Microarrays (PAM) software.
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Table 1. Classification accuracy of subtype predictor on the training set of TCGA samples generated using Prediction Analysis of

CV Confusion Matrix (Threshold =2.66891)

True\Predicted Classic Mesenchymal Neural Proneural Class Error rate
Classic 43 4 0 0 0.085
Mesenchymal 2 40 1 0 0.070
Neural 0 1 28 1 0.067
Proneural 1 0 2 37 0.075

Overall prediction accuracy was 148/160 =92.5% correct.
doi:10.1371/journal.pone.0012548.t001

omas (C-Oligo). We also compared proneural oligodendrogliomas
to the combined set of classic and neural oligodendrogliomas.
Using minimum fold-change cutoff of 1.8 and a Benjamini-
Hochberg corrected False Discovery Rate (FDR) , 0.05, we
identified 779 probes differentially regulated between PN-Oligo
and PN-GBM (Table S3), and 576 probes differentially regulated
between PN-OA and PN-GBM (Table S4). Venn diagram analysis
of these two gene sets determined that 508 probes were in
common, 68 were unique to the PN-OA vs PN-GBM comparison,
and 271 were unique to the PN-Oligo vs PN-GBM comparison.
Thus, the union of these comparisons resulted in 847 differentially
expressed probes. A hierarchical clustering of the PN-Oligo, PN-
Astro, and PN-GBM samples using these 847 differentially
expressed probes is shown in Figure 2A. With identical false
discovery and fold-change criteria, we found no significant probes
differentially expressed between PN-Oligo and PN-Astro subtypes.
However, we did observe 1508 probes differentially expressed
between PN-Oligo and N-Oligo (Table S5), 2118 probes
differentially expressed between PN-Oligo and C-Oligo (Table
S6), and 190 probes differentially expressed between PN-Oligo
and the combined set of N-Oligo and C-Oligo (Table S7).
Complete results for these comparisons providing data on all
probes is also available in Tables S3, S4, S5, S6.

Copy Number Analysis

DNA Copy number data for the Rembrandt samples was
calculated using GenePattern version 3.2.0. Segmentation of raw
copy numbers was calculated using the GLAD module (version 2).
Significance analysis of amplifications and deletions was per-
formed using the GISTIC method [22] (version 3), with
amplification/deletion threshold 0.1 and minimum segment size
of four markers.

Table 2. Classification of Rembrandt samples using the TCGA
molecular subtype gene signatures derived from the PAM
classifier.

Subtype GBM Oligodendroglioma Astrocytoma All
Classic 42 6 3 51
Mesenchymal 21 0 5 26
Neural 12 5) 8 25
Proneural 26 32 16 74
Total 101 43 32 176

The Proneural subtype dominates oligodendriogliomas and there are no
mesenchymal subtype in the oligodenroglioma samples.
doi:10.1371/journal.pone.0012548.t002
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We identified a number of regions with significant amplifica-
tions or deletions in the PN-GBM and PN-Oligo subtypes
(Figure 2B). It is worth noting that the PN-Oligo samples had
highly significant frequency of co-deletion of chromosomes 1p36
and 19q13. While there were relatively few neural (n=3) and
classic (n=5) oligodendrogliomas with SNP data, and no
mesenchymal oligodendrogliomas, we did note that they generally
contained either 1p deletion or 19q deletion, but not both
deletions in any given tumor sample.

Integrated Copy Number and Gene Expression Analysis

To gain insight into the progression of proneural samples, we
performed an integrated analysis of DNA copy number and
mRNA gene expression within the proneural subtype of the
Rembrandt samples, specifically examining those changes between
PN-OA and PN-GBM samples. We observed 66 probe sets
corresponding to 52 genes that showed significant amplification or
deletion, as well as significant differences in gene expression
between these subtypes. A comprehensive list of the mMRNA probes
that intersect with GISTIC copy number analysis is given in Table
S8, and a summary of the loci with both expression and copy
number alterations between PN-GBM and PN-OA samples is
provided in Table 4. Among these genes, of particular interest,
were the Hedgehog pathway transcription factor GLIS3 (amplified
at 9p23 and increased in PN-GBM), Meningioma 1 (MN1), RAS-
like 10A (RASL10A), Src homology 2 containing transforming
protein D (SHD), and Dishevelled associated activator of
morphogenesis 2 (DAAM2), all amplified in PN-OA samples
and increased in PN-OA relative to PN-GBM. Genes deleted in
PN-OA samples and downregulated relative to PN-GBM included
Epithelial membrane protein 3 (EMP3), Secreted phosphoprotein
1/0steopontin (SPP1), and integrin-binding sialoprotein (IBSP).
Also of note was the fact that multiple genes associated with the
complement cascade (C1S, C1R, C1RL, F13A1, and CFI) were
within the set of genes showing both copy number and expression
changes between PN-OA and PN-GBM samples. All of these
complement cascade genes showed higher expression in PN-GBM
samples relative to PN-OA samples.

Secondly, to gain insight into differences in histologic differen-
tiation and survival, we also performed an integrated analysis of
DNA copy number and mRNA gene expression between PN-
Oligo samples and PN-GBM samples in the Rembrandt dataset.
We observed 323 probe sets corresponding to 240 genes that
showed significant amplification or deletion, as well as significant
differences in gene expression between these subtypes. A
comprehensive list of the mRNA probes that intersect with
GISTIC copy number analysis is given in Table S9. Among these
genes, of particular interest, were CD44 (amplified at 11p13 and
increased in PN-GBM), CDKN2C and CDC42 (both amplified in
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Table 3. Cox proportional hazards (PH) models were used to examine the association between patient survival and four subtypes
after adjusting for patient age at diagnosis as well as 1p/19q status whenever applicable.

All Cases GBM Astrocytomas Oligodendrogliomas

Number of cases 152 101 32 36

Subtype

Classic 1.96 (ClI: 1.23, 3.13); 1.17 (Cl: 0.69, 1.96); p=0.563  8.48 (Cl: 1.85, 3885(..0059 6.25 (CI: 1.55, 25.19);=0.0100
p=0.0045

Mesenchymal 2.68 (ClI: 1.51, 4.76); 1.56 (CI: 0.85, 2.85); p=0.150  1.04 (Cl: 0.29, 3.76); p=0.9537 N/A
p=0.0008

Neural 2.38 (Cl: 1.38, 4.11); 1.57 (CI: 0.78, 3.17); p=0.207  1.91 (ClI: 0.72, 5.07); p=0.1963 23.28 (Cl: 4.63, pE009m)P1
p=0.0018

Age ($5vs, 55) 3.14 (CI: 2.12, 4.64); 2.90 (Cl: 1.84, 4.55), 0.0001 6.79 (Cl: 2.77, 16.66), 0.0001  4.97 (Cl: 1.58, 15.7();=0.0062
p, 0.0001

1p/19q (deletion vs. no deletion) 0.42 (Cl: 0.16, 1.05); N/A N/A 2.23 (CI: 0.59, 8.46); p=0.2380
p=0.0634

Shown are Hazard Ratios (HRs) plus 95% confidence intervals (Cl) and associated p-values. Significant p-v@li&s are shown in bold font. For the Cox PH models,
Proneural was used as the reference group for the subtype variable, patient age was dichotomized &8 or $ 55 with , 55 as the reference group, and no deletion in
1p/19q status was used as the reference group. Cox PH multivariate analysis was performed for all cases, cases with Astrocytoma, cases with GBMsamdticas
Oligodendrogliomas, respectively. We note that 1p/19q deletion is present only in Oligodendrogliomas; hence, 1p/19q deletion status was not &djder in cases with

Astrocytoma or GBM.
doi:10.1371/journal.pone.0012548.t003

PN-GBM and deleted in PN-Oligo subtypes at 1p36), TGFB2,
TNC, AURKA, and VEGFA, all amplified in PN-GBM, and
SOX8 and Noggin (NOG) amplified in PN-Oligo samples.

Pathway Analysis

We performed four separate types of pathway analysis using gene
set enrichment analysis (GSEA), the Database for Annotation,
Visualization and Integrated Discovery (DAVID), Literature Lab
Analysis (LLA), and Ingenuity Pathway Analysis (IPA). The
comparison of PN-GBM to PN-OA subtypes identified a number
of gene ontologies and pathways that were significantly enriched in
multiple analyses (Table 5). Pathways, ontologies, and biological
processes that were differential between the PN-GBM and PN-OA
subtypes included several annotations associated with increased
vasculature, including blood coagulation, the complement cascade,
vasculature development, wound healing, immune response, and the
IKK-NF«B pathway. In addition, IPA identified significant overrep-
resentation of genes associated with cancer, cell death, proliferation,
glioblastomas, and astrocytomas. An overview of gene expression
differences between PN-OA and PN-GBM samples is shown in a
network diagram (Figure 3A) in which genes increased in PN-GBM
relative to PN-OA are red, and genes decreased in PN-GBM relative
to PN-OA are green. LLA of this gene set identified the
‘Thrombospondin-1 Induced Apoptosis in Microvascular Endothe-
lial Cells’ pathway as the most strongly associated (p=0.0009) with
the differences between PN-GBM and PN-OA samples.

In addition, to investigate molecular mechanisms underlying
improved survival of the PN-Oligo subtype relative to other types of
oligodendrogliomas, we performed pathway analysis of the 129 genes
corresponding to the 190 probe sets differentially expressed between
PN-Oligo and the Classic and Neural Oligodendrogliomas. As
expected, the differential genes were indicative of the proneural
subtype, with some of the most significant annotations including
Differentiation of Astrocytes, Neurogenesis, Cell Death, Develop-
ment of Blood Vessels, and Benign Tumor (Table S10). A Network
analysis of this set of 129 genes revealed several hubs including GLI1,
RUNX2, MYC, BMP2, and NOTCHL1 (Figure 3B). These data
suggest that differences in signaling in the Hedgehog and Notch
pathways likely play an important role in the improved outcomes of

@ PLoS ONE | www.plosone.org

PN-Oligo cases. Moreover, Literature Lab analysis of the gene sets
derived from the integrated expression and copy number analysis
comparing PN-Oligo to PN-GBM identified both the Notch
(p=0.0098) and Hedgehog (p=0.0434) pathways as significantly
associated with progression of the proneural subtype.

Discussion

Here we demonstrate that the Proneural gene expression signature
as defined by TCGA is enriched in gliomas with oligodendrogliomal
differentiation. This signature also predicts improved outcome for
oligodendrogliomas. Analysis of the copy number data from the
Rembrandt dataset demonstrated a high frequency of large losses of
chromosomes 1p and 19q in oligodendrogliomas, but not in
astrocytomas or GBMs. Twelve of the 42 oligodendrogliomas
showed co-deletion of at least 85% of chromosomes 1p and 19q,
and eleven of those twelve samples were PN-oligos. The other sample
with co-deletion of 1p/19g was a classic oligodendroglioma.
Nevertheless, our findings regarding the improved outcome of
proneural subtype remained significant in multivariate analyses
controlling for 1p/19q status and age at diagnosis. Multivariate
analysis also showed that the proneural subtype of astroctyoma has
significantly better outcome than the classic subtype of astrocytoma,
suggesting that the proneural gene expression signature carries
prognostic significance across histologic types in the diffuse gliomas.

Our integrated analysis of expression patterns and DNA copy
number of low-grade and high-grade proneural gliomas in the
Rembrandt dataset identified genes and pathways associated with
progression of this disease. Genes increased in high-grade
proneural GBMs (PN-GBM) at both the DNA and RNA level
included GLIS3, TGFB2, TNC, AURKA, and VEGFA. Network
analysis of these gene expression changes identified several
regulatory hubs, including GLI1, RUNX2, MYC, BMP2, and
NOTCH1. The GLI transcription factors are effectors of the
Hedgehog pathway and have been strongly implicated as key
regulators of glioblastoma behavior since their discovery. GLI1
regulates stem cell renewal and tumorigenicity of gliomas [23],
and targeted inhibition of the Hedgehog pathway results in partial
tumor regression in animal models [24]. Tenascin-C (TNC) is
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Figure 2. RNA and DNA copy number analysis of low- and high-grade proneural gliomas. (A) Supervised hierarchical clustering of
Proneural GBM, Proneural Oligodendrogliomas, and Proneural Astrocytomas using 847 probes significantly different between these subtypes based
on differential marker analysis (FDR 5%, 1.8 Fold change).B) Amplification and Deletion GISTIC Analysis of Proneural GBM and Proneural
Oligodendrogliomas. Affymetrix SNP 6.0 data from the Rembrandt dataset was analyzed for copy number gain and loss using the GISTIC algorithm in
GenePattern 3.0. A total of 26 Proneural GBM and 32 Proneural Oligodendroglioma samples were included in the analysis. No significant copy

number changes were identified in the set of 14 Proneural Astrocytomas.

doi:10.1371/journal.pone.0012548.9g002

induced by TGFp signaling [25,26], and promotes invasion of
glioma cells through matrix metalloproteinase 12 [27].

Both Ingenuity Pathway Analysis and Literature Lab Analysis
identified the Notch pathway as being differentially regulated in low
grade and high-grade proneural gliomas. Several components of the
Notch pathway, including DLL3 and HEY2 are reduced in PN-
GBM, while NOV/CCNS3, which is associated with Notch inhibition
[28,29] was increased. These data suggest that Notch pathway
activity decreases as proneural gliomas progress, which could account
for the abnormal angiogenesis observed in high-grade gliomas, since
Notch activity is essential for coordination with VEGF-stimulated
sprouting [30]. We also observed several genes associated with
angiogenesis and oxidative stress in the analysis of low and high-grade
proneural gliomas. These genes included thrombospondin-1
(THBS1), vascular endothelial growth factor A (VEGFA), angiopoie-
tin 2 (ANGPT2), and mitochondrial superoxide dismutase 2 (SOD?2).
Finally, we observed reduced expression of the pro-apoptotic Bcl2
family member, BH3 interacting domain death agonist (BID) in high-
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grade proneural gliomas, suggesting that loss of BID expression
promotes survival of these high-grade tumors.

As gliomas progress from lower grade (grades Il and IlI) to
GBM, hypoxia and necrosis develop centrally, while angiogenesis
emerges peripherally. These processes are related, with hypoxia-
inducible factors (e.g. VEGFA) secreted by hypoxic, perinecrotic
tumor cells, resulting in the development of new vessels. It has
been suggested that vascular pathology, including vascular
endothelial apoptosis, vascular occlusion and thrombosis, initiates
the development of central hypoxia and necrosis. Angiopoetin 2
has been implicated in initiating endothelial apoptosis by Tie2
receptor in this setting [31,32,33]. THBS-1, a protein that inhibits
angiogenesis by inducing apoptosis via activation of CD36 in
microvascular endothelial cells, may be relevant to these
mechanisms as well, as we found this pathway to be markedly
upregulated in GBMs compared to lower grade gliomas. The non-
receptor tyrosine kinase FYN is activated by THBS-1 through
CD36, activating the apoptosis inducing proteases like caspase-3
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Table 4. Integrated analysis of differences in gene expression and copy number between Proneural GBM and Proneural
Oligodendroglioma/Astrocytoma samples.

Alteration Locus GISTIC q value Gene Symbols

GBM-Amp 12p13.32 1.21E-03 C1R, C1RL, C1S

GBM-Amp 9p23 1.34E-02 GLIS3, HAUS6

GBM-Amp 9p23 1.34E-02 PLIN2

GBM-Amp 6p21.31 4.30E-02 CLIC1, F13A1

GBM-Amp 6p21.31 4.30E-02 HISTH1C, HISTH2BK, HLA-DQA1, HLA-DQB1, HLA-DRA, HLA-DRB1
OA-Amp 22q11.1 4.69E-04 BCR

OA-Amp 22q11.1 4.69E-04 MNZ1, RASL10A, SEZ6L

OA-Amp 22q11.1 4.69E-04 SLC25A18

OA-Amp 8g24.22 8.23E-04 FAM84B

OA-Amp 19p13.3 3.10E-03 SHD, SLC1A6

OA-Amp 6p21.2 8.78E-03 DAAM?2

OA-Del 19q13.31 1.19E-06 EMP3

OA-Del 4q21.23 8.58E-03 CCDC109B, CFI

OA-Del 4q21.23 8.58E-03 ENPEP, HERCS, IBSP, MLF1IP, SEC24D, SPP1, TDO2

Loci with amplification or deletion and corresponding changes in gene expression in Proneural GBM or Proneural Oligodendrogliomas/Astrocytoreashawn.
doi:10.1371/journal.pone.0012548.t004

Table 5. Significant Gene Ontology and Pathway Annotations identified for 576 probes corresponding to 395 unique genes
differentially expressed between Proneural Oligodendrogliomas/Astrocytomas and Proneural GBM.

DAVID DAVID GSEA GSEA IPA IPA
GO Term Count FDR Count FDR Count p-value
Response To Wounding a7 1.89E-13 11 5.97E-05
Collagen Fibril Organization 14 1.02E-11 10 1.88E-10
Extracellular Matrix Organization 19 8.33E-09 23 0.16288991 3 1.86E-03
Skeletal System Development 29 2.58E-07 30 1.59E-09
Inflammatory Response 28 1.90E-06 120 1.37E-06
Cell Adhesion 40 3.90E-05 43 1.11E-05
Vasculature Development 21 5.88E-04 16 7.30E-09
Regulation Of Cell Proliferation 38 0.00586091 109 6.41E-11
ECM_Receptor_Interaction 79 0.0247256
Cell_Communication 107 0.06453185
Blood_Coagulation 38 0.20890287
Regulation_Of MAPKKK_Cascade 18 0.14662187
Cancer 166 1.78E-27
Apoptosis 61 2.54E-10
Development 30 1.59E-09
Invasion 37 1.75E-09
Brain Cancer 25 4.04E-08
Cell Cycle Progression 51 5.69E-08
Mitosis 29 1.12E-06
Glioma 13 3.05E-05
Astrocytoma 8 4.23E-04

doi:10.1371/journal.pone.0012548.t005
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Proneural GBM samples have increased expression of genes associated with enhanced vascularization, proliferation, invasion, and inflamnuatigrs riimber of
genes identified with each annotation by the three analyses. FDR =false discovery rate. P-value for IPA is based on the hypergeometric distribution.
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