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Fig. 2. FISH validates genomically distinct tumor subclones. Representative images of 5 tumors (GBM02, 04, 05, 07, and 08) assessed by FISH for
MYCN, EGFR, MET, MYC, and PDGFRA confirm the presence of tumor subpopulations that were identified as low-level gains by aCGH. (B) FISH analysis
of low-level gains identified by aCGH in 8 GBM samples with tumor subpopulations.

with 2/122 patients >40 years, suggesting that the copy num-
ber profiles for the vast majority of younger GBM patients are re-
lated to other mechanisms than those proposed for IDH mutant
gliomas.

These genome-wide differences were also associated with
differences in individual chromosomes (Fig. 4B). Specifically,

chromosome 7 gain and chromosome 10 loss (containing
EGFR and PTEN, respectively) each occurred in 75% of GBM in
patients older than 40 compared with only 25% of patients in
the younger cohort. Chromosome 19 gain was also observed
almost exclusively among older patients; no patients younger
than 40 demonstrated gains in chromosome 19q, and only
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Fig. 3. Copy number aberrations across 148 GBM cases by aCGH. (A) Heat map demonstrating amplifications (red) and deletions (blue) among the
DF/BWCC GBM cohort. (B) Focal GISTIC peaks with significance of g-value <0.1 and associated genes from 148 GBM cases.

1 patient demonstrated gain of 19p. Younger patients were
more likely to harbor losses of chromosomes 3, 4q, 5p, 16p,
19q, and 21qg and gains of 1q, 4, 9q, 10p, 11q, and 12p.

Distinct sets of recurrent focal SCNAs were also enriched in
younger or older patients (Fig. 4C). Older patients were enriched
for amplifications of EGFR and deletions of CDKN2A/B. Younger
patients were enriched for deletion of a region on chromosome
11 encompassing CDKN1C and CEND1.

Computational Analysis of Clinical OncoCopy Data
Compares Favorably With TCGA Analysis

We next compared copy number profiles amongst the DF/
BWCC aCGH cohort with the population in TCGA. Due to the sig-
nificant differences seen between younger and older patients,
we restricted this comparison to adults older than 40 years.
Globally, overlay of GISTIC peaks representing significantly
amplified and deleted focal chromosome regions demonstrat-
ed high levels of similarity between aCGH and TCGA data
(Fig. 5A). We also compared frequencies of events at each
peak region between the 2 datasets. Only 4 of 22 amplification
peaks and 2 of 39 deletion peaks exhibited significant differenc-
es; all of these were enriched in the dataset from TCGA (Fig. 5B,
Supplementary Table S4). These included amplifications of

MDM4 (1g32.1), CDK4 (12q14.1), 2 regions without known
GBM oncogenes: 1p36.21 and 19p13.3, deletions of PTEN
(10g23.31), and a region of 10p13 without a known GBM
tumor suppressor gene.

OncoMap Somatic Mutation Profiling Reliably Captures
Clinically Relevant Mutations in GBM-Associated
Oncogenes

OncoMap testing was prospectively performed as an
enterprise-level clinical research program at the DF/BWCC
with the goal of providing tumor genotyping data to requesting
clinicians and consenting patients for clinical trial decision mak-
ing. OncoMap testing was paid for by the DF/BWCC and provid-
ed to patients at no cost. We analyzed OncoMap data from 86
GBM patients and found recurrent mutations in IDH1 (4.7%),
PIK3CA (3.5%), PIK3R1 (3.5%), and BRAF (2.3%) at rates similar
to those reported in TCGA for the specific mutations targeted by
the assay (Fig. 1D). Mutations in TP53, PTEN, and RB1, the most
common GBM-associated tumor suppressor genes queried in
the OncoMap assay, were detected in 5.8%, 3.5%, and 1.2%
of tumors in our study cohort, whereas TCGA reported frequen-
cies of 34%, 31.9%, and 9.9%, respectively, using Sanger-based
whole-gene sequencing. Comparison of OncoMap probes,

6 of 12

Neuro-Oncology


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nov015/-/DC1

Ramkissoon et al.: Integrating aCGH and genotyping for neuro-oncology

A chr 1 2 3 4 5 B 7 8 9 10 11 12 13 14 15 16 17 1819202122
’ . i Fu e - "~
=40 yrs I : — _
(n=26) N Y ey O I
1 )
- ' 1
] - ; L !
>40 yrs - ~. =
(n=122) :
I -
I = I :
'
—— - -
1 frm—
: === o= N
o, - J
Gain or Frequency in  Frequency in
B Loss Chromosome ooy <40 (%) GBMs >40 (%) g-value
Gain 1q 26.92 4.10 0.015
Gain 12p 26.92 4.10 0.015
Gain 11q 15.38 0.82 0.039
Gain 4p 19.23 2.46 0.043
Gain 9q 23.08 4.92 0.065
Gain 4q 11.54 1.64 0.167
Pts <40 yrs Gain 10p 11.54 1.64 0.167
(n=26)
Loss 3p 23.08 1.64 0.008
Loss 3q 18.23 2.46 0.043
Loss 4q 15.38 1.64 0.068
Loss 19q 26.92 7.38 0.068
Loss 16p 19.23 4.10 0.097
Loss 21q 15.38 2.46 0.104
Loss 5p 15.38 3.28 0.162
Gain ip 23.08 76.23 2E-06
Gain 7q 26.92 75.41 2E-05
Gain 19q 0.00 18.85 0.082
Pts >40 yrs x
(n=122) Gain 19p 3.85 23.77 0.139
Loss 10p 15.38 70.49 2E-06
Loss 10qg 38.46 79.51 0.0002
Amp or h e Frequency in  Frequencyin __
C Dzl Peak ies (hg19) C genes o <40 (%) GBMs >40 (%) g-value
Del  chr11:456120-6619506 CEND1, CDKN1C 30.77 4.92 0.012
Del  chr3:115441169-116426795 = 19.23 0.82 0.012
Del chr3:129633512-129747156 - 19.23 246 0.044
Pts <40 yrs Amp  chr12:4325816-4433639 CCND2 19.23 3.28 0.063
[@26; Del chr17:3871857-4047763 - 16.38 1.84 0.063
Amp  chr1:243044281-244857849 AKT3 11.54 0.82 0.093
Del  chr1:245867921-247262158 - 11.54 0.82 0.093
Del  chra:178913816-183059542 - 15.38 2.48 0.093
Del  chr21:46240118-46304063 - 15.38 2.48 0.093
Del  chr10:1051952-2046433 - 11.54 50.82 0.008
Del chr10:89617401-90033423 PTEN 15.38 5246 0.011
Pts >40 yrs Del chr10:135190358-135206673 - 19.23 51.64 0.021
(n=122) Amp chr7:54964304-54972561 EGFR 15.38 48.72 0.021
Del  chr10:12617765-12768790 - 15.38 45.08 0.033
Del  chrg:21241856-22646192 CDKNZA/B 30.77 57.38 0.061

Fig. 4. Array CGH reveals distinct genomic profiles between GBM patients <40 years of age and those >40 years. (A) Heat map of amplifications
(red) and deletions (blue) demonstrates enrichment for chromosome 7 amplifications, CDKN2A/B deletions on chromosome 9, and chromosome
10 deletions in GBM patients >40 years of age. (B) Recurrent arm-level events in GBM patients <40 years of age compared with patients >40 years.
(C) GISTIC 2.0 peaks in GBM patients <40 years of age compared with patients >40 years.

designed to capture “hot spots” in tumor suppressor genes,  cohort from TCGA would be 21% (8/38) for TP53, 20% (6/30) for
with actual TCGA 2008 mutation data showed that the expect-  PTEN, and 0% (0/9) of the RB1 mutations, while 100% (9/9) of
ed theoretical detection frequencies of OncoMap applied to the  PIK3R1 (oncogene) mutations would have been detected.

Neuro-Oncology 7 of 12



Ramkissoon et al.: Integrating aCGH and genotyping for neuro-oncology

A
TP73— — —PRDM2
1 kL
TGFB2— ‘_‘__ _MDM4
2 F
. 3 ‘
PPP1R2 — [—— —S0X2
4 B —PDGFRA
r
5 |
6 f
s 7 B —  —EGFR
8 ::‘
CDKN2A— .-
&
PTEN— 108
11 {_
12 [———— —CDK4
RB1— 13E
14 = —IRS2
15 L
NF1— T E
B
CD33— 20
. s
| I [ [ [ [ [ I I I
3 25 2 15 1 1 125 15 2 3 4
g-score g-score
B
Candidate TCGA TCGA DF/BWCC DF/IBWCC
Cytohand Gene amplified non-amplified amplified non-amplified pvalug
12q14.1 CDK4 24% (112/475) 76% (363/475) 5% (6/116) 95% (110/116)  6.20E-04
19p13.3 - 43% (206/475) 57% (269/475) 19% (22/116)  81% (94/116)  8.00E-05
1932.1 MDM4  28% (133/475) T72% (342/475) 7% (8/116)  93% (108/116) 6.43E-06
1p36.21 - 17% (83/475) 83% (392/475) 3.5% (4/116) 96.5% (112/116)  0.0075
Candidate TCGA DF/BWCC DF/BWCC
Cytoband Gene TCGA deleted non-deleted deleted non-deleted p value
10g23.31 PTEN 93% (443/475) 7% (32/475)  82% (95/116)  18% (21/116) 0.02
10p13 - 87.6% (416/475) 12.4% (59/475) 74% (86/116)  26% (30/116) 0.02

Fig. 5. GISTIC 2.0 analysis and comparision of DF/BWCC aCGH data with TCGA GBM SNP array data. (A) Significance (x-axis) of DF/BWCC deletions
(dark blue) and amplifications (lavender) transposed onto TCGA data (light blue and red, respectively) across the genome (y-axis). (B) SCNA peaks
with significantly different incidence between adult (>40 y) DF/BWCC patients and TCGA cohort, as defined by P-value <.05 (2-tailed Fisher’s exact

test with Bonferroni correction).

Integrative OncoCopy and OncoMap Reporting Can
Inform Trial Inclusion and Exclusion Criteria Based on
Pathway Status of Tumor Suppressors or Oncogenes

In our cohort, comprehensive testing for both OncoCopy and
OncoMap was performed in 37 GBM patients and we examined
this group for ability of combined testing to provide unique re-
sults not achieved with either test alone (Fig. 6). Such integra-
tive analysis identified one tumor with concurrent RBI
mutation and RB1 single copy loss, and one tumor with PTEN
mutation and loss of the second PTEN allele. Such events are

consistent with complete pathway inactivation. As an
example of the potential utility of this integrative information
in the clinical trial setting, a patient with combined PTEN alter-
ations was considered “PTEN inactivated” and was molecularly
eligible for the pan-phosphatidylinositol-3 kinase inhibitor
BKM120 (Novartis), as part of an open phase 11 clinical trial
at DF/BWCC for recurrent GBM (Ivy Early Phase Clinical Trials
Consortium, NCT01339052). However, the patient did not sub-
sequently enroll due to failure to meet other clinical eligibility
requirements.
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Fig. 6. Integrative OncoPrint of OncoCopy and OncoMap data for 37 GBM patients. The circles indicate patients with both copy number alterations

and a mutation in PTEN or RB1.

To further determine the theoretical value of multiplex test-
ing in our patient cohort, we retrospectively determined the
number of patients in our study who were involved in clinical
therapeutic trials at any point in their care at our institution.
Of 198 GBM patients, 77 (39%) were enrolled into 41 distinct
clinical trials. Among those 77 cases, 39 (51%) participated in
a clinical trial of a targeted agent where eligibility criteria or trial
results could be critically informed by data generated by Onco-
Copy or OncoMap. As expected due to their longer survival, re-
current GBM patients seen in a tertiary care setting were more
likely to be enrolled in a clinical trial over the course of their dis-
ease than newly diagnosed GBM patients: 53% of recurrent
(17/32) and 36% (60/166) of newly diagnosed GBM patients ul-
timately participated in one or more clinical trials. Patients with

recurrent and newly diagnosed GBM were equal in level of en-
rollment to trials with molecular eligibility criteria (50% of both
cohorts).

Discussion

Implementation of both aCGH and somatic mutation detection
technologies in CLIA-certified clinical laboratories at DF/BWCC
has enabled us to report both genome-wide SCNAs and muta-
tions from FFPE primary brain tumors. We found that these
data streams provide efficient and complementary tumor gen-
otyping data useful for diagnostics/prognostics while also offer-
ing genetic profiles that can be used in real time for clinical trial
selection and decision making.
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Gliomas, including GBM, are a disease in which copy number
alterations appear to be predominant drivers of tumorigenesis
and for which whole-genome copy number analysis provides
particularly relevant diagnostic, prognostic, and therapeutic in-
formation.**%3% In our clinical experience, the most useful
prognostic information based on copy number was related to
simultaneous detection of 1p/19q codeletion and EGFR ampli-
fication. These copy number aberrations are relevant to prog-
nosis in tumors histologically diagnosed as mixed gliomas,
and emerging data suggest in fact that they are likely patho-
gnomonic diagnostic features of oligodendroglioma and glio-
blastoma, soon to be adopted by the field.>'*? To date, most
genome-wide SCNA studies, such as those in TCGA, rely solely
on frozen tumor tissue, which essentially excludes this type of
testing from the routine clinical diagnostic pipeline, particularly
for referral patients, who rarely have frozen tissue available. Our
results demonstrate that clinical FFPE aCGH can replace target-
ed FISH studies that were traditionally performed as standard
of care, while providing extensive additional genomic data. The
failure to extract sufficient DNA in GBM was higher than expect-
ed based on our research experience with the assay; however,
this was primarily explained by logistical factors of tissue acqui-
sition from outside sites and failures in the early stages of
the implementation where pathologists were not sufficiently
trained in the importance of avoiding necrosis in submitted ma-
terial; these shortcomings have been readily improved as expe-
rience with the testing has been gained.

Molecular heterogeneity in the form of subclonal tumor cell
populations is well described in GBM and is hypothesized to
have clinical importance as a treatment resistance mecha-
nism.?’33 While there are no specific criteria that can be uni-
formly applied to definitively identify subclonal populations
based on copy number aberrations in any individual tumor,
our results do support that specific loci can be reliably identified
as highly likely to represent subclonal events based on prior
knowledge of consistent patterns of aberration involving specif-
ic loci. Our experience suggests that low-level, focal gains af-
fecting specific oncogenes (MYCN, PDGFRA, EGFR, MET, and
MYC) using criteria in this study of <10 Mb and log, ratios be-
tween 0.25 and 2.0 are sufficiently indicative of intratumoral
heterogeneity that clinical reports should formally note this
possibility. Furthermore, it seems reasonable to make the sug-
gestion in the report that targeted FISH may need to be per-
formed if formally required for clinical decision making
(eg, entry onto clinical trial).

While sensitivity of aCGH is important to consider, our find-
ings demonstrate that aCGH can detect evidence of amplifica-
tions occurring in as few as 5%-10% of cells (Fig. 2). However,
we note that our EGFRVIII detection rate is lower than some
previously reported incidences, such as RNA sequencing and
Nanostring assays, but is similar to levels reported in aCGH or
SNP assays, including the cohort from TCGA.?® This is likely
due to the intrinsic dynamic range limitations of aCGH, which
can be exceeded in the setting of high copy number amplifica-
tions seen in GBM. Based on single cell sequencing of GBM, the
EGFRVIII mutation typically exists in subclones of tumor cells,
which may be masked by the more dominant wild-type epider-
mal growth factor receptor-amplified cell population.?® This
range problem is not unique to the aCGH platform and is also
a limitation of SNP-based copy number assays and SCNAs

calculated by quantification of reads in next-generation se-
quencing. In our experience, these latter methods are currently
less sensitive than aCGH for detection of the deleted exons in
EGFRVIII. While aCGH offers a viable and rapid-turnaround
screen for EGFRVIII and other copy number alterations in the
clinical setting, we suggest that in situations where EGFRVIII
status is required for clinical trial entry, EGFR-amplified GBM
that lacks EGFRVIII should be reflexively submitted for an EGFR-
vIII dedicated assay such as immunohistochemistry, reverse
transcriptase PCR, or Nanostring.

Our study also revealed data suggestive of biologic under-
pinnings of the disease. Patients <40 years old had a much
lower incidence of “classic” GBM copy number aberrations in-
volving EGFR, PTEN, and CDKN2A, and higher frequencies of sev-
eral other events, including amplifications of AKT3 and CCND2.
These findings suggest that GBM arising in younger patients dif-
fers from that which develops later in life and may require alter-
native treatment strategies.

While SCNAs represent key driver events in GBM, mutations in
oncogenes and/or tumor suppressor genes represent a comple-
mentary level of molecular disruption contributing to the cancer
phenotype.“? Incorporating clinical single nucleotide variation
analysis for brain tumors is important because it identifies diag-
nostic and clinically relevant events, including mutations in IDH1/
IDHZ (adult low-grade gliomas), BRAF (gangliogliomas, pleomor-
phic xanthoastrocytomas), or INI1 (atypical teratoid rhabdoid
tumors).!133473¢ Our results show that mass spectrometry-
based methods reliably capture oncogenic mutations and
other targeted somatic events in a clinical environment; however,
they also highlight the need in GBM for rapid adoption of whole
gene/exome sequencing given the low incidence of “hot spots”
within the most common tumor suppressor genes involved in
GBM. Integration of results from these technologies should great-
ly increase the completeness of assessing tumor suppressor
genes and improve interpretation of responses in clinical trials.

While TCGA required extremely large infrastructure and staff
investments, current technologies and methods now allow
similar integrative genomics on a scale and timeframe feasible
for patients in an academic laboratory setting. Genomically de-
fined clinical trials increasingly require costly screening of large
numbers of patients using singleton tests such as FISH. Such
approaches are particularly problematic as clinical trials in-
crease in number and complexity. Furthermore, multi-arm
genomically stratified trials of targeted agents are currently
being designed for GBM and other cancers where routine
assessment of multiple biomarkers is essential to the trial de-
sign.2’8 Such trials would be efficiently enabled and their costs
reduced by incorporation of multiplexed genotyping approach-
es described here. Indeed, with a 1- to 2-week turnaround time
for OncoCopy, copy number data are reported within a time-
frame compatible with the time it takes to obtain final patho-
logic diagnoses and transfer patient care from neurosurgery to
the oncology service. Improvements in the sample-processing
pipeline, including reducing DNA preparation and genotyping
time or dedicating a pathologist review of molecular data,
can further accelerate the turnaround in the future. OncoMap
results are complementary and often reveal trial-specific muta-
tions in oncogenes (eg, PIK3CA, PIK3C2B, BRAF), for which
patients would be eligible. The 6-week turnaround for large
panels, which are run as enterprise-wide batched results, was
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less problematic for patients with newly diagnosed disease
given that few trials currently were available. However, this
longer time to results did represent a significant challenge for
patients presenting at recurrence from outside hospitals, who
generally need to make decisions within 4 weeks or less. This
suggests that laboratories may need to consider having sepa-
rate testing for high-throughput, high-dimension, non-time-
sensitive assays and lower-throughput, low-dimension, more
rapid testing for clinical trial incorporation. As the number of
genomics-based clinical trials continues to expand, we expect
an increase in the percentage of patients with newly diagnosed
and recurrent GBM enrolling in molecularly stratified trials.
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