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Development of model systems that recapitulate the
molecular heterogeneity observed among glioblastoma
multiforme (GBM) tumors will expedite the testing
of targeted molecular therapeutic strategies for GBM
treatment. In this study, we profiled DNA copy number
and mRNA expression in 21 independent GBM tumor
lines maintained as subcutaneous xenografts (GBMX),
and compared GBMX molecular signatures to those
observed in GBM clinical specimens derived from the
Cancer Genome Atlas (TCGA). The predominant copy
number signature in both tumor groups was defined by
chromosome-7 gain/chromosome-10 loss, a poor-prog-
nosis genetic signature. We also observed, at frequencies
similar to that detected in TCGA GBM tumors, genomic
amplification and overexpression of known GBM onco-
genes, such as EGFR, MDM2, CDK6, and MYCN, and
novel genes, including NUP107, SLC35E3, MMP1,
MMP13, and DDX1. The transcriptional signature of
GBMX tumors, which was stable over multiple subcuta-
neous passages, was defined by overexpression of genes
involved in M phase, DNA replication, and chromo-
some organization (MRC) and was highly similar to the
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poor-prognosis mitosis and cell-cycle module (MCM) in
GBM. Assessment of gene expression in TCGA-derived
GBMs revealed overexpression of MRC cancer genes
AURKB, BIRCS, CCNB1, CCNB2, CDC2, CDK2, and
FOXM1, which form a transcriptional network impor-
tant for G2/M progression and/or checkpoint activa-
tion. Our study supports propagation of GBM tumors
as subcutaneous xenografts as a useful approach for sus-
taining key molecular characteristics of patient tumors,
and highlights therapeutic opportunities conferred by
this GBMX tumor panel for testing targeted therapeutic
strategies for GBM treatment. Neuro-Oncology 11, 477~
487, 2009 (Posted to Neuro-Oncology [serial online],
Doc. D08-00284, January 12, 2009. URL http://neuro
-oncology.dukejournals.org; DOI: 10.1215/15228517-
2008-113)
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lioblastoma multiforme (GBM; WHO grade
GIV) is the most common type of CNS tumor,

the prognosis for which remains dismal despite
intervention with surgery, radiation, and chemotherapy.!
A large number of genetic and epigenetic alterations have
been identified in GBMs,?** many of which enhance the
ability of tumor cells to proliferate, invade surround-
ing brain tissue, and evade therapeutic treatments.
Although the mRNA and protein products of these
genes are attractive candidates for targeted therapeutics,
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realization of the potential of targeted therapeutics for
improved treatment of GBM will require more extensive
understanding of the molecular pathways that underlie
tumorigenesis and preclinical models that closely reca-
pitulate the human disease.

Ex vivo cell culture models of GBM have provided
valuable insights into the mechanisms by which onco-
gene and tumor suppressor dysfunction promote GBM
development. However, it is well known that GBM cell
lines cultured ex vivo lack amplification and associated
overexpression of epidermal growth factor receptor
(EGFR), which occurs in 40%-50% of primary tumors.
In addition, tumors that develop in rodents following
intracranial implantation of cultured GBM cells often
lack key phenotypes observed in patient tumors, such as
angiogenesis and infiltrative growth. In contrast, GBM
tumors maintained as subcutaneous xenografts in nude
mice demonstrate maintenance of EGFR gene amplifica-
tion through serial in vivo propagation,* and addition-
ally recapitulate the invasive growth pattern of patient
tumors when transplanted intracranially in rodents.’ A
GBM xenograft (GBMX) tumor panel has enabled stud-
ies aimed at directly assessing the effect of EGFR ampli-
fication on GBM radiation response,® and correlating
tumor PTEN (phosphatase and tensin homolog deleted
on chromosome 10) and EGFR status with response
to the EGFR kinase inhibitor erlotinib.” While these
studies suggest that subcutaneously propagated GBMX
tumors more accurately model GBM molecular biol-
ogy and therapeutic responses than do permanent cell
lines, it remains unclear the extent to which this GBMX
tumor panel represents the molecular subtypes of patient
GBM:s.

In this study, we assessed DNA copy number aber-
rations and mRNA transcript levels in a 21-member
GBMX tumor panel and compared these molecular data
sets with data sets derived from GBM clinical specimens.
This comparative genomic approach enabled the identi-
fication of a number of aberrantly overexpressed tran-
scripts in GBM and GBMX tumors for which targeted
inhibition may prove efficacious for disease treatment.

Materials and Methods

Samples

Subcutaneous GBMX tumors were surgically removed
in accordance with procedures approved by the Institu-
tional Animal Care and Use Committee and snap frozen
in liquid nitrogen. Snap-frozen nonneoplastic brain tis-
sues were derived from the temporal lobes of epileptic
patient surgeries and were composed primarily of cortex
with mild to moderate reactive astrocytosis and neurons.
Nonneoplastic controls were obtained from the Brain
Tumor Research Center tissue core at the University of
California—San Francisco in accordance with procedures
approved by the Committee on Human Research. All
samples were ground to a powder using a liquid-nitrogen—
cooled pestle and mortar, and DNA and RNA were
extracted from separate aliquots of ground tissue.
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DNA Copy Number Analyses

DNA extractions® and hybridizations to Affymetrix
50K Xba single nucleotide polymorphism (SNP) chip
arrays’ (Affymetrix, Inc., Santa Clara, CA, USA) were
performed as previously described. SNP array data were
preprocessed as follows: perfect-match (PM) probe inten-
sities of the 21 GBMX tumors were quantile normal-
ized with those of 90 normal tissue controls (HapMap
trios, Affymetrix). The total hybridization intensities,
PM A + PM B (in logarithm base two), were median-
summarized over the five to seven probe quartets for
each SNP, followed by a fragment-length adjustment
using cubic splines.!® We then calculated the log, copy
number ratio for each SNP by subtracting the mean
SNP log, intensity of all 90 HapMap reference samples
from the per-SNP intensity within each GBMX tumor
to remove SNP-specific effects. Copy number was seg-
mented along each chromosome into regions of equal
copy number changes with a circular binary segmenta-
tion algorithm!' implemented in the DNAcopy package
of R/Bioconductor (version BioC 2.2; www.bioconductor
.org,'? using the National Center for Biotechnology
Information Build 36.1 annotation from Affymetrix
[dated July 12, 2007]). Neighboring genomic segments
were merged if their estimated copy numbers did not dif-
fer by more than one standard deviation. Frequencies of
copy number gain or loss were calculated using segment
mean thresholds of £0.3. For analyses of GBM clinical
specimens, segment mean thresholds of +0.3 were used
on data generated from SNP arrays,'? and thresholds of
+0.1 were used on data generated from bacterial artifi-
cial chromosome (BAC) arrays'*'S and Agilent 244K oli-
gonucleotide arrays® (Agilent Technologies, Santa Clara,
CA, USA). All array data included in this manuscript
are accessible through Gene Expression Omnibus Series
accession no. GSE14806 (www.ncbi.nlm.nih.gov/geo).

mRNA Expression Analyses

Total RNA was extracted from GBMX tumors and non-
neoplastic control brain using the mirVana RNA isola-
tion system (Ambion, Inc., Austin, TX, USA), further
purified using RNeasy columns (Qiagen, Inc., Valencia,
CA, USA), and RNA integrity assessed using a bioana-
lyzer (Agilent). RNA from all samples was hybridized
in parallel to Human U133A GeneChip arrays on the
Affymetrix HTA system (HT_HG-U133A). CEL raw
data files were read into R/Bioconductor using the Affy/
affyPLM package,'® and RMA (robust multiarray aver-
age) intensity in log, scale was generated for each probe
set (gene). The 11 PM intensities per probe set were
background-corrected, quantile-normalized (to make
the distribution of intensities the same for all arrays),
and summarized for each probe set using a robust fit of
linear models as previously described.!”

Unsupervised hierarchical clustering based on the
most variably expressed genes, defined by the medium
absolute deviation, was conducted using Pearson’s cor-
relation coefficient or Euclidean distance as the similar-
ity metrics and Ward’s linkage method or the complete



linkage method as the between-cluster distance met-
rics. Separate analyses were conducted for the top 7 =
50,200,500 variably expressed genes among all samples
(nonneoplastic control brain and GBMX tumors) and
among GBMX tumors only. Analyses of the proneural
(Pn), mesenchymal (Mes), and proliferative (Pr) gene
expression signatures in GBMX tumors, GBM tumors
from M.D. Anderson Cancer Center, and GBM tumors
from the University of California, San Francisco, were
conducted using 478 U133A genes from the set of 725
U133A and U133B survival-associated all-marker
genes.!® Relative expression was determined by compar-
ing the median expression of the Pn, Mes, and Pr signa-
ture genes in each tumor group relative to the median
expression in respective nonneoplastic control tissues.

For comparisons of gene expression between GRBMX
tumors and nonneoplastic controls, paired #-tests were
performed on the average log, intensity of each probe set
in GBMX tumors and nonneoplastic controls. p-Values
were adjusted for multiple comparisons using Bonfer-
roni-corrected p-values of the moderated ¢-statistics.
GOstat analysis'® (GOstat is software made freely avail-
able at http://gostat.wehi.edu.au) was conducted using
607 genes that were significantly upregulated at least
2-fold in GBMX tumors. This gene list was searched
against the AFFY_HG_U133A gene ontology (GO) gene
association database; the maximal p-value in the GO
output list was set to 1'%, and the minimal length of
considered GO paths was set to 5. GOs were merged if
the indicating gene lists were inclusions or differed by
fewer than 10 genes.

Assessment of gene expression from Cancer Genome
Atlas (TCGA)? was conducted on GBM tumors (n =
201) and 100% nontumor controls (7 = 5) analyzed with
the Affymetrix exon array 1.0 platform. Raw data were
preprocessed with RMA'” and aroma.affymetrix.!” The
average and maximum fold changes in the GBMs were
calculated relative to the median log, expression value
of the nontumor samples.

Results

Molecular Subclassification of GBMX

Prior global assessments of DNA copy number and
mRNA expression suggest the presence of distinct
molecular subsets of GBM.!*15:20-22 To assess molecu-
lar subclass representation among GBMX tumors, we
examined DNA copy number aberrations (CNAs) and
mRNA expression profiles in 21 distinct xenografts
(Supplementary Table 1). For CNA assessment, we
used the Affymetrix SOK Xba SNP chip, which enabled
identification of the expected EGFR amplifications*
and CDKN2A (cyclin-dependent kinase inhibitor 2A)
homozygous deletions (CD James, personal communi-
cation; Supplementary Fig. 1). We next compared the
frequencies of genomic CNA between GBMX tumors
and a series of de novo GBM specimens.?!>!* The pat-
terns of recurrent CNA were highly similar between
both tumor groups (Fig. 1); the most frequently observed
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CNAs were whole chromosome 7 gains, whole chromo-
some 10 losses, CDKN2A homozygous deletions, and
EGFR amplifications.

To assess transcriptional heterogeneity in the GBMX
tumor panel, we next determined mRNA expression
profiles of GBMX tumors and nonneoplastic control
brain tissues using Human U133A GeneChip arrays
on the Affymetrix HTA system (HT_HG-U133A). As
expected, unsupervised hierarchical clustering of the
most variably expressed genes among all samples seg-
regated tumors and nonneoplastic controls into distinct
classes (Fig. 2A). Also, GBMX tumors from within a
tumor line, but from distinct tumor passages, showed
a higher extent of identity than when compared to any
other tumor line (Fig. 2A), suggesting that GBMX tran-
scriptional signatures are stable in association with
subcutaneous propagation. However, unlike expression
profiling studies of patient tumors,'>*! GBMX tumors
did not reliably segregate into two or three distinct
subclasses.

We next performed a supervised classification of the
GBMX tumors with respect to the proneural-mesenchymal-
proliferative signature gene classification scheme of
high-grade astrocytomas.!> This revealed that all
GBMX tumors invariably contained a strong prolifera-
tive expression signature, whereas no GBMX tumors
contained evidence of a proneural signature (Fig. 2B).
Expression of the mesenchymal signature was variable
across GBMX tumor lines (Fig. 2B), consistent with
observations in primary tumors.'

Cell Cycle Gene Expression Networks in
GBMX Tumors

To further investigate the proliferative signature in
GBMX tumors, we compared the average expression of
all HT_HG-U133A probe sets between GBMX tumors
and nonneoplastic control brain samples. This analysis
revealed 809 probe sets (607 unique genes) that were
significantly (p < 0.01, adjusted for multiple compari-
sons) overexpressed at least 2-fold on average in GBMX
tumors. To determine the biological processes associated
with these 607 genes, we assessed their GO classifica-
tions using GOstat.'® This analysis revealed four main
GO clusters that were significantly overrepresented in
this gene list (Supplementary Table 2), comprising highly
significant enrichment for genes associated with mito-
sis (p = 0), DNA replication (p = 1.3 x 1071), RNA
splicing (p = 7.9 x 1072%), and chromosome organiza-
tion and biogenesis (p = 9.6 x 1072!). Interestingly, these
GO biological processes closely resembled the mitosis
and cell-cycle module (MCM) gene expression signa-
ture previously identified in GBM and breast cancer.??
Indeed, analyses of MCM hub genes (genes that show
high intermolecular physical and/or functional inter-
actions) revealed that 27 of 35 (77%) of the hub genes
were among the most highly overexpressed genes (99th
percentile) in GBMX tumors relative to nonneoplastic
controls; each of the 27 hub genes were overexpressed
>8-fold on average in GBMX tumors relative to non-
neoplastic controls. Therefore, the predominant gene
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Fig. 1. Frequencies of genomic copy number gains and losses in glioblastoma multiforme (GBM) xenograft (GBMX) tumor lines and GBM
clinical samples. (A) GBMX tumors (n = 21) analyzed on the Affymetrix Xba 50K SNP array platform. (B) GBM tumors (n = 82) analyzed
on the Affymetrix Xba 50K SNP array platform.™ (C) GBM tumors (n = 56) analyzed on the BAC array platform.'* (D) GBM tumors (n =

221) analyzed on the Agilent 244K oligonucleotide array platform.?

expression signatures observed in GBMX tumors signifi-
cantly overlap with signatures observed in human GBM
clinical specimens.

To determine which of the mitosis, DNA replica-
tion, and chromosome organization (MRC) genes over-
expressed in GBMX tumors (17 = 389) were also overex-
pressed in GBM clinical samples, we analyzed expression
data from 201 GBM clinical specimens derived from
the TCGA. This revealed that 41 of 389 (11%) of these
genes were overexpressed at least 2-fold on average in
GBM clinical specimens, as well as in GBMX tumors,
relative to nontumor controls (Table 1). Characteriza-
tion of these genes using ingenuity pathways analysis
revealed two main cell-cycle expression networks: (1)
cellular assembly and organization (Fig. 3A), and (2)
DNA replication, recombination, and repair (Fig. 3B).
Within the cellular assembly and organization network,
aurora kinase B (AURKB), cyclin B1 (CCNB1), cyclin-
dependent kinase 1 (CDC2), cyclin-dependent kinase
2 (CDK2), and forkhead box M1 (FOXM]1) were the
principal hub genes, showing the highest degree of intra-
network connectivity. These genes have been implicated
in the development of multiple malignancies, including
GBM, and play important roles in ensuring appropriate
progression through mitosis. Within the DNA replica-
tion, recombination, and repair network, the main hub
gene was the tumor suppressor TP53, suggesting that
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loss of TP53 function in GBM results in transcriptional
upregulation of a gene expression network important for
transition through S-phase of the cell cycle.

Expression of Genomically Amplified Genes in
GBMX Tumors

As expected from previous fluorescence in situ hybrid-
ization studies,* our microarray analyses revealed high-
level EGFR amplification (log, ratio > 4; 32 copies) in a
significant proportion (8 of 21) of GBMX tumors. This
frequency is very consistent with frequencies reported
in association with the analysis of large series of patient
tumors,>*2¢ suggesting that there is no selection bias for
establishing xenografts based on patient tumor EGFR
amplification status. Among GBMX tumors, EGFR
transcript levels were highly correlated with genomic
amplification (Fig. 4A). Because of this, we identified
all genomic loci for which the segment mean log, copy
number ratio was greater than 4 in at least one GBMX
tumor line to identify additional amplification-copy
number relationships. We identified 15 such amplicons
(including the EGFR amplicon), which ranged in size
from 215 kb to 3.0 Mb (Table 2). Within these ampli-
cons, we identified a total of 58 National Center for
Biotechnology Information Reference Sequence genes,
51 of which contained probe sets on the U133A gene
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Fig. 2. (A) Unsupervised hierarchical clustering dendrogram (Pearson-Ward) of glioblastoma multiforme xenograft (GBMX) tumors and
nonneoplastic controls based on the 100 most variably expressed genes among the samples. Colored boxes represent tumors from the
same line but from distinct tumor passages (the number after the period represents the generation number). (B) Expression of proneural,
mesenchymal, and proliferative genes in GBMX tumors and GBM clinical samples (MDA, M.D. Anderson Cancer Center; UCSF, University

of California, San Francisco)."”

expression arrays (Supplementary Table 3). Of these, 33
were selectively overexpressed >5-fold in the amplicon-
bearing tumors relative to the average expression in non-
amplified tumors (Supplementary Table 3).

We next assessed whether DNA copy number and
mRNA expression were increased for the 33 amplified
and overexpressed GBMX genes in 228 human GBMs
from TCGA.? We first compared the amplicons observed
in GBMX tumors with the amplicons detected in TCGA
GBM copy number data sets; a locus was considered
amplified in GBMs if it was observed on at least one
of three microarray platforms and with at least one of
three analytical algorithms.? This revealed that 7 of the
15 GBMX amplicons were focally amplified in TCGA
GBMs (Table 2). Further, a majority of the amplified and
overexpressed GBMX genes (19 of 33) showed evidence
for high overexpression (4- to 321-fold) in a subset of
TCGA GBMs (Supplementary Table 3). Of particular
interest, in the 12p13 amplicon, expression of MDM?2
(Mdm2 p53 binding protein homolog), SLC35E3 (sol-
ute carrier family 35, member E3; UniProt ID Q7Z7769),
and NUP107 (nucleoporin 107k Da) clearly separated
GBMs into two distinct expression groups (Fig. 4B).

In the 11q22 amplicon, the collagenase genes matrix
metallopeptidase 1 (MMP1) and MMP13 were tran-
scriptionally overexpressed at least 10-fold in approxi-
mately 5% of GBMs relative to the median expression in
all tumors (Fig. 4C); MMP13 was overexpressed more
than 100-fold in multiple GBMs. Finally, in the 2p24
amplicon, both DDX1 (DEAD [Asp-Glu-Ala-Asp] box
polypeptide 1) and MYCN (v-myc myelocytomatosis
viral related oncogene, neuroblastoma derived) were
clearly overexpressed in a small proportion (1%, 2 of
228) of GBM:s (Fig. 4D).

Discussion

Molecular Subclassification of GBMX Tumors

Results from the microarray analyses conducted in this
study revealed that GBMX tumors recapitulate many of
the key molecular features described in GBM clinical
samples. For example, DNA copy number aberrations in
GBMX tumors showed significant similarity with results
from previously published studies of patient tumors,
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Table 1. Mitosis, DNA replication, and chromosome (MRC) orga-
nization genes overexpressed in glioblastoma multiforme xenograft
(GBMX) tumors and de novo GBM tumors

Fold Change
GBMX Tumors GBM Tumors
Gene
Gene Symbol  Average Maximum Average Maximum
1 ASPM 71 140 13 28
2 AURKB 1M1 23 3 6
3 BIRC5S 42 109 3 6
4 BUB1 22 45 5 9
5 BUB1B 26 53 6 13
6 CCNB2 48 103 3 7
7 Ccbc2 50 126 5 17
8 CDC45L 10 30 6 10
9 CDCA8 9 22 3 7
10 CDK2 16 31 3 5
11 CENPE 17 32 8 18
12 CENPF 33 67 16 22
13 CHEK1 14 40 3 5
14 DLG7 38 85 1M1 16
15 DTL 41 74 4 11
16 E2F8 7 18 6 9
17 FOXM1 18 32 3 6
18 GINS2 1M1 20 3 6
19 HELLS 5 16 3 9
20 IGF2BP3 64 167 2 3
21 KIF14 13 33 8 14
22 KIF18A 9 18 6 17
23 KIF20A 32 70 5 9
24 KIF23 21 42 6 11
25 KIF2C 33 81 3 6
26 KIF4A 24 50 7 11
27 MLF1IP 57 140 6 20
28 MYBL2 5 13 3 7
29 NCAPG 22 37 6 13
30 NDC80 30 73 8 11
31 NEK2 16 31 2 4
32 PBK 106 252 7 14
33 RAD5TAPT 21 46 2 6
34 RRM?2 112 285 5 13
35 SMC4 28 59 3 6
36 SPC25 16 30 3 13
37 TOP2A 83 152 10 14
38 TPX2 47 113 6 10
39 TTK 25 50 10 19
40 UBE2C 49 112 3 4
41 WEET 13 24 4 6

with chromosome 7 gains, chromosome 10 losses, EGFR
amplifications, and CDKN2A homozygous deletions
representing the most frequent alterations in both tumor
groups (Fig. 1). With respect to mRNA expression, the
strongest expression signature in GBMX tumors was
defined by genes that promote transition through S phase
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and mitosis during the cell cycle, and was highly similar
to the MCM previously described in patient GBMs.?3
However, our study also revealed differences between
GBMX tumors and sets of patient GBMs. The most
prominent example is the evident lack of the proneural
GBM expression signature and overrepresentation of
the proliferative expression signature' (Fig. 2). This dis-
crepancy suggests a selection bias in xenograft establish-
ment (i.e., preferential successful engraftment of patient
tumors with proliferative signatures) or that GBMs that
successfully engraft in nude mice adopt a proliferative
gene expression signature, irrespective of the classifica-
tion signature of the original patient tumor. With regard
to this latter possibility, it is important to note that three
stable expression subclasses of high-grade astrocytomas
could be established only if the gene list for clustering
was weighted to include fewer proliferative markers.!
This gene weighting requirement argues that most, if not
all, GBMs harbor a strong proliferative component that
must be computationally masked to permit the unveiling
of additional expression signatures (e.g., Mesenchymal,
Proneural). Extending this line of reasoning, it is reason-
able to hypothesize that it is this proliferative component/
signature of GBM that emerges during subcutaneous
xenograft growth. The consequence of this type of
selection, regarding the ability of xenograft panels to
recapitulate the variability of patient tumor therapeutic
response, has yet to be extensively investigated, although
results from preliminary reports indicate significant dif-
ferences are evident between xenografts regarding their
inherent radiation sensitivity and their response to the
EGFR inhibitor erlotinib.®’

The MRC Expression Signature in GBMX Tumors

Previous molecular profiling analyses of GBM tumors
have defined expression signatures composed of genes
that promote G1/S and G2/M cell cycle progression.!23
We observed significant overlap of these expression sig-
natures with the predominant expression signatures
observed in GBMX tumors, defined by genes that drive
MRC. Analysis of TCGA exon array expression data
revealed that a subset (11%) of MRC signature genes
were overexpressed more than 2-fold on average in GBMs
compared to nonneoplastic controls (Table 1). Network
analysis of the 41 MRC signature genes revealed two
principal cell cycle networks: cellular assembly and
organization (Fig. 3A) and DNA replication, recombi-
nation, and repair (Fig. 3B). The cellular assembly and
organization network was primarily composed of genes
that promote mitotic progression, many of which have
been implicated in cancer etiology including AURKB,
BIRCS (survivin), CCNB1 (cyclin B1), CCNB2 (cyclin
B2),CDC2 (CDK1), CDK2,and FOXM1. Activation of
these genes induces tumorigenic phenotypes in a number
of cancers, whereas their inhibition, such as has been
shown for FOXM1, abrogates tumor growth and inva-
sion?’73% and induces genomic instability.?!-3> Further,
many of G2/M genes identified in GBMX tumors play
a role in mediating the DNA damage response in cancer
cells. For example, inhibition or loss of BIRCS sensitizes
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Fig. 3. Ingenuity networks identified from M phase, DNA replication, and chromosome organization (MRC) gene list. (A) Cellular assem-
bly and organization network. (B) DNA replication, recombination, and repair network. Genes overexpressed in glioblastoma multiforme
xenograft (GBMX) and GBM tumors (Table 1) are shown by red symbols.

GBM cells?? and pancreatic cancer cells’*3’ to ionizing
radiation, and CHK2 (CHK2 checkpoint homolog)
mediates stabilization of FOXMT1 to stimulate expres-
sion of DNA repair genes.?® Therefore, the GBMX
tumor panel should enable investigations of therapeutics
that specifically inhibit genes that promote G2/M cell
cycle progression in the face of DNA damage (genomic
instability, ionizing radiation, temozolomide) and other
cellular stresses.

DNA Amplifications in GBMX Tumors and
Primary GBMs

Our studies revealed a number of genomically amplified,
highly overexpressed genes in GBMX tumors that are
similarly amplified and/or overexpressed in GBM clini-
cal specimens (Table 2, Fig. 4A, Supplementary Table
3). We identified well-established GBM oncogenes such
as EGFR, MDM2, and CDK6 and identified additional
amplified and/or overexpressed genes of potential bio-
logical or therapeutic interest in GBM. For example,
NUP107 and SLC35E3 were coamplified and overex-
pressed with MDM?2 in the 12p13 amplicon in GBMX
tumor line 5, and the expression patterns of each gene
clearly separated TCGA GBM clinical specimens into
two distinct groups (Fig. 4B). NUP107 is a nuclear pore
protein essential for kinetocore function and spindle
assembly during mitosis.>”3% SLC35E3 is a predicted
multipass membrane protein®’ that may enable targeted
delivery of therapeutic agents to SLC35E3/MDM2-
amplified GBMs. In the second example, we identified
a cluster of MMP genes on chromosome 11q22 that
were upregulated in an 11q22-amplified GBMX tumor
line (GBMX line 22). Within this amplicon, the colla-
genase genes MMP1 and MMP13 were transcription-
ally upregulated 10- to 100-fold in approximately 5%
of GBM clinical specimens (Fig. 4C); both collagenases
are known to promote growth and invasion of cancer

cells.*0-*3 In the final example, we identified coamplifica-
tion and overexpression of NMYC and DDX1 at chro-
mosome locus 2p34 in GBMX line 28, as well as in a
small proportion (1%) of TCGA GBMs (Fig. 4D). The
MYCN transcription factor is a well-known oncogene in
neuroblastoma,* and MYCN amplifications have been
previously observed in GBM.*+#¢ DDX1 is a member of
the DEAD box protein family of RNA helicases that play
important roles in RNA metabolism through modula-
tion of inter- or intramolecular RNA structures or disso-
ciation of RNA-protein secondary structures.*” Recent
data suggest that through interaction with ATM (ataxia
telangiectasia mutated), DDX1 plays an RNA clearance
role at ionizing-radiation—induced DNA double-strand
break sites, thereby facilitating template-guided repair of
transcriptionally active regions of the genome.*®

Collectively, the GBMX tumor panel provides a valu-
able resource with which to dissect the biology of the
amplicons described herein, as it is becoming clearer that
multiple genes encoded within amplicons play important
roles in driving tumor biology.**»3° This in turn may lead
to the development of novel therapeutic agents and strat-
egies for disease treatment.

Targeted Molecular Therapeutics and
Personalized Medicine

We have identified a number of candidate therapeutic
targets in GBM, composed of genes that are genomically
amplified and/or overexpressed in clinical specimens and
xenografted tumors. The GBMX tumor panel provides
an important resource with which to develop and test the
efficacy of targeted molecular therapeutics such as novel
small molecule inhibitors and RNA interference (RNAi)
therapeutics®>2 as monotherapies or in combination
with DNA-damaging agents such as temozolomide and
ionizing radiation. RNAI utilizes small double-stranded
RNA-based molecules such as small interfering RNAs
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Fig. 4. Expression of amplified genes in glioblastoma multiforme (GBM) and GBM xenograft (GBMX) tumors. (A) Correlation of epider-
mal growth factor receptor (EGFR) expression versus EGFR copy number in GBMX tumors. (B) Expression of amplified genes NUP107
(nucleoporin 107kDa), SLC35E3 (solute carrier family 35, member E3), and MDM2 (Mdm2 p53 binding protein homolog) at 12q15 in
GBMX tumors and the Cancer Genome Atlas (TCGA) GBMs. (C) Expression of amplified genes MMPT (matrix metallopeptidase 1) and
MMP13 at 11922 in GBMX tumors and TCGA GBM:s. (D) Expression of amplified genes DDX7 (DEAD [Asp-Glu-Ala-Asp] box polypeptide
1) and MYCN (v-myc myelocytomatosis viral related oncogene, neuroblastoma derived) at 2p24 in GBMX and TCGA GBMs. For B-D,
open circles represent expression in the respective amplified GBMX line; expression for nonneoplastic controls and GBMX tumors has
been normalized to the median expression of nonneoplastic controls; and expression for TCGA GBMs has been normalized to the median

expression of all tumors.

(siRNAs) and microRNAs to inhibit gene expression
in a nucleic-acid-sequence—specific manner. The prin-
cipal advantage of siRNAs over small-molecule inhibi-
tors and antibodies is that all genes are potential targets
for inhibition; drug targeting is not limited to kinases
and cell surface proteins. This dramatically expands
the repertoire of candidate therapeutic targets in GBM,
to include so-called “undrugable” targets such as tran-
scription factors and oncogenes that have not been ame-
nable to direct inhibition with small-molecule inhibitors.
Examples of such genes identified in this study include
FOXM1, MYCN, and BIRCS.

While delivery of therapeutics to the CNS is particu-
larly challenging because of the blood—brain barrier, a
number of promising strategies have recently been devel-
oped that may circumvent this problem. These include
intranasal delivery of oligonucleotides,*? lipid encapsula-
tion and targeted delivery of nucleic acids,’*> and direct
administration of therapeutic agents to brain tumor tis-
sues by convection enhanced delivery.’®*” Because the
GBMX tumor lines described in this study form invasive
GBMs when implanted intracranially in rodents, they
enable development and testing of novel strategies for
targeted delivery of therapeutics to intracranial GBMX
in a preclinical setting.

Development of panels of tumor lines that closely

model the molecular heterogeneity and biology of patient
tumors will be invaluable for developing and testing per-
sonalized molecular therapeutic strategies. The GBMX
tumor panel described in this study and tumor panels
described in other cancers®® constitute an important
component of realizing the long-term goal of personal-
ized medicine in cancer, wherein molecular diagnostics
is closely coupled to therapeutic intervention. Future
preclinical efficacy studies in the GBMX tumor panel
will enable the development of predictive markers of
response to a variety of inhibitory therapeutics and may
also provide insights into the mechanisms of acquired
resistance to these agents.
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