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ABSTRACT (250 words max)
Background: Copy number alterations form prognostic molecular subtypes of glioblastoma with
clear differences in median survival. In this study, we leverage molecular data from several
glioblastoma cohorts to define the distribution of copy number subtypes across the general
population as well as cohorts with selection biases for patients with inherently better outcome.
Methods: Copy number subtype frequency was established for four glioblastoma groups. Two
large general glioblastoma populations include The Cancer Genome Atlas (TCGA) and German
Glioma Network (GGN). Two smaller selective prospective cohorts include the ARTE
(NCT01443676) clinical trial for elderly patients with newly diagnosed glioblastoma and a multi‐
institutional cohort focused on paired resected initial/recurrence glioblastoma. The paired
initial/recurrence cohort also had exome data available, which allowed for evaluation of
multidimensional scaling analysis.
Results: Smaller selective glioblastoma cohorts are enriched for copy number subtypes that
associated with better survival, reflecting the selection of patients who do well‐enough to enter
a clinical trial or who are deemed well‐enough to have a resection at recurrence. Adding exome
data to copy number data provides additional data reflective of outcome. The distribution shift
of molecular profiles is not related to clinical features such as age, sex, or KPS.
Conclusions: Molecular signature shifts across glioblastoma populations reflect the inherent
bias of patient selection for better survival in clinical trials. Therefore it may be important to
include molecular profiling, including copy number, when enrolling patients for clinical trials in
order to balance arms and extrapolate relevance to the general glioblastoma population.
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IMPORTANCE OF THE STUDY (150 words max):
Glioblastoma is the most common primary malignant neoplasm of the central nervous system.
Patient outcome is generally poor, but can be predicted by copy number alterations. Copy
number profiling across cohorts reflects the inherent bias of clinical trial selection towards
patients with better outcome. Understanding the distribution of molecular signatures across
cohorts suggests a role for molecular profiling to be incorporated up front in clinical trials and
studies focused upon tumor recurrence.
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INTRODUCTION
In 2016, the World Health Organization (WHO) introduced a classification of central nervous
tumors that incorporate molecular signatures with traditional histopathology to arrive at
‘integrated’ diagnostic diffuse glioma entities.1‐4 The molecular components of this classification
scheme largely involve knowing the mutational status of isocitrate dehydrogenase (IDH) and co‐
deletion of whole chromosome arms 1p and 19q. Integrating these limited molecular
alterations into the current classification system of diffuse glioma is a better predictor of clinical
outcome than histopathology alone. However, there is still an issue with the current
classification system in that WHO grading of diffuse gliomas is still determined solely by
histopathologic features (mitotic activity, necrosis, microvascular proliferation) without taking
molecular features into account. Recent attempts have been made to define molecular
alterations (Beyond IDH and 1p19q) which may provide prognostic information beyond
histological grading. Our group5 and others6,7 have shown that diffuse glioma survival can be
predicted, to a large degree, by whole chromosome and gene level copy number alterations.
Copy number alterations predict patient survival in diffuse gliomas, and subtypes with clear
differences in median survival can be derived from copy number profiling.5 We have previously
shown that using data from The Cancer Genome Atlas (TCGA) and German Glioma Network
(GGN), IDH‐wildtype glioblastoma, WHO grade IV, can be further stratified into three distinct
prognostic DNA copy number subtypes W1 (worst survival), W2 (intermediate survival), and W3
(best survival) (Figure 1).5 These copy number subtypes are determined by relatively few foci:
gain of whole chromosome 1, gain of whole chromosome 19, and CDK4/MDM2 co‐
amplification (Figure 1). These prognostic copy number subtypes do not overlap with other
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described molecular transcriptional or methylation subtypes.8‐10 Given the implications for
prognosis, we sought to determine copy number subtype distributions across glioblastoma
populations while using the TCGA and GGN datasets as reflective of the general population. We
identified two additional prospective cohorts that had an inherent bias towards including
patients with better functional status and survival, which is not reflective of the general
population. The first cohort is from the randomized phase II Swiss, ARTE trial focused on newly
diagnosed glioblastoma in the elderly population.11 The second cohort is that of paired initial
and recurrent glioblastoma, where inclusion required that the patient survived long enough,
and was deemed appropriate, to have a second surgery.12 The paired initial/recurrent
glioblastoma cohort also had exome data available in addition to copy number analysis, which
allows for further insights into risk‐stratification by molecular profiling.

MATERIALS AND METHODS
Copy Number Data from Glioblastoma Cohorts
Four separate cohorts of IDH‐wildtype glioblastoma were analyzed for gain of whole
chromosome 1, gain of whole chromosome 19, and CDK4/MDM2 co‐amplification. Copy
number data via GISTIC 2.0 scores13 for TCGA glioblastomas (n=256) was downloaded from the
University of California Santa Cruz cancer browser (https://genome‐cancer.ucsc.edu/). Clinical
data for the TCA glioblastoma dataset were obtained from the Genomic Data Commons (GDC)
Data Portal from the National Institutes of Health (NIH).14 Glioblastoma copy number data from
the German Glioma Network (n=243) (www.gliomnetzwerk.de) and ARTE (NCT01443676)
clinical trial for elderly patients with newly diagnosed glioblastoma11 (n=59) were derived from
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450k methylation array data as previously described using the R package ‘conumee’
(http://bioconductor.org/packages/conumee) applying an adapted algorithm for baseline‐
correction.5,9 Whole chromosomal gains and CDK4/MDM2 co‐amplifications were determined
by log2‐scale thresholds of 0.1 and 0.6, respectively. Copy number data from a multi‐
institutional (The MD Anderson Cancer Center, The University of California San Francisco,
Istituto Neurologica C. Besta, Kyoto University, and Samsung Medical Center) paired
initial/recurrence glioblastoma cohort12 was determined from whole exome sequencing using
the EXCAVATOR bionformatic pipeline.15 For all human glioblastoma cohorts, molecular data
was ascertained in accordance with the World Medical Association Declaration of Helsinki:
Research involving human subjects.

Combined Copy Number and Single Nucleotide Data Visualization
Classic multidimensional scaling (MDS) of TCGA glioma data (single nucleotide point mutation
and copy number) produced two‐dimensional scatterplots and was performed using R software
(Version 3.5.0, RProject for Statistical Computing, http://www.r-project.org/) as previously
described.5,16. Copy number data and single nucleotide variant data (determined by SAVI217) for
the paired initial/recurrence glioblastoma cohort12 were combined using MutComFocal18 and
mapped onto the MDS map using the TCGA data as a reference set.

Statistics
Statistical analyses were performed using GraphPad Prism software (Version 7.02,
https://www.graphpad.com/scientific‐software/prism). Kaplan‐Meier analysis for overall
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survival was performed with P‐values determined by Cox proportional hazards regression.
Other data comparisons were performed using Chi‐square test, Mann‐Whitney U test, and
Fisher’s exact test as indicated.

RESULTS
The distribution of copy number subtypes is similar across two large data sets of initial
glioblastoma across North America (The Cancer Genome Atlas [TCGA]) and in Europe (German
Glioma Network [GGN]), suggesting that this is the natural distribution in the population (Figure
2). Selection bias exists towards a longer‐lived glioblastoma subgroup when enrolling patients
healthy enough to enter clinical trials or when deciding that patients are well enough for a
resection at recurrence. Given the better overall survival of these types of pre‐selected
patients, we wondered whether there was evidence of a skew in the population with respect to
distribution of the copy number subtypes defined above. In fact, there were two such cohorts
for analysis. The first cohort is the phase II ARTE trial of hypofractionated radiotherapy with or
without bevacizumab in elderly patients with newly diagnosed glioblastoma.11 When compared
to the elderly TCGA and GGN general glioblastoma populations, there was a distribution skew
toward the better prognostic W3 copy number subtype (Figure 1A). The second prospective
cohort is a multi‐institutional (The MD Anderson Cancer Center, The University of California San
Francisco, Istituto Neurologica C. Besta, Kyoto University, and Samsung Medical Center) paired
initial/recurrence glioma group,12 which investigated glioblastoma patients of all ages that were
healthy enough to have a resection at first recurrence. This paired initial/recurrence glioma
cohort also showed a skew towards the better prognostic W3 copy number subtype (Figure 2).
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A more granular method to characterize DNA alterations is through multidimensional scaling
(MDS) analysis by combining copy number with whole exome sequencing.5,16 MDS defines
distinct glioma groups with differences in survival as well. Of the two selective prospective
cohorts, the paired initial/recurrent glioblastoma cohort additionally has DNA exome
sequencing available in addition to copy number status and allows for MDS analysis of these
patients. To investigate a potential distribution skew with respect to MDS molecular signatures,
we overlaid the paired initial/recurrent glioblastoma data cohort12 onto the TCGA reference
MDS map. As shown in Figure 1B, 51% of glioblastomas from TCGA exhibit a similar DNA
structure that does not correspond to those appropriate for surgical resection at recurrence.
This MDS group of IDH‐wildtype glioblastoma largely includes, but is not limited to,
glioblastomas that have the poorest survival among MDS regions and is characterized by
relatively few regions of chromosomal alterations with the exception of whole chromosome 7
gain, whole chromosome 10 loss, and loss of chromosome 9p.5 Essentially all patients who do
well‐enough to have a second surgical resection at recurrence arise from the other half of
glioblastomas, which tend to have one or more of the following alterations: whole chromosome
1 gain, whole chromosome 19 gain, and/or mutations in TP53.

The data suggest that analysis of recurrent glioblastoma samples is missing the tumors with the
most common DNA structure found in the natural population. Further, it suggests that this
global DNA pattern is associated with clinical characteristics that lead surgeons across North
America and Asia to not operate on these first recurrent glioblastoma patients. As a point of
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diagnostic concern, this MDS ‘poor survival’ region cannot be approximated by a small panel of
genetic markers or differentially methylated probes (Supplementary Figure 1), and requires
exome sequencing in addition to copy number status

to determine the DNA structure.

Although differentially methylated genes are not of a diagnostic utility and do not discriminate
between MDS regions in our context, top hits in biology pathway enrichment analysis
demonstrates that the ‘poor survival’ group has differentially methylated genes related mostly
to cell cycle, and to a lesser extent, immune cell interaction (Supplementary Table 1), consistent
with dysregulation of these pathways being associated in more aggressive forms of glioma.5,8,19‐
26

Clinical characteristics corresponding to this DNA pattern are unclear, but there appears to be

no association with median age (p=0.15; Mann‐Whitney U test), male versus female (p=0.052;
Fisher’s exact test), or KPS ≥80 versus <80 (p=0.42; Fisher’s exact test). It also seems likely that
patients with this global DNA pattern are underrepresented in clinical trials, particularly in
those focused on first recurrence of glioblastoma.

DISCUSSION
Pattern shifts in the distribution of molecular subtypes across glioblastoma cohorts has overall
implications for clinical trial design. In the paired glioblastoma and ARTE trial cohorts, there is a
selection bias for long‐term survivors reflected in the molecular marker status shown. As such,
comparison of any clinical trial treatment strategy, or institutional outcomes, may be very
difficult to interpret in the absence of knowing molecular subtype distributions of their patient
populations. Molecular profiling to inform clinical trial structure is of increasing importance, 19
and it would be ideal to have copy number subgroups evenly distributed across arms of trial up
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front. Failure to do so may contribute to occasional discordance between phase II and phase III
clinical trial outcomes. Historical controls that do not account for molecular signatures are
insufficient for comparators for current and future clinical trial enrollment. If molecular
subtypes are not addressed up front in clinical trials, it is likely that treatments that may appear
effective overall in early phase II trials, may fail in phase III trials due to unaddressed shifting
molecular distributions, not reflective of general population. This can lead to very costly trials
that are pre‐selected to fail. For those poorest molecular survival groups, such as W1 copy
number subtype, patients could be identified early and put on up front trials limited to their
molecular group. Overall, informing glioblastoma clinical trials by molecular signature status,
such as copy number alterations, may lead to more appropriate cohort distributions and
therapeutic strategies applicable to the general population.
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FIGURE LEGENDS
Figure 1. Copy number subtypes for IDH‐wildtype glioblastoma. (A) Algorithm for copy
number subtype derivation. Copy number subtypes defined by four genetic loci: gain of whole
chromosome 1 (gChr1), gain of whole chromosome 19 (gChr19), and co‐amplification of
CDK4/MDM2 (caCDK4/MDM2): W1 = [No gChr1 + No gChr19 + caCDK4/MDM2] or [gChr1 +
caCDK4/MDM2]; W2 = [No gChr1 + No gChr19 + No caCDK4/MDM2]; W3 = [No gChr1 + gChr19]
or [gChr1 + No caCDK4/MDM2]. (B) Overall survival of glioblastoma, copy number subtypes in
TCGA dataset. TCGA copy number subtype patient numbers: W1 (n=12); W2 (n=157), and W3
(n=88). P value determined using Cox proportional hazard regression.

Figure 2. Distribution shift of copy number subtypes across glioblastoma cohorts. Distribution
plots show increasing percentage of better‐performing copy number subtypes in paired
initial/recurrent glioblastoma and elderly clinical trial cohorts, when compared to TCGA and
GGN datasets.

Figure 3. Exome sequencing added to copy number highlights molecular signature of
additional poor prognostic group. (A) Multidimensional scaling (MDS) analysis based on whole
exome sequencing and copy number alterations shows that mapping of the paired
initial/recurrent glioblastoma cohort has uneven spatial distribution when overlaid on the TCGA
reference dataset (TCGA cohort = gray; Paired initial glioma = blue; Paired recurrent glioma =
red). (B )Green edges show the connections of individual paired initial and recurrent gliomas.
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Orange colored region highlights tightly clustered area of which 51% of TCGA glioblastomas
exist, but only one initial glioma from the paired initial/recurrent glioblastoma dataset.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY MATERIALS AND METHODS
TCGA methylation data for glioblastomas were downloaded from the University of California
Santa Cruz cancer browser (https://genome-cancer.ucsc.edu/) and analyzed in using R software
(Version 3.5.0, RProject for Statistical Computing, http://www.r-project.org/) applying the
‘IlluminaHumanMethylation450kanno.ilmn12.hg19’ package (http://bioconductor.org/packages/
IlluminaHumanMethylation450kanno.ilmn12.hg19). Differentially methylated genes were
plotted with principal component analysis and violin plots. Pathway analysis of differentially
methylated genes was performed using TargetMine (http://targetmine.mizuguchilab.org/).

N‐O‐D‐18‐00234R2

Supplementary Figure 1. Differentially methylated probes are not of diagnostic utility to
predict poor survival group of paired initial/recurrent glioblastoma. A) Principle component
analysis of highest ranked differentially methylated genes of TCGA dataset comparing regions
of relatively poor (Group 1) and better (Group 2) survival. B) Violin plots showing overlapping
distribution of probe values for Group 1 versus Group 2.
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Pathway
Cell Cycle

B‐H adj. p‐value
0.006628077

p53 signaling pathway

0.006628077

Antigen processing and
presentation
Legionellosis

0.006628077
0.013984079

Cellular responses to
stress

0.022219649

Regulation of HSF1‐
mediated heat shock
response
Attenuation phase
Cell Cycle, Mitotic

0.02632611

Transcriptional
regulation by RUNX1
ER‐Phagosome pathway
Generic Transcription
Pathway

0.031795388

0.02632611
0.02632611

0.038987293
0.038987293

Cellular response to
heat stress
Cellular responses to
external stimuli

0.040462015

Direct p53 effectors

0.040462015

Hepatitis B

0.044881948

Mitotic G1‐G1/S phases

0.047027426

0.040462015

Genes
ATM, CCNA1, CCND2, CDK6,
CDKN1C, FKBPL, HIST1H3I,
HIST1H4L, HSPA2, MDC1, NUP98,
PSMB8, PSMB9, RAB1B, TUBB
APAF1, ATM, CCND2, CDK6, IGFBP3,
PTEN
HSPA1A, HSPA1L, HSPA2, TAP1,
TAP2, TAPBP
APAF1, HSPA1A, HSPA1L, HSPA2,
RAB1B
ATM, CCNA1, CDK6, HIST1H3I,
HIST1H4L, HSPA1A, HSPA1L, HSPA2,
NUP98, PSMB8, PSMB9
ATM, HSPA1A, HSPA1L, HSPA2,
NUP98
HSPA1A, HSPA1L, HSPA2
CCNA1, CCND2, CDK6, CDKN1C,
FKBPL, HIST1H3I, HIST1H4L, NUP98,
PSMB8, PSMB9, RAB1B, TUBB
CCND2, CDK6, ESR1, GATA3,
HIST1H3I, HIST1H4L, PSMB8, PSMB9
PSMB8, PSMB9, TAP1, TAP2, TAPBP
APAF1, ATM, BRD2, CCNA1, CCND2,
CDK6, ESR1, GATA3, HIST1H3I,
HIST1H4L, IGFBP3, MDC1, NOTCH4,
PSMB8, PSMB9, PTEN, THRB,
ZNF311
ATM, HSPA1A, HSPA1L, HSPA2,
NUP98
ATM, CCNA1, CDK6, HIST1H3I,
HIST1H4L, HSPA1A, HSPA1L, HSPA2,
NUP98, PSMB8, PSMB9
APAF1, BCL2, CAV1, IGFBP3, PTEN,
TAP1
APAF1, ATF6B, BCL2, CCNA1, CDK6,
PTEN
CCNA1, CCND2, CDK6, CDKN1C,
PSMB8, PSMB9

Pathway ID
R‐HSA‐1640170

hsa04115
hsa04612
hsa05134
R‐HSA‐2262752

R‐HSA‐3371453

R‐HSA‐3371568
R‐HSA‐69278

R‐HSA‐8878171
R‐HSA‐1236974
R‐HSA‐212436

R‐HSA‐3371556
R‐HSA‐8953897

p53downstream
pathway
hsa05161
R‐HSA‐453279

Supplementary Table 1. Significantly impacted biologic pathways as determined by
differentially methylated genes comparing regions of poor versus better survival groups.

