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Abstract

Introduction: Recent advances in molecular diagnostics allow diffuse gliomas to be classified based on their
genetic changes into distinct prognostic subtypes. However, a systematic analysis of all molecular markers has thus
far not been performed; most classification schemes use a predefined and select set of genes/molecular markers.
Here, we have analysed the TCGA dataset (combined glioblastoma (GBM) and lower grade glioma (LGG) datasets)
to identify all prognostic genetic markers in diffuse gliomas in order to generate a comprehensive classification
scheme.

Results: Of the molecular markers investigated (all genes mutated at a population frequency >1.7 % and frequent
chromosomal imbalances) in the entire glioma dataset, 57 were significantly associated with overall survival. Of
these, IDH1 or IDH2 mutations are associated with lowest hazard ratio, which confirms IDH as the most important
prognostic marker in diffuse gliomas. Subsequent subgroup analysis largely confirms many of the currently used
molecular classification schemes for diffuse gliomas (ATRX or TP53 mutations, 1p19q codeletion). Our analysis also
identified PI3-kinase mutations as markers of poor prognosis in IDH-mutated + ATRX/TP53 mutated diffuse gliomas,
median survival 3.7 v. 6.3 years (P=0.02, Hazard rate (HR) 2.93, 95 % confidence interval (Cl) 1.16 — 7.38). PI3-kinase
mutations were also prognostic in two independent datasets. In our analysis, no additional molecular markers were
identified that further refine the molecular classification of diffuse gliomas. Interestingly, these molecular classifiers
do not fully explain the variability in survival observed for diffuse glioma patients. We demonstrate that tumor
grade remains an important prognostic factor for overall survival in diffuse gliomas, even within molecular glioma
subtypes. Tumor grade was correlated with the mutational load (the number of non-silent mutations) of the tumor:
grade Il diffuse gliomas harbour fewer genetic changes than grade Ill or IV, even within defined molecular subtypes
(e.g. ATRX mutated diffuse gliomas).

Conclusion: We have identified PI3K mutations as novel prognostic markers in gliomas. We also demonstrate that
the mutational load is associated with tumor grade. The increase in mutational load may partially explain the
increased aggressiveness of higher grade diffuse gliomas when a subset of the affected genes actively contributes
to gliomagenesis and/or progression.
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Introduction

Gliomas are the most common primary malignant brain
tumors in adults [1, 2]. Diffuse gliomas are classified into
different subtypes according to their histological features
into astrocytomas, oligodendrogliomas and mixed oli-
goastrocytomas [3]. These subtypes are further divided
into various tumor grades (grade II-IV) depending on
the number of malignant features present in the tumor
(nuclear atypia, mitoses, endothelial proliferation and
necrosis). The WHO classification, in combination with
clinical parameters such as age and Karnofsky Perform-
ance Status (KPS), guides treatment decisions and pro-
vides prognostic information for patients and clinicians.

Unravelling the causal genetic changes of diffuse gli-
omas has been the focus of extensive research in the past
decade [4-6] and it is now possible to classify diffuse gli-
omas based on their molecular characteristics [7—11]. For
example, IDHI mutations are frequent events in all grade
IT and III gliomas and in secondary glioblastomas (sGBM,
glioblastomas that progress from lower grade gliomas)
whereas primary GBMs (pGBM) are usually /DHwt and
frequently have genetic changes involving the EGFR locus,
PTEN deletions and TERT promoter mutations [4, 6, 12].
In addition, CIC, FUBPI, TERT promoter mutations and
1p/19q codeletion are observed more frequently in oligo-
dendrogliomas than in astrocytic tumors [13—15] whereas
ATRX and TPS53 mutations are seen more frequently in
grade II/IIT astrocytic tumors [16—18]. The importance of
this molecular information is widely acknowledged and
guidelines have been made to incorporate them in the
WHO classification of gliomas [19].

Although the genetic changes are used to classify diffuse
gliomas into distinct prognostic subtypes [9, 10, 16, 20-23],
a systematic analysis of all available molecular prognostic
markers has thusfar not been performed. In fact, most
classification schemes use only a few high frequent genes
or molecular markers. It is therefore possible that add-
itional and/or stronger prognostic markers are present
that can improve the molecular classification of diffuse
gliomas. Furthermore, while the prognostic molecular
markers may refine (or even replace) the histological clas-
sification of diffuse gliomas, there are thusfar no genetic
changes that can discriminate between grade II and III
tumors. This is remarkable as tumor grade is a strong
prognostic marker in diffuse gliomas [3] (although some
reports found little prognostic value for tumor grade
within defined glioma subtypes [24, 25]).

In this study we therefore have analyzed the publicly
available TCGA dataset in order to identify additional
prognostic molecular markers in diffuse gliomas. Since
diffuse gliomas can be classified solely based on molecu-
lar markers [9, 20], we also evaluated whether tumor
grade remains relevant after the molecular classification
and/or whether there are genetic markers that can
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distinguish between tumor grades in diffuse gliomas.
Our analysis confirms many of the currently used molecu-
lar classification schemes for diffuse gliomas: gliomas are
first separated based on IDH-mutation status and a fur-
ther stratification is based on ATRX/TP53 mutation status
or 1p19q codeletion. We show that PI3-kinase mutations
are associated with poor prognosis in molecular astrocyto-
mas (i.e. diffuse gliomas that are /DH-mutated and 1p19q
intact (or ATRX/TP53 mutated)) and that no other marker
investigated in this study appears to further refine this
molecular/prognostic classification of diffuse gliomas. Our
analysis also shows that, for most driver mutations investi-
gated here (IDH1/2, ATRX, TP53), tumor grade remains a
prognostic factor in diffuse gliomas with identical driver
mutations. This indicates that IDH-mutated glioblastomas
behave significantly more aggressive than IDH-mutated
grade III gliomas. Although no single molecular marker
was associated with tumor grade, we find that tumor
grade is correlated with the overall mutational load: grade
II gliomas harbour fewer genetic changes than grade III or
IV, even within defined molecular subtypes (e.g. ATRX
mutated gliomas). The increased mutational load may
partially explain the increased aggressiveness of higher
grade gliomas when a subset of the affected genes ac-
tively contribute to gliomagenesis and/or progression.

Materials and methods
For this study, we have used publicly available data from
the TCGA, both lower grade glioma and glioblastoma
datasets. Data include mutation status, copy number
variations and clinical data, only cases with complete
data were included in current analysis (n = 542). All data
analysis were based on overall survival (OS). Survival
data for patients that are listed as <30 days were omitted
from the survival analysis; the cause of death for such
patients may not be tumor-related (but e.g. related to
complications occurring after surgery). EGFR amplifica-
tion status and CDKN2A deletions data were down-
loaded from the cbioportal site [26]. Although such data
could be extracted from the copynumber data (see
below), we used cBioportal data to ensure identical
thresholds were used to define amplification and allelic
loss. All mutation data were filtered for those that result
in a change in the primary amino acid sequence. We
focussed on all genes that are mutated in more than ten
samples of the entire study population We also included
the copy number alterations 1p19q codeletion (loss of
heterozygosity (LOH) of the 1p and 19q chromosome
arms) and trisomy of chromosome 7 and LOH of
chromosome 10 (alt 7/10). Combined, we analysed 128
genetic alterations in 542 samples.

Genome wide SNP 6 Copynumber data was down-
loaded from the TCGA dataportal. This data gives a
value per chromosomal region (segment) where values
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deviating from O likely correspond to regions with
chromosomal losses (<0) or gains (>0). From the segment
values, we calculated the average an entire chromosome/
chromosomal arm and defined 1p19q codeletion as aver-
ages over both arms -0.3 or less. When values were dis-
concordant between 1p and 19q or values were between 0
and -0.3 (which can occur in tumors with a high content
of non-neoplastic tissue), we determined 1p19q codeletion
based on visualization of the copynumber plot. This
visualization was performed blinded to the patient out-
come. Alt 7/10 was determined by a value of 0.3 or higher
for chromosome 7 and a value of —0.3 or lower for
chromosome 10. When values were either discordant
between chromosome 7 and 10, or were between 0 and
0.3 for chromosome 7 and/or between 0 and -0.3 for
chromosome 10, we determined alt 7/10 based on
visualization of the copynumber plot (blinded to patient
outcome). Because IDHI and IDH2 mutations are mu-
tually exclusive and play an identical role in tumor
pathogenesis, we have combined mutation data into an
additional single IDH-mutations variable. Similarly, we
combined EGFR-mutations and EGFR gene amplifica-
tions into a single additional EGFR-alteration variable.
As PIK3CA and PIK3R1 are highly related (and mutu-
ally exclusive) genes within the same PI3-kinase path-
way, we also combined mutation data into an additional
single PI3-kinase mutations variable.

To validate the prognostic value of identified genes,
we performed survival analysis on two additional data-
sets containing mutation and survival data [6, 17]. Haz-
ard ratios (HR) and survival differences were calculated
using a cox proportional hazard model in R (survival
CRAN package), unless specifically indicated otherwise.
Differences in mutation frequencies were calculated
using an ANOVA (3 groups) or 7-Test (2 groups). Bon-
ferroni correction was done by using a P value cutoff of
0.0004 (0.05 divided by the total number of calculations
(128 genes and copy number changes)). Chi square tests
were performed using an online calculator (www.
quantpsy.org/chisq/chisq.htm), Graphpad Prism (version
5.00) was used to perform log-rank tests.

Because a large number of genes were tested to de-
termine association with survival, we corrected for
multiple testing by estimating the false positive rate.
This was done by an in-silico analysis in which a set of
100 genes were randomly mutated across 542 samples
(at a population frequency between 2.5-10 %) and we
then calculated how many of those were associated
with survival using the Cox proportional hazards
method. These false positive estimations were made
using three different population mutation frequencies
(2.5 %, 5 % and 10 %) and was done 50 times for each
population mutation frequency. In such analysis, we
identified between 1-12 genes that were significantly
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associated with outcome. For all calculations, P < 0.05
was considered statistically significant.

Results

Prognostic classification of diffuse gliomas

We analyzed the combined GBM and LGG (low grade
glioma) datasets from the TCGA (n =542 samples) and
identified 128 genes that are mutated (non-silent muta-
tions only) in ten or more samples, consistent with a
population frequency >1.7 % (i.e. 10/542=1.8 %). Of
these, 57 genes were significantly associated with sur-
vival and the list included the well-known favourable
prognostic markers IDH1/2, 1pl9q codeletion, CIC,
FUBPI1 and NOTCHI1. Poor prognostic markers included
genetic changes in the EGFR locus, PTEN-mutations
and alt 7/10 (Additional file 1 Table S1). IDHI or IDH2-
mutations (collectively referred to in our analysis as
IDH-mutations unless specifically stated) were associated
with the lowest HR (0.10 95 % confidence interval (CI):
0.07-0.14, P <0.0001). Because our aim was to generate
a prognostic classification scheme for diffuse gliomas
based on molecular aberrations, the gene with lowest
HR (i.e. IDH-mutations) provided our first molecular
prognostic separator for diffuse gliomas.

Genes associated with prognosis in IDH-wt gliomas

We then screened for prognostic markers separately
within IDH- wildtype (wt) and IDH-mutated gliomas.
Within the subset of IDH-wt gliomas, we identified 4
genes that, when mutated, were significantly associated
with prognosis (Additional file 1: Table S2). However, a
relatively large number of tests were performed to iden-
tify these genes. To correct for multiple testing, we per-
formed similar analysis on a set of 100 genes that were
randomly mutated across the TCGA dataset at a popula-
tion mutation frequency of 2.5 %, 5 % and 10 %. In such
analysis, we identified between 1-12 genes that were sig-
nificantly associated with outcome. Identification of 4/
128 genes associated with survival in IDH wt gliomas is
therefore within the range of the false positive frequency
(1-12 %). By analogy, after Bonferroni correction only
one gene (SLC6A3) remained significant.

As independent validation is warranted, we screened
two additional datasets to confirm the prognostic value
of these four genes in IDH-wt tumors [6, 17]. Clincal
and mutation data are listed in Additional file 1: Tables
S3 and S4. In a dataset of anaplastic astrocytomas, muta-
tions in two of these four genes (PKHD1 and MUCI6)
were identified and in a set of GBMs, mutations in three
genes (MUCI16, F5 and PKHDI) were identified. Unfor-
tunately, the mutation frequency of individual genes was
too low to allow for a statistical comparison, and a com-
bined analysis of mutated genes does not show a differ-
ence between wt and mutated samples within one
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dataset. However, when combining survival of both data-
sets, mutations in any of these genes is associated with
poor prognosis (median survival of 0.88 v. 1.33 years for
mutated and wt samples respectively, P =0.018 HR 3.81,
95 % CI 1.26-11.5). However, because numbers are
small, caution should be taken when interpreting these
data as it remains possible that the four prognostic genes
identified in IDH-wt tumors were false positive candi-
dates and do not represent true prognostic genes.

IDH-wt diffuse gliomas are often further subdivided
into those with trisomy on chromosome 7 combined
with LOH of chromosome 10 (alt 7/10) and those with-
out (7/10 wt). It should be noted that, in the TCGA
dataset, alt 7/10 does not confer any prognostic informa-
tion in IDH-wt diffuse gliomas (Additional file 1 Table
S2). On the gene expression levels alt 7/10 GBMs correl-
ate with “classical” GBMs (or those assigned to 1GS-18);
7/10 wt tumors associate with other molecular subtypes
(mesenchymal/neural/proneural or 1GS-22/1GS-23) [27,
28]. We have therefore screened for prognostic molecular
features within the IDH-wt, alt 7/10 (‘molecular classical,
n = 214) and within the IDH-wt, 7/10 wt (‘molecular mes-
enchymal, n = 86) diffuse gliomas. Within molecular clas-
sical gliomas, 10 genes were significantly correlated with
survival (Additional file 1: Table S5) and 11 genes within
the molecular mesenchymal gliomas (Additional file 1:
Table S6). It is interesting to note that 7P53 mutations are
associated with a more favourable prognosis in the mo-
lecular classical gliomas and PIK3CA (or combined
PIK3CA and PIK3RI) mutations with poor prognosis in
the molecular mesenchymal gliomas. Unfortunately, we
were unable to validate these results due to an absence of
copy number data in the two validation datasets.

It should be noted that pilocytic astrocytomas (PAs,
brain tumors with favourable prognosis) may be present
among the IDH-wt tumors. However, detailed analysis
shows that only one of the samples included in this
study harboured a genetic profile consistent with PA
(TCGA-HT-7691; a diploid genome apart from a tandem
duplication on chromosome 7q34 involving the BRAF
locus), and the survival data for this patient is 0.1 months
(patient still alive). Omitting this patient from the analysis
will therefore not impact the survival data as presented.

PI3 kinase pathway mutations are associated with poor
survival in molecular astrocytomas

Within IDH-mutated diffuse gliomas, we identified 12/
128 genes associated with poor survival (Additional file
1: Table S7). Mutations in three and two genes of these
were also identified in validation datasets of anaplastic
astrocytomas and GBMs respectively [6, 17]. In both
datasets, there were too few samples to allow compari-
son. The absence of a true validation set indicates that
caution should be taken as it is possible that the twelve
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prognostic genes identified in IDH-mutant tumors were
false positive candidates and do not represent true prog-
nostic genes.

IDH-mutated diffuse gliomas are often further sub-
divided into molecular astrocytomas (i.e. those with
mutations in ATRX and/or TP53) and molecular
oligodendrogliomas (ie. those with 1p19q codeletion)
[16, 23]. It should be noted that these genetic changes by
themselves did not reach statistical significance in IDH-
mutated tumors of the TCGA. This is likely due to the
large number of patients alive at time of analysis (205 pa-
tients alive out of the 243 IDH-mutant glioma patients).
We therefore separated IDH-mutated samples into those
with TP53 or ATRX mutations (# = 151) and those with
1p19q codeletion (1 = 74). Seventeen samples had neither
genetic change and five samples had both.

>

P13 kinase-mutant
= PI3 kinase-wt

Percent survival

.
survival (years)

1007+*

80+ P13 kinase-mutant

- PI3 kinase-wt
601

401

201

Percent survival

P=0.0046
0 5 10 15 20
survival (years)
Fig. 1 PI3-kinase mutations are prognostic in molecular astrocytomas
(diffuse gliomas with ATRX and/or TP53 mutations). a Data from TCGA
samples (test cohort). Histology and grade of samples presented are
listed in Additional file 1: Table S11; b Data from two validation cohorts
(combined) from astrocytomas [17] and glioblastomas [6]. In both
figures, only samples with an IDH mutation and TP53 or ATRX were
selected. In these molecular astrocytomas, PI3 kinase mutations are
prognostic for overall survival. P values indicated are calculated using
the Log-rank test. Number of samples analysed are N = 144 (PIK3 wt)
and N =13 (PIK3 mutant) for the TCGA cohort and N = 22 (PIK3 wt) and
N =12 (PIK3 mutant) for the validation cohort
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Table 1 tumor grade is inversely correlated with patient survival within histological subtypes of diffuse glioma

Grade Il survival (y) Grade Il survival (y) HR 95 % Cl P
Astrocytoma 52 3.7 0.27 0.06-1.16 0.078
Oligodendroglioma 79 52 049 0.2-1.2 0.12
Oligoastrocytoma 53 6.3 0.26 0.08-0.84 0.024

Survival: median overall survival in years. HR calculated using Cox univariate analysis. HR was calculated grade Il vs grade IIl

Within molecular oligodendrogliomas we identified 1
out of 128 genes associated with survival (Additional file
1: Table S8). Unfortunately, there are no external data-
sets to validate this finding.

Within molecular astrocytomas, we identified 8 genes
associated with survival (Additional file 1: Table S9).
PIK3CA was one of the genes identified. Interestingly, a
similar trend was observed in a highly related gene,
PIK3R1, HR 245 P=0.075 95 % CI 091 — 6.56. As
PIK3CA and PIK3RI are highly related (and mutually
exclusive) genes within the same PI3-kinase pathway, we
combined mutation data into an additional single PI3-
kinase mutations variable. The median survival in mo-
lecular astrocytomas with PI3-kinase mutations was
3.7 years v. 6.3 years for PI3-kinase wt molecular astro-
cytomas (P =0.02, HR 2.93, 95 % CI 1.16 — 7.38, Fig. 1a).
Individual PI3-kinase mutations are listed in Additional
file 1: Table S10. PIK3CA mutations are missense muta-
tions or in-frame deletions and often affect the known
hotspots of the protein (E542, E545 or the C-terminal
domain, see [29]). PIK3R1 mutations are more heteroge-
neous (in-frame deletions, nonsense, frame-shifts, splice
site or missence) not confined to specific hotspots.

To validate the prognostic value of identified genes,
we screened an anaplastic astrocytomas dataset and de-
termined survival within defined molecular subtypes of
diffuse glioma [17]. Within the /DH-mutated and TP53
or ATRX mutated tumors, mutations in four genes out
of the 15 identified in the TCGA dataset (PIK3RI,
PKHDI, NEBI1, and NOTCH?2) were identified. Of these,

tumors with PIK3RI mutations (n =4) had poorer prog-
nosis than PIK3R1 wt tumors (# =20), median survival
2.4 and 5.4 years respectively (Additional file 2: Figure
Sla). We next downloaded mutation data of a cohort of
GBMs [6]. Also in this dataset, we observed a similar
poor prognostic trend for PIK3R1 mutations in IDH-
mutated and TP53 or ATRX mutated GBMs: Tumors
with PIK3RI mutations (n=2) had poorer prognosis
than PIK3R1 wt tumors (n = 2), median survival 1.4 and
5.5 years respectively (Additional file 2: Figure S1b). Al-
though significance was not reached in either of these
datasets (perhaps due to the small sample size), a pure
molecular classification allows combining both datasets.
When this is performed, a median survival of 1.9 v
5.4 years was observed for PIK3RI mut and PIK3RI wt tu-
mors respectively, HR 17.0, 95 % CI (2.40-121), P = 0.0046
(Fig. 1). The fact that PI3-kinase mutations showed similar
trends in prognosis in three independent datasets, strongly
suggests they are prognostic markers for molecular
astrocytomas.

Tumor grade remains prognostic in molecular diffuse
glioma subtypes and is associated with mutational load
of the tumor

Apart from the pure molecular analysis described above,
several clinical and histological parameters are also asso-
ciated with survival. For example, tumor grade is in-
versely correlated with patient survival within the
defined histological subtypes of diffuse glioma [3]; a

Table 2 Frequency of genetic changes listed per histological subtype and grade

Low grade Molecular Oligodendroglioma Molecular Astrocytoma Molecular glioblastoma

IDH1/IDH2 CIC/FUBP1 LOH 1p19g ATRX TP53 EGFR alterations PTEN alt 7/10 NF1 N
oDl 95 48 51 28 28 0 2 3 2 65
oD il 82 49 60 18 27 7 2 7 7 45
All 83 0 0 67 73 0 0 0 0 30
Alll 62 1 1 41 65 26 13 26 15 68
OA Il 95 14 21 69 74 0 0 2 5 42
OA Il 74 10 13 48 58 16 6 16 3 31
GBM 5 0 0 5 30 55 31 71 10 261
N 228 64 74 131 222 170 93 214 44 542

The numbers in the table are percentages of the number of samples mutated (i.e. population frequencies) except the columns listed as N where absolute numbers

are given.
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Table 3 Tumor grade is inversely correlated with survival within molecular subtypes of diffuse glioma

Grade Il Grade Il Grade IV
Genes OS (y) n OS (y) n OS (y) n P Pl vs Il
IDH + CIC/FUBPT/LOH 1p19qg "not reached" 47 52 34 1 0.040 0.04
IDH + ATRX/TP53 7.3 73 52 70 2.8 13 0.0029 0.069
EGFR/PTEN/ alt 7/10 1.9 3 1.5 32 12 211 0.13 05
NF1 2.1 3 1.9 14 1 27 0.034 NA

IDH + CIC/FUBP1/LOH 1p19q refers to mutations in IDH plus any of the subsequent genes, similar for IDH + ATRX/TP53. Statistical tests were performed using a
Chi-square test. OS refers to median overall survival in years. Frequency comparisons were done between grade Il lll and IV. Exceptions were made for genes with
too few/no data in one of the grades (e.g. there are no grade IV tumors with 1p19q codeletion). Therefore, the P value for NF1 is based on comparison between
grade Ill and IV and the P value for IDH + CIC/FUBP1/LOH 1p19q is based on a comparison between grade Il and IlI

correlation that was also present in the TCGA dataset.
(Table 1, Additional file 2: Figure S2).

As detailed above, an alternative method for histo-
logical classification is to classify gliomas based on
their genetic aberrations. Within defined molecular
subtypes (i.e. all tumors that harbour mutations in one
of the lineage specific genes IDH, CIC, FUBP1, ATRX,
TP53, PTEN, EGFR, 1p19q codeletion or alt 7/10, fre-
quency listed in Table 2) tumor grade often remained
inversely correlated with survival (Additional file 2:
Figure S3, Table 3). For example, there were 151 IDH
+ ATRX/TP53-mutated gliomas in the TCGA diffuse
glioma datasets of which 73 were of grade II, 65 of
grade III and 13 of grade IV (GBM) and median sur-
vival was 7.3, 5.2 and 2.8 years (P=0.0024). Similar
trends were observed for most other single molecular
changes (i.e. selecting samples only on one genetic
change, regardless of other molecular changes present).
Importantly, tumor grade was a prognostic factor for
each of the molecular subtypes identified above: i)
IDH-wt gliomas; ii) IDH and TP53 and/or ATRX-mutated
gliomas and; iii) IDH and 1p19q codeleted gliomas
(Fig. 2).

Because tumor grade was associated with patient sur-
vival, we further analysed the TCGA dataset to identify
the molecular correlates of tumor grade. When screen-
ing for mutations that occur at different frequencies be-
tween grade II and III diffuse gliomas, the only genes
identified were the lineage specific genetic changes
(IDH, CIC, 1p19q co-deletion, ATRX, EGFR, and alt 7/10).
These genes are listed in Table 2 and such a higher rate
(where the frequency of mutations in grade II > grade III)
has been observed in other studies [30, 31] (although
other studies did not find such a difference [14]). Perhaps
the most striking difference between tumors of different
grade however was the total number of genetic changes
(the mutational load). For example, the average number of
non-silent (i.e. those that result in a change in the primary
protein sequence) genetic changes in grade II astrocyto-
mas was 18.8 +13.1 (n=30), in grade III astrocytomas it
was 36.8+47.6 (n=68), P=0.0050 (Table 4). This in-
crease in ‘mutational load” was also observed within mo-
lecular subtypes of diffuse glioma and is listed in Table 5.
For example, the mutational load of ATRX mutated gli-
omas increased from 21.6 + 10.3 and 26.0 £+ 11.2 to 65.4 +

survival (years)

IDH-wt IDH-mut + ATRX/TP53 mut IDH-mut + 1p/19q codeletion
100 1004 100
© © ©
S so S 3o S 80
s Grade |l S S
g 4
3 607 - Grade lll 3 601 3 60
e -~ Grade IV 2 2
o 404 o 404 o 404
o o o
S S £
& 201 & 201 & 204
N Mt P=0.0325 P=0.0034 P=0.032
0 5 10 15 "o 5 10 15 20 o 5 10 15 20

survival (years)

survival (years)

Fig. 2 Survival in prognostic molecular subtypes of diffuse glioma stratified by tumor grade. Different subtypes are indicated above each graph.
As can be seen, within defined molecular subtypes, tumor grade remains a prognostic factor. Number of samples (grade I, lll and V) for each
graph: 10, 42 and 248 (IDH-wt); 73, 65 and 13 (IDH-mut, ATRX/TP53 mut); 42, 32 and 0 (IDH-mut, 1p19q codeleted). 17 samples were IDH-mut but
had neither ATRX/TP53 mutations nor 1p19q codeletion. P values indicated are calculated using the Log-rank test; other test for significance show
for IDH-wt tumors a P=0.0092 and for IDH-mut, ATRX/TP53 mut tumors a P =0.0034 (both logrank test for trend); for IDH-mut, 1p19q codeleted)
a P=0.28 (Gehan Breslow Wilcoxon test). Log rank P values for grade Il v. Il are 043 and 0.063 for IDH-wt and IDH-mut, ATRX/TP53 mut
tumors respectively
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Table 4 Tumor grade is correlated with mutational load within histological subtypes of diffuse glioma

Grade Il Grade Il Grade IV P
Oligodendroglioma 21.8+10.3 (65) 281+ 135 (45) 0.011
Astrocytoma 188+13.1 (30) 36.8+47.6 (68) 0.0050
Oligoastrocytoma 20+9 (42) 293+143 (31) 0.0025

GBM

5734199 (261)

Values are listed as the average number of non-silent mutations +/— SD (number of tumors analyzed. P values were calculated using an anova

40.1 mutations per sample (P<0.0001) for grade II, III
and IV gliomas respectively.

The mutational load is associated with patient age
Because age is a well-known prognostic factor in diffuse
glioma patients, we included age in the analysis. Similar
to previously reported [1, 32, 33], grade II tumors occur
in patients that were younger than those with grade III
or grade IV tumors, 39.6 + 12.5 (n=137), 45.6 £ 13.5 (n
=144) and 61.3 £13.0 (n = 261) years respectively (aver-
age + standard deviation (SD), P<0.0001 for any com-
parison, ANOVA). As patient age and tumor grade were
correlated, and tumor grade was correlated to the muta-
tional load, it is not surprizing that age was also corre-
lated with the mutational load of the tumor (Fig. 3). This
correlation was observed not only in the entire dataset
but also within histologically and molecularly defined
subtypes (Tables 5 and 6). Indeed, when analysing the
type of mutations that occur in the TCGA dataset, a
large proportion (2962/9281, 32 %) of all mutations were
C>T transitions in the sequence xCG (where x repre-
sents any nucleotide). Only 4/96 possible combinations
would lead to this specific mutation, and this type of sig-
nature has been identified as an age related mutation
signature [34].

Univariate analysis confirmed that histology (oligoas-
trocytoma vs. oligodendroglioma: P =0.41 HR 1.33 95 %
CI 0.68-2.61; astrocytoma vs. oligodendroglioma: P =

0.0029 HR 2.52 95 % CI 1.37-4.63; GBM vs oligodendro-
glioma: P =<0.0001 HR 10.6 95 % CI 6.47-17.3), tumor
grade (grade III vs. II: P=0.0001, HR 3.14 95%CI 1.76-
5.60; grade IV vs. II: P<0.0001, HR 14.4 95%CI 8.48-
24.5), the number of mutations (P < 0.00001, HR 4.52,
95%CI 3.42 — 5.97) and patient age (P<0.00001, HR
5.51, 95%CI 4.03 — 7.54) were associated with patient
overall survival. In a multivariate analysis, the number of
mutations remained a significant prognostic factor when
including histology and tumor grade in the analysis.
However, when the multivariate analysis also included
patient age, the number of mutations was no longer a
significant prognostic marker (Table 7). Similar results
were obtained when performing multivariate analysis
within defined molecular subtypes (mutations in IDH,
CIC or FUBPI, TP53, EGFR, PTEN, NFI or trisomy of
Chr7 combined with LOH of Chr 10 or 1p19q codele-
tion), data not shown. Therefore, patient age appears to
be stronger associated with patient survival than muta-
tional load.

Discussion and conclusions

In this study, we have aimed to identify genetic changes
associated with patient prognosis within defined histo-
logical and molecular subtypes of diffuse glioma by ana-
lysing the TCGA glioma datasets. Our analysis shows
that diffuse gliomas are first classified based on their IDH-
mutation status. Further stratification into molecular

Table 5 Tumor grade is correlated with mutational load within molecular subtypes of diffuse glioma

Grade Il Grade Il Grade IV P PAv Il
Overall 206+ 106 (137) 324 +343 (144) 573+199 (261) <0.0001
IDH1/IDH2 21.1+£10.1 (127) 26.7+12.1 (102) 524221 (13) <0.0001 0.00023
CIC/FUBP1 2194103 (37) 28+10.7 (26) 0.030
LOH 1p19g 21.7+10.1 (42) 282+102 (32) 0.0081
ATRX 216+103 (67) 26+ 112 (51) 654 +40.1 (14) <0.0001 0.034
TP53 214+102 (71) 33+£46.1 (74) 60.5 £ 23 (78) <0.0001 0.038
EGFR 4194127 (15) 60.3 + 16.6 (69) <0.0001
PTEN 428+108(12) 62.7 £21.3 (80) <0.0001
alt 7/10 24+£106 (3) 43.5+10.1 (26) 596+ 16.7 (185) <0.0001
NF1 12+72(3) 576+ 1016 (14) 56.6+ 15.5 (27) 0.97

Values are listed as the average number of non-silent mutations +/— SD (number of tumors analyzed). Alt 7/10: Trisomy chromosome 7 and LOH of chromosome
10. P values were calculated using an anova. P Il v. lll indicates significance of grade Il v. grade Ill tumors based on a T-test. Total number of cases analysed = 542
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Fig. 3 Correlation between patient age and mutational load in diffuse gliomas. The number of non-silent genetic changes increases with patient

age. This increase is irrespective of histological subtype (not shown) or tumor grade. Two samples (out of the 542 analyzed) with a high mutational
load fall outside the y-axis limit in this figure: a grade Ill astrocytoma, age 47, mutational load 408 and a GBM, age 45, mutational load 181

oligodendrogliomas and molecular astrocytomas involves
determining the ATRX and/or TP53 mutation status or
determining 1p19q codeletion (these changes are mutually
exclusive). Within molecular astrocytomas, mutations in
PI3 kinase genes PIK3CA and PIK3RI are likely to be as-
sociated with poor prognosis. Additional prognostic fac-
tors include tumor grade and patient age, both of which
are correlated to the mutational load of the tumor. A
scheme for the prognostic classification is proposed in
Fig. 4.

A novel prognostic marker identified by current ana-
lysis are PI3 kinase mutations. Such mutations are fre-
quently observed in various cancer types including
diffuse gliomas [29, 35]. They act as lipid kinase down-
stream of various receptor tyrosine kinases, ultimately
resulting in activation of signalling cascades involved in

cell growth and proliferation, survival and migration
[36]. It has been speculated that, as PI3 kinase mutations
are frequently observed in diffuse gliomas, specific inhib-
itors may provide clinical benefit for PI3 kinase mutated
diffuse glioma patients [37]. Here we show that PI3 kin-
ase mutations also act as prognostic markers for mo-
lecular astrocytoma patients, providing the first evidence
to demonstrate they are associated with poor outcome
within a defined glioma subtype.

Our analysis also shows that grade is associated with
mutational load of the tumor. This is an interesting ob-
servation as the mutational load may provide a bio-
logical explanation for tumor grade. Even if only a
subset of the affected genes contributes to gliomagenesis
and/or progression, an increase in mutational load
would increase tumor aggressiveness. Indeed, several

Table 6 Tumor grade is correlated with patient age within molecular subtypes of diffuse glioma

Grade |l Grade Il Grade IV P PAv Il
Overall 396+125(137) 456135 (144) 61.3+13 (261) <0.0001
IDH1/IDH2 396+123 (127) 42+12.1 (102) 396+15.7(13) 032 0.14
CIC/FUBP1 4234134 (37) 48+10.8 (26) 0.065 0.065
LOH 1p19g 42+124 (42) 494+£118 (32 0.012 0.012
ATRX 374+119 (67) 381+113(51) 416£172 (14) 0.30 0.74
TP53 372+118 (71) 399+ 11.7 (74) 592+ 155 (78) <0.0001 0.18
EGFR 61.7+75(15) 61.2+11.7 (69) 0.84
PTEN 56.8+10.5 (12) 62.8+11.9 (80) 0.092
alt 7/10 49.7+83 (3) 594 +6.38 (26) 62.8+10.8 (185) 0.015
NF1 51+£184 (3) 437127 (14) 644+ 132 (27) 0.00050

Values are listed as the mean patient age +/— standard deviation (number of tumors analysed). P values were calculated using an anova. P Il v. Il indicates
significance of grade Il v. grade Ill tumors based on a T-test. Total number of cases analysed = 542
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Table 7 multivariate Cox analysis of prognostic markers for
overall survival in diffuse glioma patients

HR  Pvalue 95%Cl

Histology 1.00

Oligoastrocytoma vs. oligodendroglioma  1.53  0.22 0.78-3.02

Astrocytoma vs. oligodendroglioma 219 0015 1.17-4.11
Grade 1.00

s 1l 246 0.0040 133-4.54

IV vs. I 641 <00001 2.11-457
Age 1.00

> 50 vs. <50 3.10 <0.0001 211-457
Mutational load 1.00

>40 vs. < 40 069 0.066 047-1.03

A total of 542 samples were analyzed for this table. HR: Hazard Rate; Cl:
Confidence interval. Grade levels were 2, 3 and 4. Three histology levels were
used (oligodendroglioma, oligoastrocytoma and astrocytoma), GBMs were
categorized as astrocytomas

Glioma

TP53/ATRX
(PI3KinaseJ [PI?;Kinase] [1 19 ]
mutant wt P1-q

[ Grade IV I

[age

Fig. 4 Proposed scheme for the prognostic classification of diffuse
gliomas. Diffuse gliomas are first stratified based on their IDH-
mutation status. Further classification is based on the ATRX and/or
TP53 mutation status or determining 1p19q codeletion (these
changes are mutually exclusive). Within the ATRX and/or TP53
mutated samples, mutations in PI3 kinase genes PIK3CA and PIK3R1
are associated with poor prognosis. It should be noted that there
are genetic changes that associate with each molecular subtype (like
EGFR amplification with IDH-wt tumors). They are however, not
important for prognostic classification and may occur in several
molecular subtypes. For example, PI3K mutations occur in all
molecular subtypes but are only significantly prognostic in IDH-
mutated, TP53/ATRX mutated diffuse gliomas). Additional prognostic
factors include tumor grade and patient age, both of which are
correlated to the mutational load of the tumor and are listed below
the classification scheme. These additional markers are often
correlated to the mutational profile of the tumors: Patients with IDH-
wt tumors are often older and most are diagnosed as grade V.
ATRX/TP53 indicates mutation of either/both genes; 1p19q indicates
codeletion of these chromosomal arms

Grade Il 1 Grade Il

Page 9 of 11

studies on genes mutated at a low population frequency
(‘low frequency genes’) have demonstrated that they can
contribute to tumor formation or progression [38—43].
In a larger study, we have shown that many (but not all)
mutations in low frequency genes affect their functional
property [44]. In addition, mouse experiments have
demonstrated that the age of the cells in which a glioma
is generated largely determines their survival and not
the age of the mouse into which the tumor is trans-
planted. These data argue for an intrinsic (age-related)
property of the tumor initiating cell, perhaps mutational
load [45]. Interestingly however, in a multivariate analysis,
the mutational load is no longer a significant prognostic
marker when patient age is included. The mutational load
therefore cannot fully explain the increased aggressiveness
of tumors of higher grade.

Our analysis also indicates that each malignancy grade
is associated with a different prognosis within molecu-
larly similar tumors. These results appear to be in con-
trast with a recent publication that failed to identify
differences in survival between grade II and III /DH-
mutant astrocytic tumors [24]. Similarly, a second
paper found only a modest impact of tumor grade in
IDH-mutated grade II and III gliomas [25]. However,
our analysis included all tumor grades (II-IV) whereas
those studies focussed only on grade II and III. In
addition, our analysis did not preselect for a specific
histological subtype.

It is often reported that IDHI mutated GBMs have a bet-
ter prognosis than IDHI-wt gliomas [6, 12]. The analysis
presented here (using TCGA data) also shows that IDH1
mutated grade IV tumors have a poorer prognosis than
IDHI-mutated lower grade gliomas, which has also been
observed in other studies. For example, /DHI mutated
GBMs have a survival in the range of 24-30 months
whereas IDH1 mutated grade III astrocytic tumours, me-
dian survival is significantly longer surpassing 50-60
months [7, 12] and similarly, IDHI-wt GBMs have median
survival of 11-15 months whereas IDHI-wt grade III astro-
cytic tumours have a median survival in the range of
21 months [12]. Here we show that the correlation between
grade and prognosis is also true for other molecularly simi-
lar tumors. These data therefore argue for inclusion of
tumor grade as prognostic factor when molecularly classi-
tying diffuse gliomas and indicate that molecularly similar
tumors of different grade should not be treated identical.

Additional files

Additional file 1: Table S1. Genetic changes associated with survival in
the entire TCGA (GBM and LGG) datasets. Table S2. Genetic changes
associated with survival in IDH-wt gliomas. Table S3. Validation data from
Parsons et al. Table S4. Validation data from Killela et al. Table S5.
Genetic changes associated with survival in IDH-wt, alt 7/10. Table S6.



dx.doi.org/10.1186/s40478-015-0265-4

Draaisma et al. Acta Neuropathologica Communications (2015) 3:88

Genetic changes associated with survival in IDH-wt, 7/10 wt. Table S7.
Genetic changes associated with survival in IDH-mutant gliomas. Table S8.

Genetic changes associated with survival in IDH and 1p19q. Table S9.
Genetic changes associated with survival in IDH and TP53/ATRX mutated
gliomas. Table S10. Table S11. Histological subtypes in molecular
astrocytomas stratified by PI3-kinase mutations. (XLSX 145 kb)

Additional file 2: Figure S1. P/3-kinase mutations are prognostic for
survival in independent datasets. Figure S2. Survival in histological
subtypes of glioma stratified by tumor grade of samples included in the
TCGA dataset. Figure S3. Overall survival in distinct molecular subtypes
of glioma stratified by tumor grade of samples included in the TCGA
dataset. (DOCX 452 kb)

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

KD, MW, BW, YG, MS, PF analyzed the data. PR, MvdB and PF supervised the
project. Writing of the manuscript: All authors read and approved thefinal
manuscript.

Acknowledgements
This work was supported by Stichting Stophersentumoren.nl (YG, BW),
Télévie (KD) and Erasmus MC grants.

Author details

1Department of Neurology, Erasmus MC, Room Be 430A, POBox 2040, 3000
CA Rotterdam, The Netherlands. 2Departmem of Medical Oncology, Erasmus
MC, Rotterdam, The Netherlands. *Department of Neurosurgery, UMC

Utrecht, Utrecht, Netherlands. *“Department of Human Genetics, University of

Liege, Liége, Belgium.

Received: 15 October 2015 Accepted: 5 December 2015
Published online: 23 December 2015

References

1.

Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y, Dowling J, et al. CBTRUS
statistical report: primary brain and central nervous system tumors
diagnosed in the United States in 2007-2011. Neuro Oncol. 2014;16 Suppl
4iv1-63.

Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M. Epidemiology and
molecular pathology of glioma. Nat Clin Pract Neurol. 2006,2:494-503. quiz
1 p following 16.

Louis DN, Ohgaki H, Wiestler OD, Cavenee WK. WHO Classification of
Tumours of the Central Nervous System. 4th ed. Lyon: World Health
Organization; 2007.

Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama SR,
et al. The somatic genomic landscape of glioblastoma. Cell. 2013;155:462-77.
Suzuki H, Aoki K, Chiba K, Sato Y, Shiozawa Y, Shiraishi Y, et al. Mutational
landscape and clonal architecture in grade Il and Il gliomas. Nat Genet.
2015; 47:458-68.

Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ, Angenendt P, et al. An
integrated genomic analysis of human glioblastoma multiforme. Science.
2008;321:1807-12.

Weller M, Weber RG, Willscher E, Riehmer V, Hentschel B, Kreuz M, et al.
Molecular classification of diffuse cerebral WHO grade II/Ill gliomas using
genome- and transcriptome-wide profiling improves stratification of
prognostically distinct patient groups. Acta Neuropathol. 2015;129:679-93.
Siegal T. Clinical impact of molecular biomarkers in gliomas. J Clin Neurosci.
2015;22:437-44.

Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, Decker PA, Sicotte
H, et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter
Mutations in Tumors. N Engl J Med. 2015;372:2499-508.

Cancer Genome Atlas Research N, Brat DJ, Verhaak RG, Aldape KD, Yung
WK; Salama SR, et al. Comprehensive, Integrative Genomic Analysis of
Diffuse Lower-Grade Gliomas. N Engl J Med. 2015;372:2481-98.

Reuss DE, Sahm F, Schrimpf D, Wiestler B, Capper D, Koelsche C, et al. ATRX
and IDH1-R132H immunohistochemistry with subsequent copy number
analysis and IDH sequencing as a basis for an "integrated" diagnostic

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

Page 10 of 11

approach for adult astrocytoma, oligodendroglioma and glioblastoma. Acta
Neuropathol. 2015;129:133-46.

Kloosterhof NK, Bralten LB, Dubbink HJ, French PJ, van den Bent MJ.
Isocitrate dehydrogenase-1 mutations: a fundamentally new understanding
of diffuse glioma? Lancet Oncol. 2011;12:83-91.

Bettegowda C, Agrawal N, Jiao Y, Sausen M, Wood LD, Hruban RH, et al.
Mutations in CIC and FUBP1 Contribute to Human Oligodendroglioma.
Science 2011,333(6048):1453-5.

Jiao Y, Killela PJ, Reitman ZJ, Rasheed AB, Heaphy CM, de Wilde RF, et al.
Frequent ATRX, CIC, and FUBP1 mutations refine the classification of
malignant gliomas. Oncotarget. 2012,3:709-22.

Cairncross JG, Ueki K, Zlatescu MC, Lisle DK, Finkelstein DM, Hammond RR, et al.
Specific genetic predictors of chemotherapeutic response and survival in
patients with anaplastic oligodendrogliomas. J Natl Cancer Inst. 1998,90:1473-9.
Wiestler B, Capper D, Holland-Letz T, Korshunov A, von Deimling A, Pfister
SM, et al. ATRX loss refines the classification of anaplastic gliomas and
identifies a subgroup of IDH mutant astrocytic tumors with better
prognosis. Acta Neuropathol. 2013;126:443-51.

Killela PJ, Pirozzi CJ, Reitman ZJ, Jones S, Rasheed BA, Lipp E, et al. The
genetic landscape of anaplastic astrocytoma. Oncotarget. 2014;5:1452-7.
Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal N, Diaz Jr LA, et al.
TERT promoter mutations occur frequently in gliomas and a subset of
tumors derived from cells with low rates of self-renewal. Proc Natl Acad Sci
U S A 2013;110:6021-6.

Louis DN, Perry A, Burger P, Ellison DW, Reifenberger G, von Deimling A,
et al. International Society Of Neuropathology—-Haarlem consensus
guidelines for nervous system tumor classification and grading. Brain Pathol.
2014,24:429-35.

Killela PJ, Pirozzi CJ, Healy P, Reitman ZJ, Lipp E, Rasheed BA, et al.
Mutations in IDHT, IDH2, and in the TERT promoter define clinically distinct
subgroups of adult malignant gliomas. Oncotarget. 2014;5:1515-25.

Jiao Y, Killela PJ, Reitman ZJ, Rasheed AB, Heaphy CM, de Wilde RF, et al.
Frequent ATRX, CIC, FUBP1 and IDHT mutations refine the classification of
malignant gliomas. Oncotarget. 2012,3:709-22.

Kros JM, Huizer K, Hernandez-Lain A, Marucci G, Michotte A, Pollo B, et al.
Evidence-Based Diagnostic Algorithm for Glioma: Analysis of the Results of
Pathology Panel Review and Molecular Parameters of EORTC 26951 and
26882 Trials. J Clin Oncol. 2015;33:1943-50.

Dubbink HJ, Atmodimedjo PN, Kros JM, French PJ, Sanson M, Idbaih A, et al.
Molecular classification of anaplastic oligodendroglioma using next-
generation sequencing: a report of the prospective randomized EORTC
Brain Tumor Group 26951 phase Il trial. Neuro Oncol 2015

Reuss DE, Mamatjan Y, Schrimpf D, Capper D, Hovestadt V, Kratz A, et al.
IDH mutant diffuse and anaplastic astrocytomas have similar age at
presentation and little difference in survival: a grading problem for WHO.
Acta Neuropathol. 2015;129:867-73.

Olar A, Wani KM, Alfaro-Munoz KD, Heathcock LE, van Thuijl HF, Gilbert MR,

et al. IDH mutation status and role of WHO grade and mitotic index in overall
survival in grade [I-1l diffuse gliomas. Acta Neuropathol. 2015;129:585-96.
Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. 2012,2:401-4.

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al.
Integrated genomic analysis identifies clinically relevant subtypes of
glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and
NF1. Cancer Cell. 2010;17:98-110.

Gravendeel LA, Kouwenhoven MC, Gevaert O, de Rooi JJ, Stubbs AP, Duijm
JE, et al. Intrinsic gene expression profiles of gliomas are a better predictor
of survival than histology. Cancer Res. 2009;69:9065-72.

Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, Szabo S, et al. High
frequency of mutations of the PIK3CA gene in human cancers. Science.
2004;304:554.

Gravendeel LA, Kloosterhof NK, Bralten LB, van Marion R, Dubbink HJ,
Dinjens W, et al. Segregation of non-p.R132H mutations in IDH1 in distinct
molecular subtypes of glioma. Hum Mutat. 2010;31:E1186-99.

Sanson M, Marie Y, Paris S, Idbaih A, Laffaire J, Ducray F, et al. Isocitrate
dehydrogenase 1 codon 132 mutation is an important prognostic
biomarker in gliomas. J Clin Oncol. 2009,27:4150-4.

Ohgaki H, Kleihues P. Population-based studies on incidence, survival rates,
and genetic alterations in astrocytic and oligodendroglial gliomas. J
Neuropathol Exp Neurol. 2005;64:479-89.


dx.doi.org/10.1186/s40478-015-0265-4

Draaisma et al. Acta Neuropathologica Communications (2015) 3:88 Page 11 of 11

33, Ohgaki H, Kleihues P. Epidemiology and etiology of gliomas. Acta
Neuropathol (Berl). 2005;109:93-108.

34.  Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al.
Signatures of mutational processes in human cancer. Nature. 2013;500:415-21.

35. Cancer Genome Atlas Research N. Comprehensive genomic characterization
defines human glioblastoma genes and core pathways. Nature. 2008;455:
1061-8.

36. Lai K, Killingsworth MC, Lee CS. Gene of the month: PIK3CA. J Clin Pathol.
2015;68:253-7.

37. Wen PY, Lee EQ, Reardon DA, Ligon KL, Alfred Yung WK. Current clinical
development of PI3K pathway inhibitors in glioblastoma. Neuro Oncol.
2012;14:819-29.

38. Charest A, Lane K, McMahon K, Park J, Preisinger E, Conroy H, et al. Fusion
of FIG to the receptor tyrosine kinase ROS in a glioblastoma with an
interstitial del(6)(q21g21). Genes Chromosomes Cancer. 2003;37:58-71.

39, Singh D, Chan JM, Zoppoli P, Niola F, Sullivan R, Castano A, et al.
Transforming fusions of FGFR and TACC genes in human glioblastoma.
Science. 2012;337:1231-5.

40. Wang K, Pan L, Che X, Cui D, Li C. Gli1 inhibition induces cell-cycle arrest and
enhanced apoptosis in brain glioma cell lines. J Neurooncol. 2010;98:319-27.

41, Bralten LB, Gravendeel AM, Kloosterhof NK, Sacchetti A, Vrijenhoek T,
Veltman JA, et al. The CASPR2 cell adhesion molecule functions as a tumor
suppressor gene in glioma. Oncogene. 2010;29:6138-48.

42. Basto D, Trovisco V, Lopes JM, Martins A, Pardal F, Soares P, et al.
Mutation analysis of B-RAF gene in human gliomas. Acta Neuropathol.
2005;109:207-10.

43.  Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations
of the BRAF gene in human cancer. Nature. 2002;417:949-54,

44.  Erdem-Eraslan L, Heijsman D, de Wit M, Kremer A, Sacchetti A, van der Spek
PJ, et al. Tumor-specific mutations in low-frequency genes affect their
functional properties. J Neurooncol. 2015;122:461-70.

45.  Mikheev AM, Stoll EA, Mikheeva SA, Maxwell JP, Jankowski PP, Ray S, et al. A
syngeneic glioma model to assess the impact of neural progenitor target
cell age on tumor malignancy. Aging Cell. 2009,8:499-501.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Introduction
	Results
	Conclusion

	Introduction
	Materials and methods
	Results
	Prognostic classification of diffuse gliomas
	Genes associated with prognosis in IDH-wt gliomas
	PI3 kinase pathway mutations are associated with poor survival in molecular astrocytomas
	Tumor grade remains prognostic in molecular diffuse glioma subtypes and is associated with mutational load of the tumor
	The mutational load is associated with patient age

	Discussion and conclusions
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



