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A B S T R A C T

Purpose
Pre-existing and acquired drug resistance are major obstacles to the successful treatment
of glioblastomas.

Methods
We used an integrated resistance model and genomics tools to globally explore molecular factors
and cellular pathways mediating resistance to O6-alkylating agents in glioblastoma cells.

Results
We identified a transcriptomic signature that predicts a common in vitro and in vivo resistance
phenotype to these agents, a proportion of which is imprinted recurrently by gene dosage changes in
the resistant glioblastoma genome. This signature was highly enriched for genes with functions in cell
death, compromise, and survival. Modularity was a predominant organizational principle of the
signature, with functions being carried out by groups of interacting molecules in overlapping networks.
A highly significant network was built around nuclear factor-�B (NF-�B), which included the persistent
alterations of various NF-�B pathway elements. Tumor necrosis factor-�–induced protein 3 (TNFAIP3)
was identified as a new regulatory component of a putative cytoplasmic signaling cascade that
mediates NF-�B activation in response to DNA damage caused by O6-alkylating agents. Expression of
the corresponding zinc finger protein A20 closely mirrored the expression of the TNFAIP3 transcript,
and was inversely related to NF-�B activation status in the resistant cells. A prediction model based on
the resistance signature enabled the subclassification of an independent, validation cohort of 31
glioblastomas into two outcome groups (P � .037) and revealed TNFAIP3 as part of an optimized
four-gene predictor associated significantly with patient survival (P � .022).

Conclusion
Our results offer strong evidence for TNFAIP3 as a key regulator of the cytoplasmic signaling to
activate NF-�B en route to O6-alkylating agent resistance in glioblastoma cells. This pathway may
be an attractive target for therapeutic modulation of glioblastomas.

J Clin Oncol 24:274-287. © 2006 by American Society of Clinical Oncology

INTRODUCTION

The prognosis of patients with glioblastoma mul-
tiforme has not improved substantially during the
last decades, and almost all patients die as a result
of their disease. Current treatment approaches are
based on radiation therapy and alkylating agent che-
motherapy. O6-guanine alkylating agents, such as
1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and
temozolomide (TMZ), are among the most widely
used chemotherapeutics in treating glioblastomas
because they can efficiently cross the blood-brain
barrier. These agents have modest efficacy against
glioblastomas.1,2 A subset of glioblastoma pa-
tients demonstrates an initial response, lasting a

few or several months and eventually leading to
tumor recurrence.

One of the most prominent resistance mecha-
nisms to alkylating agents includes O6-methylguanine
DNA methyltransferase (MGMT),3 which acts as
a suicide enzyme by removing the methyl or chlo-
roethyl damage at the O6-position of guanine.
Epigenetic MGMT gene silencing via promoter hy-
permethylation, present in approximately 40% of
cases, has been shown to predict outcome in glio-
blastoma patients treated with BCNU or TMZ.4,5

The growing awareness that resistance in hu-
man cancer is likely regulated by the coordinated
alteration of molecular pathways6 suggests that
many more genes might be involved in the develop-
ment of resistance phenotypes in glioblastomas than
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the changes described thus far for a limited number of known resis-
tance genes.3 Resistance of glioblastomas to alkylating agents such as
BCNU and TMZ seems to follow a more complex pattern than simple
dependence on MGMT levels.3,7-9

Excessive and prolonged activation of nuclear factor-�B (NF-�B)
has been established as a principal mechanism of tumor chemoresis-
tance, which is primarily mediated by its antiapoptotic activity.10,11

Some evidence also indicates a link between the NF-�B pathway and
resistance of glioblastoma cells to O6-alkylating agents, and suggests
that inhibition of NF-�B is a promising means to potentiate the
cytotoxic effects of these agents.12 The NF-�B complex consists of a
family of heterodimers, of which the p50/p65 heterodimer is the most
abundant form. NF-�B is active in the nucleus and is inhibited
through its sequestration in the cytoplasm by the inhibitors of �B
(I�Bs), primarily through the interaction of I�B proteins with p65.
I�B is a target of several well-characterized kinase cascades that acti-
vate I�B kinases (IKKs), which phosphorylate I�B and mark it for
degradation via the ubiquination pathway, thereby allowing activa-
tion of NF-�B. Activated NF-�B translocates to the nucleus and binds
DNA at �B-binding motifs, which initiates gene transcription. Anti-
cancer drugs are known to induce the expression of NF-�B target
genes through the direct activation of NF-�B and the secondary pro-
duction of NF-�B activators.11

There is increasing recognition of the value of comprehensive
approaches to the molecular characterization of biologic phenotypes
such as drug resistance. We have here utilized an integrated model of
glioblastoma resistance to O6-alkylating agents and genomics tools to
globally explore molecular factors, cellular pathways, and functional
interaction networks perturbed during the selection and evolution of
drug resistance in glioblastoma cells. Our results highlight a key role
of a cytoplasmic signaling cascade that activates NF-�B in response
to these agents. This pathway reveals the tumor necrosis factor-�–
induced protein 3 (TNFAIP3) gene as a factor associated with glioblas-
toma cell resistance.

PATIENTS AND METHODS

Cell Culture and Selection for Drug Resistant

Cell Populations

Primary tumors were assigned a random, two-letter code designation,
and the recurrent tumor from the same patient received the same code with the
addition of “R” (ME/MER, LX/LXR, DI/DIR). Cell lines were derived from
these tumors as described13,14 and grown in Waymouth MAB 87/3 medium
(MAB; Mediatech Inc, Herndon, VA) with 20% fetal calf serum (FCS; Medi-
atech Inc). Cells from primary and recurrent tumors were selected for resis-
tance to BCNU or TMZ as described.14,15 Cells were washed with MAB
without serum three times; they were then mock-treated using MAB alone, or
treated with increasing concentrations of BCNU (2.5, 5.0. 7.5, and 10 �g/mL)
or TMZ (2.5, 5.0, 7.5, and 10 �mol/L) in MAB for 1 hour at 37°C with 5%
CO2. Cells were washed and fed with MAB containing 20% serum. The cells were
treated for 3 (BCNU) or 5 (TMZ) consecutive days, after which the cells were
allowed to grow. Corresponding sets of cells were mock-treated in parallel using
MAB media without drug. This step was repeated several times until the resulting
cell population was resistant, as evidenced by the absence of cell death after treat-
ment when compared wtih the mock-treated controls. The time required to select
for a resistant cell population varied for the different cell lines. Cells from the
recurrent tumors had a higher level of intrinsic resistance than cells from the
primary tumor. Cells were re-treated with 10 �g/mL BCNU or 10 �mol/L TMZ
every eight to 10 passages to maintain the resistant phenotype.

Tumor Specimens and Patients

Thirty-one fresh-frozen glioblastoma specimens were collected and sub-
jected to standard WHO classification.16 Patients underwent tumor debulking
surgery (gross total resection, 84%; subtotal resection, 16%) and were gener-
ally treated with an adjuvant regimen that included irradiation (total of � 60
Gy) and TMZ (150 to 200 mg per square meter for 5 days during each 28-day
cycle). All but four patients were treated with chemotherapy, and one patient
also did not receive radiotherapy. For four patients, data on adjuvant therapy
were incomplete. Written informed consent was obtained from all patients,
and the study was approved by the institutional review board of Stanford
University Medical Center (Stanford, CA).

RNA and DNA Preparation

For RNA extraction from cell lines and tumor specimens, cell lysates and
samples were homogenized using QIAshredder columns (Qiagen, Valencia,
CA) and a rotor-stator homogenizer (Kinematica, Cincinnati, OH), respec-
tively. Total RNA was isolated from cell and tumor homogenates using the
RNeasy Mini and RNeasy Lipid Tissue Kits (Qiagen), respectively, and quan-
tified via spectrophotometry. RNA integrity was confirmed using the Agilent
2100 Bioanalyzer (Agilent, Palo Alto, CA). Universal human reference total
RNA was purchased from Stratagene (Strategene, La Jolla, CA). Genomic
DNA from cell lines was isolated using the DNeasy Tissue Kit (Qiagen), DpnII
(New England Biolabs, Beverly, MA) digested, and purified using the QIA-
quick PCR Purification Kit (Qiagen). Genomic DNA and genomic digest were
quantified spectrophotometrically. Human male and female genomic refer-
ence DNA was purchased from Promega (Madison, WI).

Microarray-Based Gene Expression Profiling

An indirect, dendrimer-based labeling method17 was used for microar-
ray hybridization that utilized the Genisphere 3DNA Array 900 labeling system
(Genisphere, Hatfield, PA), following the procedural protocol provided by the
manufacturer without any modifications. For cDNA synthesis, 3 �g of glio-
blastoma and universal human reference total RNA were separately reverse
transcribed using the Cy5- and Cy3-specific Genisphere primers, respectively,
and hybridized together overnight at 65°C to a Stanford human cDNA mi-
croarray containing 41,421 cDNA elements, corresponding to 27,290 different
UniGene cluster IDs. Microarrays were coated with DyeSaver2 (Genisphere)
immediately after the last wash.

Array-Based Comparative Genomic Hybridization

Labeling of digested DNA and microarray-based comparative genomic
hybridizations (array-CGH) were performed essentially as described,18 with
slight modifications. Two micrograms of DNA were labeled using random
primers (Bioprime Labeling Kit; Invitrogen, Carlsbad, CA). Tumor DNA and
reference DNA were fluorescently labeled with Cy5 and Cy3 dye (Amersham
Biosciences, Piscataway, NJ), respectively. Tumor DNA was hybridized to-
gether with sex-matching reference DNA to the same Stanford human cDNA
microarray as mentioned previously.

Data Normalization and Filtering

Microarrays were scanned on a GenePix 4000B scanner (Axon Instru-
ments, Union City, CA). Primary data collection was performed using Gene-
Pix Pro 5.1 software. Raw data were deposited into the Stanford Microarray
Database. Data were background corrected, filtered using a flag and back-
ground filter (1.5 minimal signal-over-background ratio for expression arrays
in either channel; 2.5 minimal signal-over-background ratio in the refer-
ence channel and regression correlation � 0.6 in both channels for array-
CGH), and normalized by the LOWESS normalization function using
standardization and normalization of microarray data (SNOMAD) data
analysis tools (http://pevsnerlab.kennedykrieger.org/snomad.htm) or the
Institute for Genomic Research Microarray Data Analysis System (TIGR-
MIDAS) function of the TM4 microarray software suite (www.tigr.org/
software/tm4/midas.html). The GoldenPath Human Genome Assembly
(http://genome.ucsc.edu, National Center for Biotechnology Information
build 34) was used to map fluorescence ratios of the arrayed human cDNAs to
chromosomal positions. Chromosomal copy number maps were generated by
mean filtering of signal intensity ratios according to 5-megabase (mb) win-
dows moved across the chromosomes in 2.5-mb steps. Gene copy number
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values were deemed changed as compared with normal human reference DNA
if they fell beyond the plus or minus three standard deviations (SDs) range
(� 0.2135) of distribution of all signal-intensity ratios of control self-to-self
hybridizations. For gene-by-gene integration of gene copy number and gene
expression, copy numbers were reported as symmetric three-nearest-
genomic-neighbors moving averages.19 The TreeView software20 was used to
display gene expression and gene copy number ratios.

In the cell line model, 9,734 of 37,860 clones with expression in 80% of
samples and whose expression levels differed by at least three-fold, in at least
one sample, from their mean expression levels across all cell lines were in-
cluded in downstream statistical analyses. One-class response significance
analysis of microarrays (SAM),21 which corrects for multiple testing by assign-
ing a false discovery rate–based measure of significance, called q value,22 was
utilized after parental transformation of gene expression ratios of resistant
sublines to identify genes overexpressed and underexpressed in all in vitro and
in vivo BCNU- and TMZ-resistant sublines. Genes identified with q � 0.005
were deemed significant. Nonparametric t-test analysis was performed in R,23

and was used to allocate additional statistical confidence to clones identified by
SAM. Unsupervised hierarchical clustering was performed in Cluster,20 and
two-way average linkage clustering was applied, on the basis of Pearson corre-
lation as a distance metric. Principal component analysis based on Pearson
correlation was executed in MATLAB (The MathWorks, Natick, MA).

Gene Ontology and Functional Network Analysis

Analyses of gene ontology, canonical pathways, and functional networks
were executed using tools from Ingenuity Pathways Analysis (Ingenuity Sys-
tems, Mountain View, CA), a Web-delivered application that enables the
discovery, visualization and exploration of molecular interaction networks in
gene expression data. The gene list identified by SAM, containing GenBank
(National Institutes of Health, Bethesda, MD) accession numbers as clone
identifiers as well as d-scores, was uploaded into the Ingenuity pathway anal-
ysis. Each clone identifier was mapped to its corresponding gene object in the
Ingenuity Pathways knowledge base, which represents a proprietary ontology
of 300,000 classes of biologic objects spanning genes, proteins, cells and cell
components, anatomy, molecular and cellular processes, and small molecules.
Semantically consistent pathway relationships are modeled based on a contin-
ual, formal extraction from the public domain literature and cover more than
10,300 human genes (www.ingenuity.com/products/pathways_knowledge
.html). These mapped focus genes were then used as a starting point for
generating biologic networks. A score was computed for each network accord-
ing to the fit of the original set of significant genes. This score reflects the
negative logarithm of the P value that indicates the likelihood of the focus genes
in a network being found together as a result of random chance. Using a 99%
confidence level, scores � 2 were considered significant. Significances for the
enrichment of the genes in a network with particular biologic functions or
canonical pathways were determined via right-tailed Fisher’s exact test with
� � .05 and the whole database as a reference set. The same computation was
used for gene ontology analyses of the initial gene list.

Real-Time Reverse Transcription Polymerase Chain Reaction

Quantitative real-time reverse transcription polymerase chain reaction
(qRT-PCR) reactions were performed with the ABI Prism 7900HT Sequence
Detection System using SYBR GREEN PCR Master Mix (Applied Biosystems,
Foster City, CA). Primers targeting the transcripts of TNFAIP3, NF-�B inhib-
itor � (NFKBIA), chromosome 8 open reading frame 4 (C8orf4) and leukemia
inhibitory factor (LIF) genes and the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) housekeeping gene were designed with the Primer3 program
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and synthesized
at the Stanford PAN Facility (for sequences, see Supplementary Table 1, online
only). Total RNA was reverse transcribed using the SuperScript first-strand
synthesis system and SuperScript II (Invitrogen). Thermocycling for each PCR
reaction was carried out in a final volume of 20 �L containing 1 ng of cDNA,
forward and reverse primers at 3 �mol/L final concentration, and 1� SYBR
GREEN PCR Master Mix. After 10 minutes of initial denaturation at 95°C, the
cycling conditions of 40 cycles consisted of denaturation at 95°C for 15 sec-
onds, annealing at 55°C for 30 seconds, and elongation at 72°C for 30 seconds.
All reactions were performed in triplicate. Dissociation curve analysis was

performed after every run to confirm the primer specificity. Gene quantities
were determined using standard curves, constructed by five serial dilutions of
RT product of universal human reference RNA (Stratagene), and gene expres-
sion levels were reported as ratios of quantities of the target transcript and
GAPDH as the reference transcript.

Immunoblotting

The light-enhanced chemiluminescence protocol was used for the detec-
tion of specific proteins from total cell lysates prepared using 1� RIPA buffer
(150 mmol/L NaCl, 10 mmol/L Tris [pH, 7.2], 0.1% [weight/volume] sodium
dodecyl sulfate, 1.0% [volume/volume] Igepal CA-630 [Sigma-Aldrich, St. Louis,
MO], 0.5% [weight/volume] sodium deoxycholate, 5 mmol/L EDTA). Blots were
exposed to 2 �g/mL of an anti-TNFAIP3 monoclonal antibody (Abcam, Cam-
bridge, MA), recognized by a horseradish peroxidase (HRP) –conjugated goat
antimouse secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The
ECL-Plus detection system (Amersham Biosciences) was used according to the
manufacturer’sprotocol.BlotswerestrippedusingtheRe-BlotPlusmildantibody
stripping solution (Chemicon International, Temecula, CA), and reprobed with
two independent loading controls including the anti-�-actin goat polyclonal
(Santa Cruz Biotechnology) antibody and the anti-GAPDH mouse monoclonal
(Abcam, Cambridge, MA) antibody. A separate gel was stained with the Simply-
Blue gel stain (Invitrogen) to ensure equal protein loading. Bands were quantified
on an AlphaImager 2200 (Alpha Innotech, San Leandro, CA), and TNFAIP3
expression normalized to loading controls.

NF-�B DNA-Binding Activity Assay

Nuclear protein extracts were prepared using the NucBuster Protein
Extraction Kit (Novagen, Madison, WI) according to the manufacturer’s
instructions. DNA-binding activity of NF-�B was assayed colorimetrically,
utilizing the NoShift Transcription Factor Assay Kit and NoShift NF-�B
(p65) reagents (both Novagen) according to the manufacturer’s instruc-
tions. To assess sequence-specific binding activity, 15 �g of sample nuclear
extract or 25 �g of HeLa positive control nuclear extract were incubated
with various combinations of biotinylated NF-�B wild-type dsDNA, spe-
cific NF-�B competitor dsDNA lacking biotin end labels, and nonspecific,
nonbiontinylated dsDNA with a mutant NF-�B consensus binding motif.
Negative controls consisted of reactions performed in the absence of a
binding sequence. HRP-conjugated goat antimouse immunoglobulin G,
targeting an anti–NF-�B (p65) mouse monoclonal antibody, was used as
secondary antibody. All assays were performed in triplicate. Binding activ-
ity was measured via colorimetric absorbance at 450 nm on a ThermoMax
multiwell spectrophotometer (Molecular Devices, Sunnyvale, CA) using
3,3�,5,5�-tetramethylbenzidine as substrate.

Survival Analysis

Overall survival was calculated from the date of tumor diagnosis until
death or the last follow-up contact. Data were current as of January 1, 2005. At
last follow-up 28% of patients were alive and 72% were dead. Patient sub-
groups were defined by unsupervised clustering of patients based on gene
expression data of the resistance-associated transcripts revealed by SAM in the
resistance model and with expression in � 75% of the tumor specimens.
Actuarial survival curves between groups were estimated by the Kaplan-
Meier product-limit method, and survival distributions between groups
were compared using the log-rank test. Univariate and multivariate Cox
proportional hazards regression analyses were performed with overall
survival as the dependent variable.

RESULTS

Resistance Signature of Glioblastoma Cells to

O6-Alkylating Agents

One-class response SAM, following parental transformation, was
used to identify gene expression patterns associated with resistance
formation to O6-alkylating agents. A d-score was assigned to each gene
on the basis of change in gene expression relative to the SD of repeated
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measurements. Permutations of the repeated measurements esti-
mated the q value, a false discovery rate–based measure of signifi-
cance.21 The three sensitive parental sublines DI, LX, and ME were
analyzed against the pool of 15 sublines with in vitro resistance to
BCNU (DI-B and ME-B), in vivo resistance to BCNU (DIR, LXR,
MER), combined in vivo/in vitro resistance to BCNU (DIR-B and
MER-B), in vitro resistance to TMZ (LX-T, ME-T) and combined in
vivo resistance to BCNU and in vitro resistance to TMZ (DIR-T,
LXR-T, MER-T). This analysis revealed a set of 329 transcripts consis-
tently overexpressed (78 clones, 23.7%) or underexpressed (251
clones, 76.3%) in the resistant versus the parental sublines (q � 0.005;
Fig 1A; Supplementary Table 2, online only). The well-established
resistance marker MGMT3 was among the top-scoring overexpressed
transcripts (q � 0.003). High-scoring underexpressed transcripts in-
cluded the NF-�B pathway–modulator TNFAIP3, which encodes the
zinc finger protein A2024; the NF-�B–inhibiting I�B family member
NFKBIA; the metastatic colon cancer–downregulated C8orf425; and
the astrocyte differentiation-associated LIF26 (q for all � .003). Figure
1A displays these clones ordered according to d-score significance.
Nonparametric t testing in the context of multiple testing was
performed to allocate additional confidence to this resistance sig-
nature. One hundred forty-one clones passed a P-value threshold
� .01 (Supplementary Table 3, online only). Although this analy-
sis substantiated high significances for TNFAIP3 (P � .000001), C8orf4
(P � .000001), NFKBIA (P � .000005), and LIF (P � .000005) in the
resistance phenotype, MGMT passed a P value filter � .05 only.

The strength and accuracy of this highest-confidence subset of 141
transcripts in predicting sensitive versus resistant phenotypes was evalu-
ated by two-dimensional unsupervised average linkage cluster analysis
after cell line–specific mean centering of the expression data. Gene
expression levels of these transcripts separated hierarchical clustering
samples into two groups on the basis of sensitivity phenotype (Figs 1B-
1C). An unsupervised learning algorithm based on multidimensional
scaling using the first three principal components confirmed the
phenotype-specific separation of the sublines by the subset (Fig 1D).

Genome-Wide Gene Copy Number Maps

Because gene copy number aberrations (CNAs) have a significant
impact on gene expression patterns and also represent common
mechanisms of gene activation and inactivation in drug resistance
formation, we have mapped gene copy numbers in a high-resolution
manner using the same cDNA microarray platform. Figure 2A reports
the copy number profile for 33,587 clones mapped along the genome
and mean filtered according to 5-mb windows moved across the
chromosomes in 2.5-mb steps. Multiple resistance-associated CNAs,
including both losses and gains, were found, with the extent of the
chromosome involved in the CNAs differing for each chromosome.
Although some areas of the profile were similar across most of the
samples (eg, chromosome 9q33.2-q33.3), others showed differences
based on the individual patient’s tumor (eg, chromosome 13), or on
whether the cells were from the primary or recurrent tumor (eg,
chromosome 7q11.21-q31.31). The left panel of Figure 2A shows the
recurrences frequencies of these changes in the resistant variants. Peak
recurrences of chromosomal gains were noted for chromosomes
9p23-9p22.3, 10q21.1, 11q14.1, 14q23.2-q31.1, and 17p11.2, as were
those of losses for chromosomes 1p35.2-p34.3, 8p23.2-p23.1, 9q33.2-
q33.3, 22q11.1-q21.1, and Xp21.2-p21.1.

Integration of Gene Copy Number and Gene

Expression Data

We then examined the effect of gene copy numbers on the ex-
pression of the 329 transcripts identified as resistance signature by
SAM. For a gene-by-gene integration of copy numbers and expres-
sion, copy numbers were reported as symmetric three-nearest-
genomic-neighbors moving average.19 The data set was then filtered to
include only those fluorescence ratios indicating genes that demon-
strated at least � 2-fold changes in gene dosage in the resistant variants
versus the corresponding sensitive parental sublines.19 This analysis
revealed a pervasive imprinting of aneuploidy on gene expression in a
distinct subset of resistant sublines for 92 genes, 72 and 20 of which
demonstrated losses and gains in copy number, respectively (Fig 2B).
Many of these genes with copy number–driven expression mapped to
the recurrent resistance-associated chromosomal aberrations revealed
in Figure 2A. C8orf4 and LIF were among the genes with reduced copy
number in a subset of resistant sublines (Figs 2B and 3A), and MGMT
was among those with increased copy number (Figs 2B and 3C). No
difference in gene copy numbers of TNFAIP3 and NFKBIA were
noted between the resistant and the sensitive sublines (Fig 3A).

Gene Ontology, Biologic Pathway, and

Network Analysis

To explore how the 329 transcripts identified by inferential sta-
tistics as part of a resistance-associated gene expression signature are
related, we placed the genes in the context of present interactome
knowledge, using Ingenuity Pathways Analysis tools. Initial gene on-
tology analysis revealed significant enrichment of the signature for
genes involved in organismal survival (27.5%; P � .000003) and cell
death (49.0%; P � .000005). Biologic pathway analysis revealed the
NF-�B canonical pathway as a significant molecular pathway in the
data set (P � .046). Network analysis based on predetermined knowl-
edge about individually modeled relationships between genes identi-
fied seven highly significant, overlapping networks in the data set
(Table 1; Fig 4A). The top-scoring network, built around NF-�B,
displayed high-level functions in cell death, cellular compromise
(stress), and organismal survival (Table 1), and included several al-
tered NF-�B–interacting genes and NF-�B pathway constituents and
modulators such as TNFAIP3 and NFKBIA (Fig 4B).

Exploration of the NF-�B Candidate Pathway

Since our inferential statistical analysis and data from the litera-
ture12 evidenced importance of the NF-�B pathway in mediating
resistance to O6-alkylating agents in glioblastoma cells, we searched
the whole expression data set for alteration of additional members of
this putative resistance pathway, applying a more liberal q-value
threshold � 0.05 for the allocation of statistical significance. Using this
threshold, the TNFAIP3 target RPA-interacting protein (RIP; Fig
3C),24 which has been implicated in NF-�B–mediated cell responses
to DNA damage,27 was revealed to be significantly linked to the resis-
tance phenotype (q � 0.044). The recurrent overexpression of this
gene was revealed to be related in part to gene copy number gains in
the resistant glioblastoma genome (Fig 3C). In addition, decreased
expression of the I�B family member NF-�B inhibitor � (NFKBIE),
which inhibits NF-�B, was associated significantly with resistance
formation at the same threshold level (q � 0.027). Although not
passing a q-value threshold � 0.05, expression alterations of addi-
tional NF-�B pathway constituents were observed sporadically in our
model. These included the underexpression of the gene encoding the
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Fig 1. Transcriptomic resistance signature of glioblastoma cells to O6-alkylating agents. (A) Heat map displaying the expression of 329 transcripts identified by
one-class response significance analysis of microarrays (SAM) to be significantly linked to the resistant phenotype (q � 0.005). Corresponding d scores. Expression
levels in the resistant variants are normalized to their corresponding parental cell line (left; green, underexpression; red, overexpression). (B) Unsupervised, two-way
average linkage clustering of 141 transcripts, identified by filtering the 329 SAM transcripts using a nonparametric t test in the context of multiple testing with a P value
threshold of .01. (C) Dendrogram with cell line labels corresponding to part B. (D) Principal component analysis in the same subset. -R, recurrent; -M, mock; -B, BCNU;
-T, TMZ; mock, no drug; TMZ, temozolomide; BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; Res, resistant; Sen, sensitive.
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