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Abstract

New drugs and combination modalities for otherwise non-responsive brain tumors are urgently required. The anti-malarial artesunate

(ART) and the EGFR tyrosine kinase inhibitor OSI-774 reveal profound cytotoxic activity. The effectiveness of a combination treatment

and the underlying molecular determinants of cellular response are unknown. In the present investigation, we studied ART and OSI-774 in

glioblastoma multiforme (GBM) cell lines. Supra-additive inhibition of cell growth was observed in U-87MG.DEGFR cells transduced

with a deletion-mutant constitutively active EGFR gene, while additive effects were present in cells transduced with wild-type EGFR (U-

87MG.WT-2N), kinase-deficient EGFR (U-87MG.DK-2N), mock vector controls (U-87MG.LUX), or non-transduced parental U-87MG

cells. Among nine other non-transduced GBM cell lines, supra-additive effects were found in two cell lines (G-210GM, G-599GM), while

ART and OSI-774 acted in an additive manner in the other seven cell lines (G-211GM, G-750GM, G-1163GM, G-1187GM, G-1265GM,

G-1301GM, and G-1408GM). Sub-additive or antagonistic effects were not observed. Genomic gains and losses of genetic material in the

non-transduced cell lines as assessed by comparative genomic hybridization were correlated with the IC50 values for ART and OSI-774

and subsequently subjected to hierarchical cluster analysis and cluster image mapping. A genomic profile of imbalances was detected that

predicted cellular response to ART and OSI-774. The genes located at the genomic imbalances of interest may serve as candidate

resistance genes of GBM cells towards ART and OSI-774. In conclusion, the combination treatment of ART and OSI-774 resulted in an

increased growth inhibition of GBM cell lines as compared to each drug alone.
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1. Introduction

Current standard chemotherapies for cancer are still

inadequate regarding drug resistance and toxicity. As a

consequence of dose-limiting toxicity, concentrations

necessary to kill resistant subpopulations of tumor cells

can frequently not be achieved, leading to the ultimate

failure of chemotherapy. Faced with these major limita-

tions of current cancer chemotherapy, there is an urgent

requirement for new drugs and combination treatment

modalities with acceptable toxicity profiles and activity

against otherwise non-responsive tumors.

The human epidermal growth factor receptor (EGFR,

HER1) represents a valuable target for the development of

novel therapeutic strategies. A specific deletion-mutation in

the EGFR gene increases cellular tumorigenicity [1], and

amplification and/or over-expression of the EGFR is of

prognostic relevance for many types of solid tumors includ-

ing glioblastoma multiforme (GBM) [2]. Upon ligand

binding and homo- or heterodimerization with HER2,

another member of the EGFR gene family, the intracellular

tyrosine kinase domain is activated. EGFR activation can
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stimulate the Raf/Mek/Erk, the phosphatidylinositol

3-kinase (PI3K)/phosphoinositide-dependent kinase-1

(PDK1)/Akt, and the phospholipase Cg (PLCg)/protein

kinase C (PKC) signal transduction pathways [3]. The

activation of EGFR-coupled signaling routes drive mito-

genic and other cancer-promoting processes, e.g., prolif-

eration, invasion, angiogenesis, cell motility, cell adhesion,

inhibition of apoptosis, and the development of drug

resistance. The deregulated activation of the receptor’s

tyrosine kinase activity, e.g., by gene amplification or

deletions throughout the ligand-binding domain in exons

2–7, is critical for the malignant transformation of cells.

Since these functional and structural alterations have

been strongly implicated in increased cellular proliferation

and tumorigenesis, decreased apoptosis, and poor prog-

nosis, several strategies, including monoclonal antibodies,

immunotoxin conjugates, anti-sense oligonucleotides,

siRNA, and ribozymes, have attempted to ultimately inter-

cept cellular effects mediated by quantitatively and qualita-

tively aberrant EGFR [4]. Small molecules, e.g., ZD1839,

OSI-774, PKI-166, PD158780, AG1478, CGP59326, and

CI-1033, either interfere with the signal-transducing tyro-

sine phosphorylation activity or enhance ubiquitination and

endocytotic degradation of EGFR. A salient feature of

EGFR inhibitors is that they improve tumor cell killing if

applied in combination with standard antineoplastic agents

[5,6]. Hence, such combination treatment approaches may

provide novel solutions for more effective treatments of

human cancers.

OSI-774 is a quinazoline that inhibits the tyrosine kinase

activity of EGFR and induces apoptosis and cell cycle arrest

[7,8]. In a recent study, we have shown that the ability of

GBM cell lines to induce EGFR mRNA expression after

exposure to OSI-774 was associated with decreased sus-

ceptibility to the anti-tumorigenic effect of OSI-774 as a

cellular effort to counteract functional EGFR inhibition by

this drug [9].

Another novel compound with profound cytotoxicity

against tumor cells is ART. This is a semisynthetic deriva-

tive of artemisinin, the active principle of Artemisia annua

L. Though initially described as an anti-malarial drug, ART

proved to be active in 55 cell lines of the National Cancer

Institute (N.C.I.), USA [10]. Mining the N.C.I.’s database

for the mRNA expression microarray data for 465 genes

showed that EGFR gene expression correlated inversely

with the cellular sensitivity to ART, indicating that EGFR is

a determinant of cellular response to ART [11].

While both drugs are well described concerning their

activity against tumor cells, nothing is known about the

effectiveness of a combination treatment and the underlying

molecular determinants of cellular response. In the present

investigation, we have analyzed the small molecule EGFR

tyrosine kinase inhibitor OSI-774 in combination with ART

in a panel of 14 GBM cell lines, in order to identify

molecular factors that may determine the cellular response

to this combination treatment. Therefore, ARTwas tested in

combination with OSI-774 in GBM cell lines transduced

with expression vectors carrying either wild-type or dele-

tion-mutant EGFR cDNAs as well as in a panel of GBM cell

lines with varying degrees of inherent EGFR expression.

Furthermore, the comparative genomic hybridization tech-

nique was used to identify genomic imbalances that corre-

lated with the IC50 values of GBM cell lines for ART and

OSI-774. Finally, a profile of genomic aberrations has been

identified by hierarchical cluster analysis that predicted

sensitivity or resistance of GBM cell lines to the combina-

tion of ART and OSI-774.

2. Material and methods

2.1. Drugs

OSI-774 ([6,7-bis(2-methoxy-ethoxy)quinazoline-4-yl]-

(3-ethylphenyl)amine) was kindly provided by OSI Phar-

maceuticals. ART was obtained from Saokim Ltd.

2.2. Cell lines

The establishment of the parental human GBM cell line

U-87MG and its derivatives which over-express exogenous

wild-type epidermal growth factor receptor (U-87MG.WT-

2N), tyrosine kinase-deficient EGFR (U-87MG.DK-2N),

constitutively active EGFR with a genomic deletion of

exons 2–7 (U-87MG.DEGFR), or control expression vec-

tor (U-87MG.LUX), respectively, has been described else-

where [12]. The cell lines were kindly provided by Dr.

W.K. Cavenee (Ludwig Institute for Cancer Research, San

Diego, CA, USA). Cell culture conditions of these cell

lines were as described [13].

Nine established GBM cell lines derived from histo-

pathologically confirmed neurosurgical specimens

obtained in the Department for Neurosurgery, University

of Göttingen, Germany, were maintained in RPMI 1640

medium (BioWhittaker) supplemented with 10% heat-

inactivated fetal calf serum and incubated in a humidified

5% CO2 atmosphere at 37 8C. Medium was exchanged

twice weekly, and cells were passaged upon reaching sub-

confluence. At the beginning of the study, all cell lines

were beyond their 20th passage.

2.3. Growth inhibition assay

The in vitro response to cytostatic drugs was evaluated

by means of a growth inhibition assay. Aliquots of

5 � 103 cells/ml were seeded in culture medium, and drugs

were added at different concentrations. Cells were counted

10 days after seeding. These growth curves represent the

net outcome of cell proliferation and cell death. Cell

numbers were quantified each in eight independent deter-

minations. To detect additive or synergistic effects in

combination treatments, OSI-774 and ART were applied
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at 50% isodoses and plotted in isobolograms as previously

described [14,15].

2.4. Colony forming assay

Tumor cells (2 � 103 cells/ml) were seeded in 60-mm

dishes. After changing the medium two days later, treat-

ment with different drug concentrations was initiated. One

week later, the colonies that grew from the surviving cells

were fixed in ethanol acetic acid (3:1), stained with 0.1%

toluidine blue, and counted.

2.5. Comparative genomic hybridization

DNA was extracted using TriStarTM reagent (Hybaid)

and subjected to comparative genomic hybridization

(CGH) on metaphase chromosomes of normal peripheral

lymphocytes prepared on slides. The CGH protocol used

has been previously described in detail [16]. The validity of

this method has been proven on a series of leukemia cases

[17,18]. Briefly, 500 ng tumor DNA and 500 ng normal

DNA were labeled with biotin and digoxigenin, respec-

tively, by nick translation (Roche Diagnostics). The probe

mixture of 500 ng tumor DNA, 500 ng normal DNA, 20 mg

Cot-1 DNA (GIBCO BRL Life Technologies) and 10 mg

herring testis DNA (Sigma-Aldrich) was denatured in 50%

formamide/20% dextran sulphate/2� SSC/50 mM sodium

phosphate buffer for 3 min at 75 8C and pre-annealed at

37 8C for 20 min. The probe mixture was hybridized to a

normal lymphocyte metaphase slides denatured in 70%

formamide/2� SSC/sodium phosphate buffer, and sealed

with cover slides and rubber cement. The slides were

incubated at 37 8C for three days in a humidified chamber.

For fluorescence detection, the slides were stained with

avidin-fluorescein isothiocyanate (Vector Laboratories)

and anti-digoxigenin-rhodamine (Roche Diagnostics), fol-

lowed by counter-staining with 40,6-diamidino-2-phenylin-

dole dihydrochloride (DAPI). The slides were mounted in

20 ml anti-fade solution (Vectashields, Vector Laboratories)

and evaluated using a fluorescence microscope (Axioplan

Zeiss) equipped with a CCD camera (IMAC S30) and the

ISIS 3 software (MetaSystems). Gains or losses of genetic

material were deemed as significant by the evaluation

software if fluorescence ratio borderline values of 1.2

and 0.8 were not reached or exceeded, respectively. Twenty

karyotypes were analyzed per experiment.

2.6. Statistical analyses

Hierarchical cluster analysis is an explorative statistical

method which groups seemingly heterogeneous objects

into clusters of homogeneous objects. Objects are classi-

fied by calculation of distances according to the closeness

of inter-individual distances. All objects are assembled into

a cluster tree (dendrogram). The merging of objects with

similar features leads to the formation of a cluster, where

the length of the branch indicates the degree of relation.

The procedure continues to aggregate clusters until there is

only one. The distance of subordinate clusters to a superior

cluster represents a criterion for the closeness of clusters as

well as for the affiliation of single objects to clusters. Thus,

objects with tightly related features appear together, while

the distance in the cluster tree increases with progressive

dissimilarity. The applicability of cluster tree models for

comparative genomic hybridization data has been demon-

strated previously [19,20]. Cluster analyses applying the

complete-linkage method were done by means of the

WinSTAT program (Kalmia). Missing values were auto-

matically omitted by the program, and the closeness of two

joined objects was calculated by the number of data points

they contained. In order to calculate distances of all

variables included in the analysis, the program automati-

cally standardizes the variables by transforming the data

with mean ¼ 0 and variance ¼ 1. Standard statistical tests

(Wilcoxon test, w2 test) were used as implements of the

WinSTAT program.

3. Results

3.1. Growth inhibition assays

As a starting point, growth inhibition after exposure to

OSI-774 has been determined in all glioblastoma cell lines

investigated. OSI-774 has been applied in a concentration

range from 0.1 to 30 mM to U-87MG.DEGFR cells trans-

duced with a deletion-mutant EGFR and U-87MG control

cells (Fig. 1a). The IC50 values for OSI-774 calculated

from the dose-response curves were 1.6 mM for U-

87MG.DEGFR and 8.6 mM U-87MG cells. Hence, U-

87MG.DEGFR cells were 5.5-fold more sensitive to

OSI-774 than U-87MG cells. These dose-response curves

demonstrate that a single concentration of 1 mM OSI-774 is

sufficient to differentiate between both cell lines. Further

experiments with all other cell lines were, therefore,

performed with this concentration of OSI-774 (1 mM).

The left part of Fig. 1b represents the cell growth of all

cell lines after exposure to 1 mM OSI-774. The cell growth

was inhibited to a different extent in the cell lines analyzed.

As compared to untreated control cells, the growth of U-

87MG.DEGFR cells was 61.7% and of U-87MG.WT-2N

cells 66.2% after exposure to 1 mM OSI-774, whereas the

growth of U-87MG.DK-2N, U-87MG.LUX, and U-87MG

cells was in a range of 84.5 and 98.2%. The growth of

the non-transduced cell line panel after addition of 1 mM

OSI-774 ranged from 76.6% (G-599GM) to 101.8%

(G-1265GM) (Fig. 1b).

A concentration of 1 mM OSI-774 was also used for the

combination treatment with ART which was applied in a

concentration range of 0.01–30 mg/ml (0.026–78 mM). As

depicted in Figs. 2 and 3, the ART-induced cell growth

inhibition expressed as percentage of cell growth of
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untreated control cells varied considerably between the cell

lines. The values of growth inhibition for 1 mM OSI-774

alone were set as 100%, and cell growth rates under the

combination treatment of ARTand OSI-774 were related to

these control values. This means that a strictly additive

effect of both drugs appears as an overlapping dose-

response curve compared to treatment with ART alone,

while supra-additive effects of ART plus OSI-774 are

visible as a curve below that for ART alone. As depicted

in Fig. 2, the combination of ART plus OSI-774 led to a

strong increase of growth inhibition compared to ART

alone in U-87MG.DEGFR cells but not in U-87MG.WT-

2N, U-87MG.DK-2N, U-87MG.LUX, or U-87MG cells.

The degree of increase of inhibition by ART plus OSI-774

compared to ART alone was 25-fold in U-87MG.DEGFR

cells, while it ranged from 1.0- to 14.1-fold in the other

U-87MG cell lines (Table 1). Interestingly, the response of

U-87MG.DEGFR cells to ART or OSI-774 was different.

While these cells were highly sensitive to OSI-774

(Fig. 1a), they were resistant to ART (Table 1).

Among nine non-transduced GBM cell lines, the

G-210GM and G-599GM cell lines showed increased

growth inhibition rates by the combination of both drugs

with multiplicities of 14.1- and 7.0-fold, respectively, com-

pared to treatment with ART alone (Fig. 3, Table 1),

indicating supra-additive effects. ART plus OSI-774 caused

modestly increased growth inhibitions compared to ART

alone in G-750GM and G-1408GM cell lines (1.6- and 2.3-

fold, respectively). The other five cell lines displayed no or

only minimal increases of growth inhibition (<1.5-fold),

indicating that ART plus OSI-774 act strictly additive in

these cell lines. Sub-additive or antagonistic effects were

not observed at all.

3.2. Isobolographic analyses

These observations were then confirmed using isobolo-

graphic analyses. We used the G-599GM cell line for these

experiments, because it showed a supra-additive modula-

tion of ART by OSI-774 compared to ART alone in growth

inhibition assays. As a first step, OSI-774 alone was

applied in different concentrations. The IC50 value calcu-

lated from this dose-response curve was 1.3 mM. The IC50

value for ART alone was 4.2 mM in G-599GM cells

(Table 1). As a second step, both drugs were then applied

together in concentrations of 20, 40, 60, and 80% of the

corresponding IC50 values of each drug alone. Fig. 4a

shows that the dose-dependent inhibition of ART alone

was enhanced by addition of OSI-774. The increase in

growth inhibition rose with serially increasing OSI-774

concentrations. Plotting of the data against OSI-774 at the

x-axis (Fig. 4b) indicated that the increasing IC50 fractions

of ART enhanced the growth inhibitory activity of OSI-

774. Plotting of the combination treatment IC50 values of

OSI-774 against ART revealed a supra-additive inhibition

of cell growth (Fig. 4c). The results obtained by means of

the growth inhibition assay were then scrutinized using a
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Fig. 1. Treatment responses of GBM cell lines with OSI-774 assessed by

the growth inhibition assay. (a) Dose–response curves of U-87MG and U-

87MG.DEGFR cells after exposure to 0.1–10 mM OSI-774. (b) Treatment

of transduced and non-transduced GBM cell lines with 1 mM OSI-774.

Each data point or bar represents mean � S:D: of eight measurements.

Table 1

IC50 values of GBM cell lines after treatment with ART and OSI-774 in

growth inhibition assays

Cell lines IC50 values (mM) Modulation

indexa

ART

alone

ART þ
OSI-774

U-87MG 2.0 2.1 1.0

U-87MG.LUX 2.3 1.9 1.2

U-87MG.DK-2N 3.0 2.1 1.4

U-87MG.WT-2N 4.9 3.7 1.3

U-87MG.DEGFR 11.5 0.5 25.0

G-211GM 1.5 1.5 1.0

G-599GM 4.2 0.6 7.0

G-1301GM 4.2 3.8 1.1

G-750GM 5.2 3.3 1.6

G-1187GM 6.7 5.9 1.1

G-1408GM 7.5 3.2 2.3

G-210GM 15.5 1.1 14.1

G-1265GM 8.5 7.0 1.2

G-1163GM 18.8 15.8 1.2

a IC50 for ART alone divided by IC50 for ART þ OSI-774.
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second independent test method. As shown in Fig. 4c,

comparable results were found by the colony forming

assay.

3.3. Comparative genomic hybridization and

hierarchical cluster analysis

The genomic imbalances (gains or losses of genetic

material) in the non-transduced GBM cell lines have been

described by our group [21]. In the present investigation,

all genomic aberrations detected in these cell lines were

correlated with the IC50 values for ART and OSI-774 by

means of the Wilcoxon test. For this reason, the cell lines

were grouped as being positive or negative for a given

genomic imbalance. Those imbalances which showed a

relationship to cellular drug response at a significance level

of P < 0:09 were subjected to subsequent hierarchical

cluster analysis. Relationships with a significance level

of P > 0:09 were excluded from hierarchical cluster ana-

lysis. Representative chromosomal profiles of genomic

hybridizations harboring these imbalances are shown in

Fig. 5. Enhancements or amplifications of genetic material

are marked by a bar to the right and losses by a bar to the

left in each chromosomal graph.
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Fig. 2. Combination treatment of various EGFR-transduced GBM cell lines with ART and OSI-774 assessed by the growth inhibition assay. Cell growth

inhibition by ART alone (open circles) or by ART plus OSI-774 (1 mM) (closed circles) is expressed as percentage of controls. U-87MG.DEGFR cells,

transduced with deletion-mutant EGFR; U-87MG.DK-2N transduced cells with tyrosine kinase deficient EGFR; U-87MG.WT-2N, cells transduced with

wild-type EGFR; U-87MG.LUX, cells transduced with expression vector only; U-87MG, non-transduced parental cells. Data represent mean � S:D: of eight

measurements.
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These genomic imbalances of the GBM cell lines were

then investigated by hierarchical cluster analysis and clus-

tered image mapping in order to detect genomic profiles of

imbalances that predict sensitivity or resistance to ARTand

OSI-774. The upper dendrogram in Fig. 6 could be divided

into two major clusters (clusters A and B), and the den-

drogram on the right into three major clusters (clusters 1, 2,

and 3). First, we examined whether the distribution of

genomic imbalances was different between the clusters

with statistical significance. As shown in Table 2, genomic
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Fig. 3. Combination treatment of nine non-transduced glioblastoma cell lines with ART and OSI-774 assessed by the growth inhibition assay. For details see

legend of Fig. 2.
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imbalances of clusters 1 and 3 of the dendrogram on the

right (Fig. 6) were differentially distributed between clus-

ters A and B of the upper dendrogram (P ¼ 0:00484; w2

test), while genomic imbalances of cluster 2 were not.

Then, we correlated the two clusters on the top of Fig. 6

with the IC50 values for ART and OSI-774 that were not

included into the cluster analysis beforehand (Table 2).

The distribution of sensitive and resistant GBM cell lines

was significantly different among these two clusters

(P ¼ 0:02845). At a cut-off IC50 value of 5 mM, cluster

B contained cell lines that were more resistant to ART and

OSI-774, while cluster A was enriched with more sensitive

cell lines. As can be seen in the cluster image map in Fig. 6,

the genomic imbalances of cluster 1 (dim(18q22q23),

enh(15q14), and enh(14q12)) were more frequently pre-

sent in the ‘‘sensitive’’ cluster A, whereas the genomic

aberrations of cluster 3 (dim(4q22q33), dim(16p12),

enh(5p), enh(10q21q24), and enh(2q37)) were more fre-

quently present in the ‘‘resistant’’ cluster B.

4. Discussion

4.1. Additive and supra-additive growth inhibition by

ART and OSI-774

In the present investigation, we analyzed the combina-

tion treatment of ART and OSI-774 in a panel of 14 GBM

cell lines. OSI-774 was applied in a concentration of 1 mM

in combination with ART. In a recent phase I study on

patients with advanced solid malignancies [22], the aver-

age minimal steady state plasma concentration of OSI-774

was 1.2 mg/ml (3 mM). Hence, the concentration of 1 mM

that was active in the present investigation is safely within

the range of clinically achievable plasma concentrations.

The same applies to ART. The IC50 values for ART in 14

GBM cell lines ranged from 1.5 to 18.8 mM. OSI-774

modulated ART-induced growth inhibition in these cell

lines by reducing the IC50 range from 0.6 to 15.8 mM. In

clinical anti-malarial studies, peak plasma concentrations

of 2640 � 1800 mg/ml (6:88 � 4:69 mM) have been

achieved upon intravenous application of 2 mg/kg ART

[23]. Hence, peak plasma concentrations were two to three

orders of magnitude higher than the IC50 values for ART in

the present study. As the doses of both ART and OSI-774

were well within clinically relevant ranges, the results

obtained in this investigation might gain relevance for

the inhibition of tumor cell growth in humans.

An EGFR gene deletion mutation comprising exons 2–7

conferred resistance to ART, whereas the wild-type EGFR

gene or EGFR with deficient tyrosine kinase activity did

not. Unlike wild-type EGFR, the gene product of deletion-

mutant EGFR is constitutively active in a ligand-indepen-

dent manner [12], indicating that the extent of stimulated

EGFR autophosphorylation influences cellular response to
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Fig. 4. Isobologram analysis (50% isodose) of ART and OSI-774

combination treatments. Growth inhibition after exposure to serial

dilutions of both drugs plotted against (a) OSI-774 or (b) ART. The

isobolographic plot (c) shows the IC50 values of combined treatments. The

diagonal line represents additivity. Data points that fall to the left of this

line indicate supra-additivity or synergy. Data represent mean � S:D: of

four measurements.

Table 2

Statistical analysis of genomic imbalances in GBM cell lines subjected to

hierarchical cluster analysis in Fig. 5

Cluster A Cluster B Significance

Cluster 1 10 5 P ¼ 0.00484a

Cluster 2 4 4

Cluster 3 3 18

Sensitive (�5 mM) 4 1 P ¼ 0.02845a

Resistant (>5 mM) 0 3

a w2 test.
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ART. This is also known for other anticancer drugs like

cisplatin, doxorubicin, homoharringtonine, paclitaxel, or

vincristine [24–26]. As EGFR affects resistance to multiple

structurally and functionally unrelated drugs, it can be

assumed that EGFR-mediated drug resistance may be

yet another variant of pleiotropic drug resistance in addi-

tion to the classical multidrug resistance phenotypes

caused by ATP-binding cassette transporter genes, i.e.,

MDR1, MRP, or BCRP.

In contrast to treatment with ART alone, we observed

that U-87MG.DEGFR cells were even more sensitive to

treatment with OSI-774 alone than the control cell lines U-

87MG and U-87MG.LUX. This may be explained by a

strong dependency of DEGFR-expressing cells on a per-

manently high activity of EGFR-downstream signaling

pathways. Upon disruption of EGFR pathway signaling

by OSI-774 the U-87MG.DEGFR cells were more inhib-

ited as the other U-87MG cell lines. This observation fits to

recent results showing that OSI-774 acts preferentially on

cells with highly malignant phenotypes [1].

Recent studies have demonstrated that EGFR may reg-

ulate cellular responses to cytotoxic drugs by regulation of

key molecules of apoptosis, e.g., BCL2, BCL-X, MYC,

and NFkB1 [27–29] either by activation of transcription

factors, i.e., CREB and FOS, or by phosphorylation of

target proteins. Roles of EGFR, RAF, AKT, PKC, the

Fig. 5. Representative examples of genomic consensus imbalances obtained by comparative genomic hybridization that correlated with IC50 values for ART

and OSI-774.
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Table 3

Genes of genomic imbalances that correlate with IC50 values for ART and OSI-774

Genomic imbalance Gene locus Symbol Gene name Gene function

enh(2q23qter) 2q23 PKCl Protein kinase C l Signal transduction; phosphorylation of

target proteins

2q31 CDCA7 Cell division cycle associated 7 Proliferation; target gene of c-myc;

participation in c-myc-mediated

transformation

2q31 RAB6C RAB6C, member of the RAS

oncogene family

Oncogene; involved in multidrug

resistance

2q33 ABI-2 abl-interactor 2 Signal transduction; coordination of

cytoplasmic and nuclear functions of

ABL1 tyrosine kinase

2q33 FZD7 Frizzled homologue 7

(Drosophila)

Signal transduction; wingless-type (wnt)-

receptor that signals for adenenomatous

polyposis of the colon (APC) tumor

suppressor and b-catenin

2q35 CDK5R2 Cyclin-dependent kinase 5,

regulatory subunit 2 (p39)

Proliferation; neuronal cyclin-dependent

kinase 5 activator isoform

dim(4q21qter) 4q27 MAD2L1 (MAD2) Mitotic arrest deficient 2,

yeast S. cerevisiae, human

homolog like-1

Proliferation; monitoring of accurate

chromosome segregation

4q21q23 JNK3 (MAPK10) c-jun N-terminal kinase 3

(mitogen-activated kinase 10)

Signal transduction; mediation of

immediate-early gene expression

4q23q24 NFKB1 Nuclear factor kB 1 Apoptosis, tumorigenesis; regulation of

gene expression

4q32q32 HCC2 Hepatocellular carcinoma 2 Oncogene in hepatocellular carcinomas

amp/enh(5p) 5p13.3p13.1 GDNF Glial cell line-derived

neurotrophic factor

Apoptosis; interaction between ret and

ras pathways

5p14p12 GHR Growth hormone receptor Proliferation; receptor activation leads to

synthesis of insulin-like growth factor 1

(IGF1)

enh(8p13p22) 8p21.1 GSR Glutathione reductase Chemoprotection; catalysis of oxidized

glutathione and NADPþ to reduced

Glutathione disulfide and NADPH þ Hþ;

enzyme of the antioxidant glutathione

redox cycle

enh(9q21q33) 9q22 TEC tec protein tyrosine kinase Signal transduction; activation of growth

and differentiation processes

9q22 SYK Spleen tyrosine kinase Putative tumor suppressor; non-receptor

type protein-tyrosine kinase

9q34.3 NUP214 Nuclear pore complex

protein 241 kDa

Proliferation; role in nucleocytoplasmic

transport processes and cell cycle

progression

9q22.3 PTCH1 Patched (Drosophila) Signal transduction; repression of cell

proliferation, role in DNA maintenance,

repair and/or replication

enh(10q21q24) 10q24 NFKB2 Nuclear factor kB2 Regulation of genes involved in cell

to cell interaction, spreading of primary

pathogenic signals, initiation or

acceleration of tumorigenesis

10q23.3 PTEN Phosphatase and tensin

homologue

Tumor suppressor; negative regulator of

the phosphatidylinositol 3-kinase (PI3K)/

AKT pathway

10q24 LGI1 Leucine-rich gene glioma

inactivated 1

Tumor suppressor rearranged and

downregulated in malignant brain tumors;

involvement in malignant progression of

glial tumors

10q24q25 MXI1 Max interacting protein 1 Tumor suppressor; suppression of cell

growth by competition with myc for

interaction with max

10q21.1q22.1 EGR2 Early growth response 2 Proliferation; targeting of proteins

required for synthesis of normal myelin

lipids
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BCL2 protein family, NFkB1, and FOS for resistance to

established anti-tumor drugs have been demonstrated pre-

viously [3,30–32], suggesting that downstream pathways

of EGFR signaling may also contribute to the response of

tumor cells to ART.

The fact that the over-expression of constitutively acti-

vated EGFR decreases sensitivity of GBM to ART renders

inhibitors of EGFR attractive candidates for combination

treatments with this compound. In vitro and in vivo studies

have demonstrated additive to synergistic effects of small

molecule tyrosine kinase inhibitors or monoclonal anti-

bodies against EGFR in combination with established

anticancer drugs [5,6]. This has also been observed for

antibodies against a closely related gene of EGFR, HER2,

and cytostatic drugs [33]. Comparable results have been

found for OSI-774 in combination with established antic-

ancer drugs [34]. In the present investigation with a panel

of GBM cell lines, we found that OSI-774 plus ART

produced additive and supra-additive inhibition in cell

growth and colony forming assays. These results support

the hypothesis of Mendelsohn and Fan [35] that che-

motherapy converts EFGR ligands from growth factors

to survival factors. Repression of EGFR protein function

by specific inhibitors in combination with cytotoxic drugs

may cause irreversible cell damage that leads to apoptosis.

4.2. Comparative genomic hybridization and

hierarchical cluster analysis

All of the non-transduced cell lines examined contained

an enhancement of the short arm of chromosome 7 where

the EGFR gene is located and expressed or over-expressed

EGFR mRNA and protein to a different extent [21,36].

Although OSI-774 inhibits downstream EGFR signaling in

a specific manner, the response of our panel of GBM cell

lines to ART and OSI-774 is, however, not strictly deter-

mined by EGFR expression, and other factors may also

contribute to the tumor cells’ responses to these drugs.

The comparative genomic hybridization technique was

used to detect all genetic imbalances of each cell line at the

genomic level in one single hybridization experiment. This

approach allows to correlate the presence of genomic

Table 3 (Continued )

Genomic imbalance Gene locus Symbol Gene name Gene function

10q24.1 APT1 (TNFRSF6) Apoptosis antigen 1

(Fas, APO-1, CD95) (tumor

necrosis factor receptor

superfamily member 6)

Apoptosis; activator of an extrinsic

apoptotic signaling pathway

enh(14q12) 14q11q12 DAD1 Defender against cell death 1 Apoptosis; inhibitor of programmed cell

death

enh(15q14) 15q14 AF15q14 ALL1 fused gene from 15q14 Oncogene in acute lymphoblastic

leukemia

dim(16p12) 16p12.2 PKCB1 Protein kinase C b 1 Signal transduction; phosphorylation of

many cellular proteins after activation by

diacyglycerol and tumor promoters

(phorbol esters)

16p12p11.2 ASC Apoptosis-associated speck-like

protein containing a caspase

recruitment domain (CARD)

Apoptosis; promotion of caspase-

dependent apoptosis induced by

anticancer drugs

enh(16q21q24) 16q22 CBFb (PEBP2b) Subunit b of core binding

factor (polyomavirus enhancer

binding protein 2b)

Transcription factor; core-binding factor

subunit b (CBFb) increases binding of

CFBa to DNA; involved in

leukemogenesis

16q24.1q24.3 WFDC1 Whey acidic protein (WAP)

four-disulfide core domain 1

Putative tumor suppressor; protease

inhibitor that inhibits growth and

maintains tissue homeostasis

16q22.1 DIA4 (NQO1) DT-diaphorase 4, NAD(P)H:

quinone oxidoreductase 1

Chemoprotection; protection from

oxidative challenge and preclusion of

generation of reactive oxygen radicals

16q22.1 CDH1 Cadherin 1, E-cadherin Cellular adhesion; CDH1 and Drosophila

SNAIL 1 homologue (SNAI1)

transcription factor regulate cell

migration in tumor invasion and

metastasis

dim(18q22q23) 18q22qter TGFBRE Transforming growth factor

b1 response element

Acquisition of cellular resistance to

growth inhibitors, such as TGFB1

Gene information was taken from the OMIM and LocusLink databases, National Cancer Institute, USA (http://www.ncbi.nlm.nih.gov/Omim/, http://

www.ncbi.nlm.nih.gov/LocusLink/), from the GeneCard database of the Weizman Institute of Science, Rehovot, Israel (http://bioinfo.weizmann.ac.il/cards/

index.html), and from the Genome Database of the Human Genome Project (http://www.gdb.org).
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aberrations with the individual IC50 values for ART and

OSI-774 in these cell lines and thereby to identify genomic

regions that are associated with drug sensitivity and resis-

tance. The genes located at these genomic loci (Table 3)

may influence the action of ART and OSI-774 in the

individual cell lines. The genes belong to classes of differ-

ent biological functions, e.g., genes involved in apoptosis,

proliferation, signal transduction, or xenobiotic detoxifica-

tion as well as oncogenes and tumor suppressor genes.

Some of these genes have been already shown previously to

cause resistance to established anticancer drugs, i.e., GSR,

PKCB1, NFKB1, TNFRSF6 (CD95), and RAB6C [31,37–

40], some of them being targets of EGFR signaling path-

ways as discussed above. By means of hierarchical cluster

analysis we have shown here that it is indeed possible to

predict sensitivity or resistance of glioblastoma cell lines to

ART and OSI-774 based on their genomic imbalances.

Consequently, certain genes allocated to the respective

genomic loci may contribute to drug sensitivity and resis-

tance. In how far the genes identified by our approach are

causally related to sensitivity or resistance to ARTand OSI-

774 requires further investigation.

In summary, we have demonstrated that the combination

of ART and OSI-774 provoked additive to supra-additive

growth inhibition in 14 GBM cell lines. Cells transduced

with deletion–mutation-driven constitutive activation of

EGFR were highly sensitive to ART and OSI-774. Further-

more, we observed a relationship between genetic altera-

tions and sensitivity to ART and OSI-774 in non-

transduced cell lines. Our results warrants further studies

to dissect the molecular architecture that determines sen-

sitivity and resistance of tumor cells to ART and OSI-774

in more detail.
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[1] Halatsch M-E, Schmidt U, Bötefür IC, Holland JF, Ohnuma T. Marked

inhibition of glioblastoma target cell tumorigenicity in vitro by retro-

virus-mediated transfer of a hairpin ribozyme against deletion-mutant

epidermal growth factor receptor messenger RNA. J Neurosurg 2000;

92:297–305.

[2] Arteaga CL. Epidermal growth factor receptor dependence in human

tumors: more than just expression? Oncologist 2002;7(Suppl 4):31–9.

[3] Navolanic PM, Steelman LS, McCubrey JA. EGFR signaling and its

association with breast cancer development and resistance to che-

motherapy (review). Int J Oncol 2003;22:237–52.

[4] Modi S, Seidman AD. An update on epidermal growth factor receptor

inhibitors. Curr Oncol Rep 2002;4:47–55.

[5] Efferth T, Volm M. Antibody-directed therapy of multidrug-resistant

tumor cells. Med Oncol Tumor Pharmacother 1992;9:11–9.

[6] Raben D, Helfrich BA, Chan D, Johnson G, Brunn Jr PA. ZD1839, a

selective epidermal growth factor receptor tyrosine kinase inhibitor,

alone and in combination with radiation and chemotherapy as a new

therapeutic strategy in non-small cell lung cancer. Semin Oncol 2002;

29(4):37–46.

[7] Moyer JD, Barbacci EG, Iwata KK, Arnold L, Boman B, Cunningham

A, et al. Induction of apoptosis and cell cycle arrest by CP-358,774, an

inhibitor of epidermal growth factor receptor tyrosine kinase. Cancer

Res 1997;57:4838–48.

[8] Norman P. OSI-774 OSI pharmaceuticals. Curr Opin Investig Drugs

2001;2:298–304.

[9] Halatsch M-E, Gehrke EE, Vougioukas VI, Bötefür IC, Al-Bohrani F,
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