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ric high-grade glioma are poorly understood, in part
the lack of availability of suitable models of the disease.
eened a series of pediatric and adult glioma cell lines for
olomide efficacy in vitro, and investigated the differen-
echanisms of resistance involved, highlighting the in-
ent in pediatric cells of processes outside of the usual
/MMR/BER axis.

rials and Methods

ulture
lt glioblastoma cell lines A172, LN229, SF268, U87MG,

G, and U138MG, and pediatric glioma cell lines SF188, temoz

r Res; 70(22) November 15, 2010
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as previously described (15). For the spheroid forma-
ssay, cells were grown in neurosphere medium, which
ted of NDiff RHB-A medium (Stem Cell Sciences) sup-
nted with epidermal growth factor and fibroblast
h factor 2, each at 20 ng/mL.

th inhibition studies
ozolomide was obtained from Apin Chemicals, O6-
lguanine from Calbiochem, and PI-103 from Piramed
a or synthesized in-house. Growth inhibition was de-
ed using the sulforhodamine B (16) or MTS (17) assay
viously described. To attempt reversion of resistance to

olomide, O6-benzylguanine was added at the highest

of cell growth inhibition,
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ozolomide is on a log10 scale.
, UW479, Res259, and Res186 were obtained and cul- nontoxic concentration (10–15%
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1. Sensitivity of pediatric
ult glioma cell lines to
lomide and relationship to
status. A, adult (LN229,
118MG, U138MG, U87MG,
and pediatric (SF188, KNS42,
, Res186, Res259) glioma
re treated with temozolomide,
otoxicity was assessed by the
damine B assay. IC50 values
edona log10scale.B,Western
MGMT protein expression
ed with extent of promoter
tion as assessed by MS-PCR
-MLPA. In most cases
ion correlates with
lomide resistance, with the
ion of U87MG and KNS42
hich are hypermethylated,
express the protein, and are
t to temozolomide.
8 and KNS42 cells were
with MGMT substrate
e O6-benzylguanine,
g the MGMT-dependent
of temozolomide (TMZ)
ce in SF188, but not
cells. Growth inhibition
erminedby thesulforhodamine
y. Concentration of
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ol/L). For the assessment of combination effects, cells
reated with increasing concentrations of drugs either
or concurrently at their equipotent molar ratio and
nation indices were calculated by the method of Chou
alalay (18). All values are given as mean ± SD of at least
independent experiments.

oter methylation analysis
line DNA was treated with sodium bisulphite using the
t kit (Qiagen) according to the manufacturer's instruc-
Methylation-specific (MS) PCR for theMGMT promoter
erformed as described previously (19). MS–multiplex
n-dependent probe amplification (MLPA) was carried
previously reported (15) according to the manufac-
instructions (MRC-Holland; ref. 20). HOXA9/HOXA10
lation was assessed by comparing expression profiles
za-2′-deoxycytidine–treated cells with vehicle-treated
ls on Illumina Human-6 v2 Expression BeadChips (Illu-
nc.), ArrayExpress accession number E-TABM-858.

rn blot analysis
unodetection was performed as previously described

d in both pathways. *, temozolomide-resistant cell lines.
sing antibodies against MGMT (1:500; Zymed), MLH1
; Pharmingen), MLH3 (1:500; Santa Cruz Biotechnolo-

We
specif
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MSH2 (1:500; Calbiochem), MSH3 (1:250; BD Biosci-
MSH6, PMS2 (both 1:500; BD Bioscience), PARP1/2
0; Cell Signaling), XRCC1 (1:500; Cell Signaling), APE1
s Biochemicals), p85, p110α (Cell Signaling), p110β,
(Santa Cruz), PIKE-A/PIKE-L (all 1:1,000; Abcam),
ho-AktSer473, Akt (both 1:1,000; Cell Signaling), and
H (1:2,000; Chemicon).

expression profiling analysis
line expression profiling by Affymetrix U133 oligonucle-
rrays has been previously described (ref. 15; ArrayExpress
ion number E-TABM-579). Supervised analysis was per-
d using an absolute signal-to-noise metric of >1.5 in
attern software (http://www.broad.mit.edu/cancer/
re/genepattern/). Coordinate gene regulation was iden-
using gene set enrichment analysis (GSEA; www.broad.
u/gsea/), with a nominal P value cutoff of 0.001. "Core
ed" genes are defined as belonging to the leading-edge
within the gene set, and thus contribute themost to the
ment result. Assessment of HOX gene expression after
r treatment with PI-103 at 5 × IC50 was carried out using
na HT-12 BeadChips (ArrayExpress accession number
M-890). Affymetrix U133 expression data fromTheCancer
e Atlas (TCGA) glioblastoma study (21) was assessed for
correlations of probesets corresponding to HOXA9 by
ating Pearson's correlation coefficients in R. GSEA and
l correlations were further carried out on a published
t (22) of Affymetrix U133 expression array profiling of 78
ric high-grade gliomas (Gene Expression Omnibus acces-
umber GSE19578; http://www.ncbi.nlm.nih.gov/geo/).

nofluorescence and flow cytometry
133 protein expression was measured by both flow
etry using a BD fluorescence-activated cell sorting
ge SEDiVa system (BDBiosciences) and immunofluores-
on cytospin preparations, using anti-CD133 antibody
3/1, Miltenyi Biotec) at 1:50 and 1:100 dilution, respec-
Cells were costained with nestin (196908, R & D Sys-
and visualized with 4′, 6-diamidino-2-phenylindole
; Vector Laboratories Inc.). Cell cycle analysis was also
d out by flow cytometry.

lts

tivity of glioma cell lines to temozolomide
ro is largely but not exclusively dependent
GMT promoter methylation and lack
otein expression
first determined the response to temozolomide in vitro of
anel of five pediatric (SF188, KNS42, UW479, Res259,
6) and six adult (A172, LN229, SF268, U87MG, U118MG,
G) glioma cell lines. Four lines (A172, LN229, SF268,
) were classed as temozolomide sensitive, with IC50 va-
f between 10 and 20 μmol/L (Fig. 1A). The remaining
ere resistant to treatment with the alkylating agent,
C50 values of >500 μmol/L.
2. Assessment of DNA MMR and BER pathways in pediatric and
lioma cell lines. Western blot for proteins involved in MMR (A)
R (B). Although deficiencies in MSH3 are noted in U138MG,
, and Res186, and there is some variability in PARP and XRCC1
ion, U87MG and KNS42 have normal expression of proteins
assessedMGMT promoter methylation by methylation-
ic PCR and MLPA, and protein expression by Western
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ig. 1B). Extensive methylation resulted in an absence of
T protein expression in LN229, A172, U87MG, SF268,
, and KNS42 cells. There was, for the most part, a direct
ation between MGMT methylation/lack of expression
mozolomide sensitivity. An exception to this was the pe-
glioblastoma KNS42 cell line, which displayed insensi-
n the absence of MGMT protein, implying that alternate
nisms of resistance must be operative. To confirm this,
ated pediatric glioblastoma SF188 and KNS42 cells
emozolomide in the presence of the substrate analogue
zyl guanine (O6BeG), which depletes the enzyme and
ses cytotoxicity (ref. 23; Fig. 1C). Treatment with
ol/L O6BeG increased the efficacy of temozolomide in
cells nearly 40-fold (IC50 without O

6BeG = 194 μmol/L;
the presence of O6BeG = 5 μmol/L), thus confirming the
dence of these cells on MGMT in conferring temo-
ide resistance. By contrast, no such effect was seen in
2 cells, showing the MGMT-independent nature of
sensitivity.

gulation of MMR and BER proteins do not
in resistance to temozolomide in
T-deficient KNS42 cells
ymes involved in DNA MMR (MLH1, MLH3, MSH2,
, MSH6, PMS2) were evaluated by Western blot
2A). Although we identified three temozolomide-
ant lines with abrogated expression of MSH3
MG, UW479, and Res186), there was no deficiency
42 or U87MG cells. These data correlated well with levels
otermethylation assessed byMS-MLPA (15).We further

igated components of the BER pathway, including
/2, XRCC1, and APE1. Although temozolomide-resistant
9 and Res186 seemed to lack PARP1/2 and XRCC1
sion, there were no apparent alterations in other glioma
ncluding KNS42 or U87MG (Fig. 2B).

ification of a HOX/stem cell gene expression
ture associated with temozolomide resistance
iatric glioblastoma cells
g expression microarrays, we identified 135 genes differ-
y expressed between sensitive and resistant glioma cell
Fig. 3A). Included in this list wereMGMT and PARP2, de-
hese enzymes not explaining the resistance in all cell
Also included were several kinases, including MAPK9
K6,which may prove suitable targets for pharmacologic

lation; PIK3C3 (Vps34), suggesting a possible link to the

agic response (24); and genes encoding elements of the
ne response such as IL10 and IL16.

pressed by far the greatest levels of other stem cell markers
such as nestin, SOX2, and musashi-1 (Affymetrix U133, data
3
ng
9,
n
e

t and colleagues (26), HOXA9 and HOXA10.

acrjournals.org
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en we applied GSEA to our data, we observed coor-
ed differential expression of the HOX_GENES set
DB C2:curated gene sets) in resistant versus sensitive
es (Fig. 3B), with an enrichment score of 0.54 [nominal
01; false discovery rate (FDR) q = 0.403]. Furthermore,
OX_GENES list was also identified as significant using
A “Preranked” analysis based on differentially expressed
between KNS42 alone and temozolomide-sensitive
es (Fig. 3C). In these analyses, the genes in both core-
ed lists, which contribute to the leading-edge subset
the gene set (25), included HOXA9, HOXA10, HOXB13,
4, HOXC10, HOXC11, HOXC13, HOXD1, and GBX2.
coordinated expression of HOX genes had recently
noted in glioblastoma clinical samples (26), and was
ted as evidence of a “self-renewal” signature as it
ed the stem cell marker PROM1 (CD133), we sought
r evidence for this in a published glioblastoma dataset
r cell linemodels. When we investigated TCGA expres-
rofiles of 163 glioblastomas for genes that correlated
he top-ranking HOX gene in our KNS42 GSEA list,
9, we noted a remarkable parallel expression of nu-
s other homeobox genes (Fig. 4A). Of the top 47 genes
s analysis, 18 were homeobox genes found at 9 distinct
ic loci, and 7 were included in the self-renewal
ure of Murat and colleagues (26). These latter genes
ed PROM1. Intriguingly, the vast majority of the
omeobox genes identified by this analysis are contig-
enes found commonly amplified in glioblastoma at the
ic locus 12q13-q14.
determine whether an enrichment of the stem cell
r CD133 may be playing a role in the resistance of
cells to temozolomide, we assessed the levels of mRNA
sion relative to the other cell lines (Fig. 4B), and noted
erably higher levels of PROM1 in KNS42 cells than in any
line in our panel. Of note, the only other two cell lines to
s PROM1 at above background levels were the similarly
olomide-resistant U87MG and SF188. This was visual-
y immunofluorescent staining for CD133, colabeled with
(Fig. 4C). We had previously reported the relatively high
of stem cell markers in SF188 and KNS42 by immuno-
emistry (15), and to more accurately quantify this, we
he more sensitive flow cytometry analysis to reveal an
y high degree of expression in KNS42, with 17.0% of cells
e for CD133. There were also high levels of CD133-pos-
ells in the SF188 line (4.8%) compared with 0.0% to 0.02%
er cell lines. KNS42 cells grown as monolayers also ex-
. Expression profiling reveals a HOX/stem cell signature–associated temozolomide resistance in glioma cell lines. A, heatmap showing hierarchical
of 135 differentially expressed genes between resistant (UW479, Res186, KNS42, SF188, U87MG, U118MG; gray highlight) and sensitive

SF268, A172, LN229; yellow highlight) high-grade glioma cell lines. B, GSEA highlighting coordinated differential expression of gene sets defined a
riched in temozolomide-resistant cell lines were the HOX_GENES set (enrichment score = 0.54, nominal P = 0.01; FDR q = 0.403). C, ranked
rived from GSEA of KNS42 versus temozolomide-sensitive cell lines, and all temozolomide-resistant versus sensitive lines. Genes are provided

ith their rank in the total gene list and rank enrichment metric, and running enrichment scores are provided for both analyses. Gray highlight,
resent within the core enrichment signature; green highlight, genes present in both analyses; bold, genes also present in the HOX gene signature
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019. © 2010 American Association for Cancer

http://cancerres.aacrjournals.org/


not sh
associ
assays
sphero
renew
packed
than n
formed
cells s
associa

Expre
phosp
inhib
temoz
Trea

resulte

and H
KNS42
lack o
study
transc
a phos
geneti
(27), w
active
the du
result
and H
(Fig. 5
expres
was o

Figure
express
listed, i
colleag
PROM1
expres
tight th

Gaspar et al.

Cance9248

D

Published OnlineFirst October 8, 2010; DOI: 10.1158/0008-5472.CAN-10-1250 
own). Consistent with the cancer stem/progenitor cell–
ated gene expression profile, neurosphere formation
showed that KNS42 cells form tight three-dimensional
ids, which may be serially passaged and undergo self-
al. In contrast, SF188 cells form smaller, more loosely
spheres, whereas U87MG grow as cell aggregates rather
eurospheres per se. Neither UW479, Res259, nor Res186
spheres under these conditions. Taken together, KNS42

eem to have a significant cancer stem/progenitor cell–
ted gene expression signature and biological phenotype.

ssion of HOXA9/HOXA10 is a result of
hoinositide 3-kinase–mediated demethylation,
ition of which synergistically interacts with
olomide in KNS42 cells

tmentwith the demethylating agent 5-aza-2′-deoxycytidine time t

sion of stem cell markers CD133 (green) and nestin (red) in KNS42 cells grown as
ree-dimensional spheroids formed by KNS42 cells in contrast to the other cell line

r Res; 70(22) November 15, 2010

Research. 
on November 13, 2cancerres.aacrjournals.org ownloaded from 
OXA10 in all pediatric cell lines with the exception of
, in which no changes were observed, indicative of a
f methylation in the untreated cells (Fig. 5A). As a recent
has proposed amechanism for this observationwhereby
riptional activation of the HOXA cluster is reversible by
phoinositide 3-kinase (PI3K) inhibitor through an epi-
c mechanism involving histone H3K27 trimethylation
e sought to investigate whether this mechanism was
in our system. Treatment for 1, 8, and 24 hours with
al PI3K/mTOR inhibitor PI-103 (28–30) at 5 × IC50

ed in significantly reduced expression of both HOXA9
OXA10 in KNS42 cells in a time-dependent manner
B). These effects were not due to fluctuations inHOX gene
sion with the cell cycle, as diminished HOXA9/HOXA10
bserved as early as one hour posttreatment, at which

here was no evidence of G1 arrest (Fig. 5C), despite inhi-
d in highly differential levels of expression of HOXA9 bition of PI3K as seen by reduced phospho-Akt levels (Fig. 5D).

4. Coordinated upregulation of HOX genes in primary glioblastomas and a striking degree of CD133 positivity on KNS42 cells. A, genes coordinately
ed with HOXA9 from the TCGA dataset (21) were determined by calculating Pearson's correlation coefficients. All genes with values >0.3 are
n rank order. Yellow highlight, homeobox genes; orange highlight, genes also present in the HOX gene/self-renewal signature of Murat and
ues (26), including PROM1 (CD133; box); gray highlight, genes found within the 12q13-q14 amplicon. B, Affymetrix expression analysis of
(CD133) mRNA levels in the panel of glioma cell lines, plotted as relative log2 expression. C, immunofluorescence assay showing extensive
a monolayer. D, neurosphere formation assay highlighting the
s studied.
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t we sought to determine whether there was any spe-
ysregulation of the PI3K/PTEN system in KNS42 cells
ay be responsible for the HOX gene overexpression.
ion screening for PTEN, PIK3CA, PIK3R1, and PIK3R3
t identify any sequence variations (data not shown),
estern blot analysis confirmed a lack of overexpression
K regulatory and catalytic subunits (Fig. 5E). By con-
there were significantly elevated levels of the enhancer
ns PIKE-A and especially PIKE-L in KNS42 cells in
rison with the other lines. Both PIKE proteins are en-
by the CENTG1 (AGAP2) gene found within the 12q13-
plicon coordinately upregulated in association with
X cluster, and likely represent a significant target for
nomic event in human glioblastoma.
lly, we investigated the efficacy of targeting PI3K as a
gy for overcoming temozolomide resistance in our pe-
glioma cells. Combination treatment in vitro of te-

lomide with the dual PI3K/mTOR inhibitor PI-103
ed in a highly synergistic interaction in KNS42 as mea-
by median effect analysis (combination index = 0.43;
). By contrast, in SF188 cells an antagonistic response

ation index = 0.43) as calculated by the median effect analysis. By contrast, S
bserved with the same combination (combination
= 1.40).

expre
75th p
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9/HOXA10 expression is associated with shorter
al in pediatric high-grade glioma patients
assess the translational relevance of HOX gene expres-
n pediatric high-grade glioma patient samples, we ex-
d published data detailing expression profiles of 78
s arising in childhood (22). Although the number of
erm (>3 years) survivors is small, we identified 49 genes
ere differentially expressed between patients with long
ort (<1 year) overall survival (Fig. 6A). Included in this
ere HOXA2, HOXA5, HOX7, and HOXA9. By applying
to the dataset, we identified coordinated upregulation
short-term survivors of genes at the chromosome 7p15
nd, with an enrichment score of 0.68 (nominal P < 0.001)
with a high false discovery rate value (FDR q = 0.930).
he HOXA cluster found at this locus, running GSEA on
XA gene list itself gave a highly significant enrichment
of 0.90 (nominal P < 0.001, FDR q < 0.001; Fig. 6B). There
nsiderable correlation between gene expression of all
ers of theHOXA family in the pediatric samples (Pearson's
tion coefficients 0.03–0.90). Taking the values of HOXA9
OXA10, and segregating samples into “high” and “low”

ells showed an antagonistic interaction (combination index = 1.401).
5. HOXA9/HOXA10 expression in KNS42 cells is driven by a lack of promoter methylation in a PI3K-dependent manner. A, relative mRNA expression
f HOXA9 and HOXA10 before and after treatment with 5-Aza-2′-deoxycytidine in pediatric glioma cell lines. An absence of expression changes after
′-deoxycytidine treatment in KNS42 cells is indicative of an absence of constitutive promoter methylation. B, HOXA9/HOXA10 expression is reduced by
nt with PI-103 in KNS42 cells in a time-dependent manner. Treatment with the dual PI3K/mTOR inhibitor PI-103 at 5 × IC50 for 1, 8, and 24 hours led to a
n in expression of both HOXA9 and HOXA10 in KNS42 cells as early as 1 hour posttreatment. C, Western blot analysis of phospho- and total Akt after
nt of KNS42 cells with PI-103 at 5 × IC50 for 1, 8, and 24 hours. Inhibition of PI3K signaling is observed at the earliest time point. D, cell cycle analysis
42 cells after treatment with PI-103 at 5 × IC50 for 1, 8, and 24 hours. There was no G1 arrest evident at the early time points at which reduced HOXA9/
0 expression was observed. E, Western blot analysis of PI3K regulatory and catalytic subunits and enhancers in pediatric glioma cells. Expression of the
Akt enhancer proteins PIKE-A and PIKE-Lwere considerably elevated in KNS42 cells comparedwith other pediatric glioma cells. F, synergistic interaction
ssers (combined expression greater or less than the
ercentile of all values, respectively), we showed a
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cantly reduced overall survival of pediatric high-grade
patients with high HOXA9/HOXA10 expression (log-

ion (P = 0.0453, log-rank test).
est, P = 0.0453; Fig. 6C) independent of the WHO grade merou
KNS42
port o
patien
appro
gene
tance.
to tha
fector
identi
indep
blasto
progn
HOX

bryon
tumor (P = 0.635, Fisher's exact test).

ssion

moter methylation of the MGMT gene is generally ac-
as the major determinant of sensitivity to the alkylat-
ent temozolomide in glioblastoma cells, and as such
ajor significance in the treatment of these patients.
entified the pediatric glioblastoma cell line KNS42 to
istant to temozolomide in vitro despite an absence of
expression, a competent MMR system, and an intact
-strand break repair pathway. Clues as to the mecha-
f resistance in these cells may help in identifying fac-

at contribute to childhood glioblastoma patients who
refractory to temozolomide treatment.

includ
appar
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e expression profiling of a panel of pediatric and adult
a cell lines highlighted coordinated expression of nu-
s HOX genes in the resistant cell lines, most especially
, and provided in vitro model system evidence in sup-
f data from temozolomide-treated adult glioblastoma
ts (26). Using a similar expression profiling and GSEA
ach, Murat and coworkers identified a HOX-dominated
cluster as an independent predictive factor of resis-
Integrating the core gene lists of the present study
t dataset highlights HOXA9 and HOXA10 as the key ef-
s in both systems. This converges with a recent study
fying the HOXA cluster, and HOXA9 in particular, to be
endent negative prognostic markers in adult glio-
ma (27). Herein we provide evidence for an additional
ostic role in pediatric high-grade glioma.
genes are essential in axis determination during em-

ic development and are known to be involved in cancer,
6. High levels of HOXA gene expression are associated with shorter survival in pediatric high-grade glioma patients. A, heatmap representing
tially expressed genes between short (<1 year; yellow highlight) and long-term (>3 years; gray highlight) survivors. WHO grade IV (black) and III
tumors are indicated. Light blue, HOXA genes. B, GSEA analysis showing significant enrichment of genes at the chromosome 7p15 locus
ent score = 0.68, nominal P < 0.001, FDR q = 0.930), and of HOXA genes in particular (enrichment score = 0.90, nominal P < 0.001, FDR q < 0.001),
ing glioblastomas (31, 32); it is not immediately
ent, however, what role they may play in resistance to
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