
SH2B3

1.30

17q23.2 CN-LOH 0.087318 chr17:57850001–59159999 18 MIR21 1.31

Abbreviations: CN-LOH, copy-neutral loss of heterozygosity; CNV, copy number variation.
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was carried out using the random forests method for all clinical
variables (p< .1) and for CNV variables (p< .05). The analysis
yielded classification error of 0.4. The variables that were
informative were severe nuclear atypia, CN-LOH peak 7q31.1,
CN-LOH peak 17p11.2, and amplification peak 15q21.2. The C-
index was 0.49 for CNV variables and 0.6 for the clinical varia-
bles. For the combined model, the C-index was 0.53. Accord-
ingly, it appears that the CNV variables are not informative for a
multivariable model of PFS prediction.

Validation of CNV Peaks Associated with Survival Using
TCGA Data as an External Validation
TCGA LowerGG cohort consists of 530 patients with grade 2 and
3 gliomas and among them only 75 patients with grade 3 oligo-
dendrogliomas; such a subcohort is underpowered for survival
analysis for this tumor type and for relatively uncommon CNVs.

However, we assumed that findings of CNVareas that are associ-
ated with survival in our cohort of grade 3 oligodendroglioma
and that are also associated with survival in an additional larger
cohort of more heterogeneous LowerGG would have higher
level of confidence. Accordingly, we used the complete LowerGG
cohort for validation. We examined all CNV peaks that were
associated with OS or PFS in our samples (p< .05). Overall, as
shown in supplemental online Table 11, 9 of 24 focal areas were
significantly associated with OS and/or PFS. The presence of all
the validated peaks were associated with shorter OS and/or PFS
in both our sample and in TCGA dataset. Five of the validated
peaks involve the following known cancer-related genes or
microRNAs, with their prevalence given in parentheses: CDKN2A

deletion (26%), SS18L1 amplification (18%), RHOA/MIR191 CN-
LOH (4%), FGFR3 amplification (8%), and ARNT amplification
(6%). The most prevalent CNV peaks that were validated were

Table 3. Clinical, pathological, and CNV variables significantly associated with survival

Variable % p value p-adjusta

Clinical variables

Age at diagnosis (>45 years/<45 years) 65/35 .073 .363

Previous history of cancer (y/n) 13/87 .078 .363

Pathological variables

Ploidity (diploid/tetraploid) 59/41 .055 .363

Severe nuclear atypia (y/n) 53/47 .011 .275

Necrosis (y/n) 18/82 .087 .363

Cells hyperplasia (y/n) 98/2 .049 .363

CNV variables

Amp 14q13.1 5 3.42e205 .008

CN-LOH 17p11.2 8 .000329 .040

Amp 11q14.2 20 .001167 .095

Amp 1q21.3 6 .001849 .112

Amp 4p16.3 8 .002621 .127

Amp 2q33.2 10 .004715 .182

CN-LOH 4q26 5 .005788 .182

Amp 15q21.2 3 .005978 .182

Amp 19q13.3 10 .008787 .214

Amp 16p13.3 7 .00882 .214

Amp 10q23.33 4 .013371 .289

Amp 10p12.31 7 .014689 .289

Del 9p21.3 26 .015436 .289

Del 18p 16 .020112 .317

Del 18q 16 .020112 .317

Amp 11p12 14 .02084 .317

Amp 20q13.33 18 .022196 .317

CN-LOH 1q44 6 .030132 .392

Amp 11p 15 .030674 .392

Del 10p12.31 18 .036619 .445

Amp 21q22.3 16 .042137 .462

CN-LOH 3p21.31 4 .042609 .462

CN-LOH 19p12 7 .04374 .462

Amp 17q22 10 .048197 .488
a
p-adjust: after adjustment for multiple comparisons using false discovery rates.
Abbreviations: Amp, amplification; Del, deletion; CN-LOH, copy-neutral loss of heterozygosity; CNV, copy number variation; n, no; y, yes.
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CDKN2A deletion (26%), SS18L1 amplification (18%), CN-LOH
9p13.3 (16%), and 2q33.2 amplification (11%).

We also examined CNV peaks that contained a cancer-
related gene or microRNA and that were not associated with

survival in our cohort but were, nevertheless, associated with
survival in TCGA LowerGG cohort. This may point to genes that
are involved in cancer pathogenesis but not associated with
survival specifically in anaplastic oligodendroglioma tumors.

Figure 3. Multivariable random forest analysis. (A): Classification error as function of number of trees. (B): Relative importance measures of the
variables associated with overall survival: VIMP (the reduction of prediction power by omitting a variable from the analysis) and average depth
of the variables in the decision trees (smaller numbers represent variables closer to the tree root and thus greater influence on the classifica-
tion). (C): Survival plots for nine of the variables with VIMP>0.005. Copy number variation coding is as follows. For amplifications: 0, normal; 1,
gain; 2, high amplification. For deletions: 0, normal; 1, heterozygous deletion; 2, homozygous deletion. For copy-neutral LOH: 0, normal; 1, LOH.

Abbreviations: AMP, amplification; DEL, deletion; LOH, loss of heterozygosity; VIMP, variable importance.
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The cancer genes that were positively associated with OS
and/or PFS are given in supplemental online Table 11.

Of note, one of the CNV peaks most significantly associated
with survival, 11q14.2 amplification, which contain TMEM135

gene and is amplified in 20% of our cohort, was not associated
with OS and/or PFS in TCGA LowerGG cohort.

DISCUSSION

Anaplastic oligodendroglioma is now defined as a distinct histo-
molecular entity in the WHO classification 2016 [5]. However,
this tumor group remains heterogeneous. Recently, we have
shown that the most common genomic alteration (i.e., 9p CN-
LOH) is associated with worse prognosis [27]. Moreover, a
recently published work identified three subtypes of anaplastic
oligodendrogliomas with distinct genomic alteration profiles
associated with differences in prognosis [28]. Therefore, com-
prehensive prognostic evaluation integrating clinical, pathologi-
cal, and genomic biomarkers in a large cohort of patients with
grade 3 gliomas may help achieve a sharper stratification of
patients.

The CNV landscape of a large cohort of patients with ana-
plastic oligodendroglioma is reported here. Forty-one per-
cent of the tumors were estimated to be hyperploid, which is
in the higher spectrum of tumor hyperploidy frequency [29].
Several recurrent chromosomal CNV events were identified,
most notably losses in chromosomal arms 4p, 4q, and 9p;
gains in chromosomal arms 11p and 11q; and CN-LOH in
chromosomal arms 9p and 21p. In addition, 22 focal dele-
tions, 46 focal amplifications, and 113 focal CN-LOH were
identified.

Twenty-seven of the focal CNV areas were shown to have
overlap with known pan-cancer oncogenic CNV events. It
should be noted that this overlap might be important even for
those with little overlap, and the differences can be attributed
to the following facts: (a) different SNP arrays platforms were
used for the reference data set and for the current data set; (b)
the reference databases represent a pan-cancer sample combi-
nation, whereas our data set consisted of a very homogenous
tumor subtype. Thirty-one of the focal events contained at least
one Cosmic Census gene and/or an oncogenic microRNA. Some
of these genes are known to be involved in glioma biology,

such as FGFR3, TERT, and CDKN2A; some are attractive putative
candidates for such involvement, such as DUX4 and CCNE,
known to be involved in other cancer types [30, 31]. Impor-
tantly, some of these genes are potentially druggable, such as
FGFR3, NOTCH1, and CCNE1.

Interesting associations of several CNV areas with clinical-
pathological variables were identified. OS analysis was per-
formed in two parts. First, clinical-pathological variables and
recurrent CNV areas that are associated with OS were identi-
fied. From these variables, after adjustment for multiple com-
parisons, amplification peak 14q13.1 and CN-LOH 17p11.2
remained as variables strongly correlated with OS by them-
selves. This stringent analysis is conservative and prone to
reject important variables because of the high number of statis-
tical tests performed. In addition, this analysis does not permit
the evaluation of the prognostic value of the combined set of
variables. Accordingly, a random forests algorithm was applied
for all the variables that were associated with OS. The variables
that were most important for the model were severe nuclear
atypia; necrosis; age at diagnosis and ploidy; deletion peak
9p21.3 (containing CDKN2A); amplification peaks 11q14.2,
20q13.33 (containing SS18L1), 14q13.1, and 1q21.3 (containing
ARNT); and CN-LOH peak 17p11.2. These variables included the
three variables that passed the conservative single-variable sur-
vival analysis.

We were interested to examine the relative contributions of
the model and the model components for prognostic prediction.
C-index is a nonparametric measure to quantify the discrimina-
tory power of a predictive model. A previous study showed that
median C-index for genomic CNV variables (depending on tumor
type) may be in the range of 0.5 (for glioblastoma) to 0.58 (renal
clear cell carcinoma) [7]. In the current analysis for anaplastic oli-
godendroglioma, the C-index for genomic CNV variables was rel-
atively high (i.e., 0.62), for the clinical-pathological variables it
was 0.65, and for both sets of variables in a combined model,
the C-index was 0.69. These results show that the CNVmeasures
not only have predictive information but also complement the
predictive information of the clinical variables, and the com-
bined model is better than each model alone.

Analysis of PFS was associated with severe nuclear atypia
after multiple comparison adjustment, and no CNV variables

Figure 4. Nuclear atypia. (A): A case showing severe nuclear atypia with increased nuclear-cytoplasmic ratio and enlarged and pleomor-
phic nuclei. (B): A case showing slightly irregular nuclei. (Hematoxylin and eosin, 340.)
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were significant at this level. The multivariable model per-
formed worse compared with the analysis of OS; the classifica-
tion error was 0.4. The median C-index as measured by cross
validation and 1,000 repeats was 0.49 for the CNV variables,
0.62 for the clinical variables, and 0.52 for the combinedmodel.
Hence, we conclude that the CNV variables are not predictive
for PFS. The negative results for PFS compared with the positive
results for OS can be attributed to lower accuracy of PFS defini-
tion compared with OS.

There are several limitations of this study. One limitation is
the use of four different CNV platforms. However, the differ-
ence in densities is less than one level of magnitude (on aver-
age one probe every 4–10 kb). A second limitation is that the
validation cohort of TCGA is heterogeneous (i.e., grade 2, grade
3, astrocytic, and oligodendroglial tumors). TCGA cohort
included only 75 patients with grade 3 oligodendroglioma and
is underpowered for survival analysis for this tumor type. How-
ever, we assumed that findings of CNVareas that are associated
with survival in our cohort of grade 3 oligodendroglia and that
are also associated with survival in an additional larger cohort
of more heterogenous LowerGG have a higher level of confi-
dence. In addition, the outcome analysis is limited by the appa-
rently heterogeneous treatment given to the cohort population
(Table 1).

CONCLUSION
This study describes the CNV landscape of anaplastic oligo-
dendroglioma using the largest reported homogenous
cohort. In addition, using robust clinical follow-up and data-
bases, we created a multivariable predictive model for OS
using a combination of CNV genomic information and
clinical-pathological variables. Although this model cannot
stand by itself for individual clinical survival prediction, it can
help in the identification of high-risk patients harboring CNV
associated with shorter OS (using the model or even single
markers; Fig. 3C). Moreover, the model helped in the identi-
fication of a small set of informative CNV areas that should
lead to further research into driver genes for anaplastic
oligodendroglioma.
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For Further Reading:
Marianne Labussière, Amithys Rahimian, Marine Giry et al. Chromosome 17p Homodisomy Is Associated With Better
Outcome in 1p19q Non-Codeleted and IDH-Mutated Gliomas. The Oncologist 2016;21:1131–1135.

Implications for Practice:
Homodisomy of chromosome 17p (CNLOH 17p) is a frequent feature in IDH-mutated 1p19q non-codeleted gliomas
(group 2). It is constantly associated with TP53 mutation. It was found, within this specific molecular group of gliomas
(corresponding to molecular astrocytomas), that CNLOH 17p is associated with a much better outcome and may
therefore represent an additional prognostic marker to refine the prognostic classification of gliomas.
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