
Abstract. Glioblastoma multiforme represents a largely
incurable tumor for which novel therapeutic strategies are
required. We report the effect of NVP-AEW541, an inhibitor
of insulin-like growth factor-I receptor (IGF-IR) kinase
activity on growth and signaling in a panel of glioma cell
lines. NVP-AEW541 blocked phosphorylation of IGF-IR in a
dose- and time-dependent manner and inhibited proliferation
and clonogenicity with median effective concentrations of
2.5-10 μM. NVP-AEW541 also induced loss of mitochondrial
membrane potential and release of cytochrome c and
apoptosis-inducing factor (AIF) from mitochondria. Because
concentrations of NVP-AEW541 required to significantly
inhibit glioma cell viability and downstream signaling also
inhibited non-neoplastic astrocytes, we questioned whether
differential efficacy could be enhanced by combination with
inhibition of other tyrosine kinases dysregulated in gliomas.
Dasatinib was selected as a combination agent based on its
distinct inhibitory profile for other relevant signaling targets.
Combined treatment with NVP-AEW541 and dasatinib
induced significantly more apoptosis than either agent alone
in glioma cells, but not non-neoplastic astrocytes, and syner-
gistically inhibited clonogenic survival. Mechanistic studies
indicated that combination of NVP-AEW541 and dasatinib
significantly reduced pERK and pAkt and markedly increased
AIF release, Bax oligomerization and loss of mitochondrial
potential compared to each agent alone. Overexpression of
Bcl-2 and Akt significantly attenuated NVP-AEW541 and
dasatinib-induced Bax activation and cell death. Our data
indicate that activation of Bax plays a critical role in mediating
NVP-AEW541 and dasatinib-induced apoptosis, and suggest
the potential value of combining IGFR inhibition with other
classes of tyrosine kinase inhibitors to potentiate therapeutic
efficacy.

Introduction

Deregulated growth in cancer is not solely due to an increase
in proliferation but is also to an alteration in the balance
between proliferation and apoptosis (1). Malignant gliomas
characteristically have dysregulation of multiple growth
signaling and apoptosis resistance pathways. Epidermal
growth factor receptor (EGFR), insulin-like growth factor
receptor (IGF-IR), and platelet-derived growth factor recep-
tor (PDGFR), among others, have been implicated in glial
tumorigenesis (2). To date, therapeutic trials for these tumors
have focused on EGFR and PDGFR, but comparatively little
attention has been focused on strategies to block IGFR. Ligand-
bound IGF-IR interacts with insulin receptor substrates (IRS)
1 and 2, which in turn become phosphorylated on tyrosine
residues and recruit SH2 domain-containing signaling mole-
cules (3), activating MAPK/ERK and Akt signaling, and
promoting a number of processes in cancer cells, including
proliferation, survival, metastasis and invasion (4). Moreover,
increased IGF-1R signaling has been implicated in resistance
of NSCLC, breast cancer and prostate cancer cells to the
EGFR inhibitors, erlotinib and gefitinib (5,6).

Although inhibition of the IGF-IR by a variety of strategies
has shown independent activity in hematologic and solid
tumors in vitro and in vivo (7,8), combined targeting of IGF-1R
and ErbB receptors with dominant negative constructs,
antibodies, or small molecule inhibitors has shown improved
effects on inhibition of cell growth relative to single agents
(9). Combinations of IGF-1R and EGFR inhibitory antibodies
have also shown improved activity in A549 xenografts
relative to individual agents (10). In addition, a non-selective
IGF-1R kinase inhibitor, AG1024, enhanced the ability
of gefitinib or erlotinib to block proliferation and induce
apoptosis of breast cancer (11) and hepatoma cells (12).

Antibodies that target IGF-1R and several small molecule
IGF-1R inhibitors are in preclinical or early clinical develop-
ment (4). NVP-AEW541, is a small molecule IGF-1R inhibitor
that belongs to the pyrrolo[2,3-d]pyrimidine class, and was
identified as a selective inhibitor of IGF-IR kinase activity
(13). NVP-AEW541 had a potent cytotoxic effect on multiple
myeloma cells in vitro and in vivo (7). In addition, NVP-
AEW541 potentiated the action of other agents, such as
bortezomib, lenalidomide, dexamethasone or melphalan (7).
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Mechanistic studies indicated that NVP-AEW541 provoked
cell cycle blockade accompanied by pRb downregulation,
increased levels of p27, and reduction in CDK2 activity.
Finally, NVP-AEW541 induced cell death through caspase-
dependent and -independent mechanisms. Moreover, analyses
on the mechanisms of IGF-IR inhibitors antiproliferative
effect indicate that these compounds may act by blocking cell
cycle progression and inducing cell death (14). All these
data, suggest the potential effect of IGF-IR kinase inhibitors
as therapeutic agents.

We therefore examined the efficacy of NVP-AEW541
against a series of glioma cell lines. Although we found that
in vitro proliferation and clonogenic growth of glioma cells
were greatly reduced by treatment with NVP-AEW541
concentrations in the low micromolar range, apoptosis was
only seen with concentrations that also induced toxicity in
non-neoplastic astrocytes. We questioned whether combining
IGFR inhibition with blockade of several other tyrosine
kinases implicated in glioma growth would enhance efficacy
and apoptotic signaling.

Src regulates signals from multiple cell surface molecules.
In malignant cells, c-Src activation can mediate transforma-
tion, proliferation, survival, angiogenesis and motility (15).
In that context, BMS-354825 (dasatinib) is a small molecule
inhibitor effective in combating malignancies characterized
by aberrant activation of c-Src, BCR-ABL, KIT, and EGFR by
interfering with receptor phosphorylation (16). Activity has
been observed in chronic myelogenous leukemia, pancreatic
adenocarcinoma, colon cancer, prostate cancer, non-small
cell lung cancer and breast malignancies (17-22). Recently,
Milano et al (23) showed antiproliferative effects in glioma
cell lines, although this agent did not induce apoptotic cell
death.

Based on these observations, we examined the therapeutic
efficacy of combining NVP-AEW541 with dasatinib. These
studies demonstrated synergistic antiproliferative and pro-
apoptotic effects. The latter was associated with enhanced
cytochrome c release, activation of Bax and mitochondrial
injury suggesting the involvement of the intrinsic cell death
pathway. These data suggest that combining NVP-AEW541
and with other classes of tyrosine kinase inhibitors may provide
significantly improved therapeutic efficacy against malignant
human glioma compared to the use of either strategy alone.

Materials and methods

Inhibitors and reagents. NVP-AEW541 was kindly provided
by Dr F. Hofmann (Novartis Inc., Switzerland). Dasatinib
was purchased from Chemie Tek (Indianapolis, IN). Human
recombinant epidermal growth factor was purchased from
Cell Signaling Technology, Inc. (Beverly, MA); Platelet
derived growth factor from R&D Systems, Inc. (Minneapolis,
MN).

Cell culture. The established malignant glioma cell lines
U87, T98G, U373, LN229 and A172 were obtained from the
American Type Culture Collection (Manassas, VA). LN18 and
LNZ308 was generously provided by Dr Nicolas de Tribolet.
U87, T98G and U373 were cultured in growth medium com-
posed of minimum essential medium supplemented with

sodium pyruvate and non-essential amino acids; LN18, LN229,
A172 and LNZ308 were cultured in ·-minimal essential
medium supplemented with L-glutamine. Human astrocytes
(HA) and human cerebellar astrocytes (HAC) were obtained
from ScienCell Research Laboratories (San Diego, CA) and
cultured in astrocyte growth media. All growth media con-
tained 10% fetal calf serum, L-glutamine, ribonucleosides,
deoxynucleosides, 100 IU/ml penicillin, 100 mg/ml strepto-
mycin and 0.25 mg/ml amphotericin (Invitrogen, Carlsbad,
CA). These cell lines were chosen because they are widely
available and incorporate, in various combinations, a range
of genomic alterations commonly seen in malignant gliomas.
Cells were grown in 75-cm2 flasks at 37˚C in a humidified
atmosphere with 5% carbon dioxide and were subcultured
every 4-7 days by treatment with 0.25% trypsin in Hanks'
balanced salt solution (Invitrogen).

Cell proliferation and cytotoxicity assays. Cells (5x103/well)
were plated in 96-well microtiter plates (Costar, Cambridge,
MA) in 100 μl of growth medium, and after overnight attach-
ment, were exposed for 3 days to a range of concentrations of
inhibitors, alone and in combination. Control cells received
vehicle alone (DMSO). After the treatment interval, cells
were washed in inhibitor-free medium, and the number
of viable cells was determined using a colorimetric cell
proliferation assay (CellTiter96 Aqueous non-radioactive cell
proliferation assay; Promega, Madison, WI) (24,25). All
studies were conducted in triplicate and repeated at least
three times independently. To perform the assay, 20 μl of
MTS/phenazine methosulfate solution was added to each
well, and after 1 h of incubation at 37˚C in a humidified 5%
CO2 atmosphere, absorbance was measured at 490 nm in a
microplate reader. Triplicate wells with predetermined cell
numbers were subjected to the above-mentioned assay in
parallel with the test samples to normalize the absorbance
readings. To assess cellular toxicity, 2.5x105 cells were
seeded in 6-well dishes and on the following day, treated
with selected concentrations of inhibitors or vehicle. Cells
were harvested, stained with trypan blue, and counted using a
hemacytometer. All samples were tested in triplicate. Viable
(trypan blue-excluding) and dead cell numbers were plotted
as a function of inhibitor concentration.

Clonogenic growth assay. The effect of different inhibitor
concentrations on cell viability was also assessed using a
clonogenic assay. For this analysis, 250 cells were plated in
6-well trays in growth medium, and after overnight attachment,
cells were exposed to selected inhibitor concentrations or
vehicle for 1 or 2 days. The cells were then washed with
inhibitor-free medium and allowed to grow for 2 weeks under
inhibitor-free conditions. Colonies of a diameter of ~2-4 mm
were counted directly. All studies were performed in triplicate.

Transient transfection. Empty vector, pcDNA3 was from
Dr Michael Greenberg (Harvard Medical School, Boston,
MA). The expression vectors pcDNA3-Bcl-2 was obtained
from Dr Stanley Korsmeyer (Dana Farber Cancer Institute,
Boston, MA). pcDNA3-Myr-HA-Akt1 was obtained from
Dr William Sellers (Dana Farber Cancer Institute). Malignant
human glioma cell lines were plated in 10-cm plates and main-
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tained in complete media and kept at 37˚C in a humidified
5% CO2 incubator. Transient transfection was performed at
60-70% confluence using FuGENE 6 (Roche) according to
the manufacturer's recommendations. The total amount of
transfected DNA was maintained at 5 μg. After a 36-h
transfection period, cells were treated with or without inhi-
bitors for an additional 24 h. Control cells received equal
amount of DMSO.

Western blotting analysis. Treated and untreated cells were
washed in cold PBS and lysed in buffer containing 30 mM
HEPES, 10% glycerol, 1% Triton X-100, 100 mM NaCl,
10 mM MgCl2, 5 mM EDTA, 2 mM Na3VO4, 2 mM ß-glycero-
phosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM
4-(2-aminoethyl)benzenesulfonyl fluoride, 0.8 μM aprotinin,
50 μM bestatin, 15 μM E-64, 20 μM leupeptin, and 10 μM
pepstatin A for 15 min on ice. Samples were centrifuged at
12,000 x g for 15 min, supernatants were isolated, and protein
was quantified using Protein Assay Reagent (Pierce Chemical,
Rockford, IL). Equal amounts of protein were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) and electro-
transferred onto a nylon membrane (Invitrogen). Non-
specific antibody binding was blocked by incubation of the
blots with 2% bovine serum albumin in Tris-buffered saline
(TBS)/Tween-20 (0.1%) for 1 h at room temperature. The
blots were then probed with appropriate dilutions of primary
antibody overnight at 4˚C. Unless otherwise mentioned all
antibodies used for Western blot analysis were purchased
from Cell Signaling Technology, Inc. The antibody-labeled
blots were washed three times in TBS/Tween-20 for 15 min
and then incubated with a 1:1500 dilution of horseradish
peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology, Inc.) in TBS/Tween-20 at room temperature
for 1 h. After additional washing in TBS/Tween 20, the
proteins were visualized by Western blot chemiluminescence
reagent (CST). Where indicated, the blots were reprobed
with antibodies against ß-actin (Sigma Aldrich, St. Louis,
MO) to ensure equal loading and transfer of proteins. Primary
antibodies to phospho IGF-1R, and total IGF-1R; phospho-
Src phospho-EGFR (Tyr845), and total EGFR; and phospho-
PDGFR-ß (Tyr751) total PDGFR; were obtained from
BioSource International (Camarillo, CA). Scanning densito-
metry was performed on Western blots using acquisition into
Adobe Photoshop (Adobe Systems, Inc., San Jose, CA) and
analyzed by image program (UN-SCAN-IT gel™, version
6.1, Silk Scientific, Utah).

Immunofluorescence and assessment of apoptotic events.
T98G cells were plated in chamber culture slides (BD Falcon,
Bedford, MA). After overnight incubation, cells were treated
and fixed in phosphate-buffered saline (PBS) containing 4%
formaldehyde, and then stained with Hoechst 33258 (1 mg/
ml) for 20 min. The fixed cells were incubated in blocking
buffer [PBS containing 10% fetal calf serum (FCS) and 0.2%
Triton X-100] for 30 min and then for additional 30 min in
PBS, 2% bovine serum albumin (BSA), and anti-cytochrome c
antibody (1:1000, clone 6H2.B4; PharMingen) and anti-
apoptosis-inducing factor (1:1000, CST). Cells were then
washed 3 times in blocking buffer and incubated for 30 min
in PBS containing 2% BSA, and 1 mg/ml of tetramethyl-

rhodamine isothiocyanate-conjugated anti-mouse antibody
(Invitrogen). Cells were then rinsed three times in blocking
buffer, and coverslips were mounted onto slides. Morpholo-
gical changes such as cell shrinkage, rounding and membrane
blebbing were evaluated by microscopic inspection of cells.

In vitro cross-linking for detection of Bax oligomers. In vitro
cross-linking for detection of Bax oligomers was performed
according to the methods of Ling et al (26). In brief, cells
(2x106 cells) were incubated in 1.0 ml of cross-linking buffer
(210 mM mannitol, 70 mM sucrose, 1 mM EGTA, 5 mM
HEPES, pH 7.4 and 0.05% digitonin) containing 1 mM BMH
(Pierce Chemical) at room temperature for 60 min. After
incubation, cells were pelleted by centrifugation at 15,000 x g
for 15 min at 4˚C and suspended in buffer containing 62.5 mM
Tris-HCl, pH 6.8, 10% glycerol and 2% SDS. The Bax
oligomers were detected by immunoblot using anti-Bax anti-
body.

Cellular fractionation. For assay of release of cytochrome c
and Smac/DIABLO, cells were fractionated into cytosolic
and mitochondrial fractions as described previously (26).
In brief, cells were washed with PBS and incubated in
buffer containing 20 mM HEPES-KOH, pH 7.2, 10 mM KCl,
1.5 mM MgCl2, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl
fluoride, 10 μg/ml leupeptin and 10 μg/ml aprotinin at 4˚C
for 10 min, and then cells were homogenized with a Dounce
homogenizer for 50 strokes. The homogenates were centri-
fuged at 1000 x g for 10 min at 4˚C to remove nuclear and
membrane fractions. The supernatants were further centrifuged
at 15,000 x g for 30 min at 4˚C, and collected as the cytosolic
fraction. The pellet was further dissolved with lysis buffer
containing 1% SDS as the mitochondrial fraction.

Analysis of combinatorial effects. Unless otherwise stated,
data are expressed as mean ± S.D. The significance of
differences between experimental conditions was determined
using a two-tailed Student's t-test. MTS assays were used to
determine inhibition of cell survival after a 72-h treatment of
multiple cell lines with different ratios of NVP-AEW541 and
dasatinib. IC50 concentrations and combination indices for the
effects of NVP-AEW541 and dasatinib were calculated using
a commercially available software program (Calcusyn;
Biosoft, Ferguson, MO) (27).

Results

NVP-AEW541 inhibits receptor phosphorylation and growth
in malignant human glioma cell lines. To verify the capacity
of NVP-AEW541 to inhibit the IGF-IR tyrosine kinase activity
in glioma cells, T98G and U87 cells were treated with
different concentrations of NVP-AEW541, and for varying
durations. Cells were lysed and equal amounts of protein
were fractionated for Western blot analysis. As shown in
Fig. 1A and B, the phosphorylation of IGF-1R was signifi-
cantly inhibited by NVP-AEW541 treatment in a dose- and
time-dependent manner. To determine whether NVP-AEW541
could have a direct antiproliferative effect on glioma cell
growth, five established malignant human glioma cell lines
were treated with different doses of inhibitor. Cells were
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cultured with increasing concentrations of NVP-AEW541 for
3 days and cell proliferation was assessed by MTS assay.
Control cells were treated with equivalent concentrations of
vehicle (DMSO) in the absence of NVP-AEW541. As shown
in Fig. 1C, NVP-AEW541 treatment resulted in a dose-
dependent inhibition of cell proliferation with an IC50 ranging
between 7.2 and 12.3 μM. At concentrations below 10 μM,
there were no significant effects on the normal cells such as
human astrocytes (HA) and human cerebellar astrocytes
(HAC) (Fig. 1D). The therapeutic effect of NVP-AEW541
was further confirmed with a clonogenic assay (data not
shown).

Effect of NVP-AEW541 on survival and cell cycle regulatory
molecules. We then examined the effect of NVP-AEW541 on
the phosphorylation of two major IGF-IR-related intra-
cellular signaling pathways, specifically MAPK/ERK and
PI3K (7). As shown in Fig. 2A (upper panel), the phosphory-
lation of Erk 1/2 and Akt was not inhibited by treatment with
NVP-AEW541 at concentrations ≤10 μM in T98G cells.
Because recent studies in non-glioma cell lines showed that
NVP-AEW541 caused G0/G1 cell cycle arrest, associated
with down-regulation of cyclins D1, A, and E and pRB (7),
we examined these targets in T98G cell line. Western
blotting data showed that NVP-AEW541 resulted in only
limited reduction in cyclin D1, cyclin D3, CDK4 and CDK6,
at the highest tested concentration (Fig. 2A, lower panel). To
examine the effect of NVP-AEW541 on cell viability, T98G,
U87 and U373 human glioma cell lines were exposed to
varying concentrations of inhibitor, or DMSO (control) and
cell viability was assessed by trypan blue exclusion assay. As

shown in Fig. 2B, there was a dose-dependent decrease in
cell viability in response to treatment with NVP-AEW541.
To address whether apoptotic signaling was induced by
NVP-AEW541, T98G cells were treated with varying concen-
trations of NVP-AEW541 for 48 h and cleavage of caspases-8,
-9, -3, and PARP was analyzed by Western blotting using
antibodies that recognize both procaspase and cleaved
fragments. NVP-AEW541 did not provoke caspase-8, -9 and
-3 and PARP cleavage with generation of truncated
fragments after 48 h of treatment (Fig. 2C).

Dasatinib inhibits glioma cell proliferation and increases
NVP-AEW541-induced apoptosis. Because it has also been
shown that NVP-AEW541 can inhibit other kinases, particu-
larly insulin receptor, at concentrations above 2 μM (13), we
could not exclude the possibility that growth inhibition we
observed at higher concentrations might be due to non-IGFR-
specific effects. In addition, the observation of toxicity in
normal astrocytes at concentrations above 10 μM prompted
us to examine whether the efficacy of lower (1 μM) concen-
trations of NVP-AEW541 could be potentiated by combination
with inhibition of other receptor tyrosine kinases involved in
glioma proliferation. Because dasatinib can potentially block
several such targets (20,28), we hypothesized that this agent
could effectively increase the activity of NVP-AEW541.

We first defined the concentration-response profile for
dasatinib in malignant human glioma, examining the effect of
this drug on growth of 3 established glioma cell lines and
normal human cerebral astrocytes. Cells were cultured with
increasing concentrations of dasatinib for 3 days and cell
proliferation was assessed by MTS assay (Fig. 3A). We then
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Figure 1. NVP-AEW541 inhibits receptor phosphorylation and induces growth inhibition in malignant human glioma cell lines. (A) U87 and T98G cells were
seeded at 60% confluence and allowed to attach. Then, the cells were treated with varying concentrations of NVP-AEW541 for 1 day. Cell extracts were
prepared, and equal amounts of protein (30 μg/lane) were separated by SDS-PAGE analysis and subjected to Western blot analysis with pIGF-1R antibody.
The blots were subsequently stripped and reprobed with total IGF-1R antibody. (B) U87 and T98G cells were seeded at sub-confluence and allowed to attach
overnight at 37˚C. Then, the cells were treated with 1 μM of NVP-AEW541 for up to 4 days. Cell extracts were prepared, and equal amounts of protein (30
μg/lane) were separated by SDS-PAGE analysis and subjected to Western blot analysis with pIGF-1R antibody. The blots were subsequently stripped and
reprobed with total IGF-1R antibody. (C and D) Logarithmically growing established human glioma cell lines (C) and normal human astrocytes (HA) and
human cerebral astrocytes (HAC) (D) were incubated with varying concentrations of NVP-AEW541 for 3 days. The relationship between NVP-AEW541
concentration and cell numbers was assessed semiquantitatively by spectrophotometric measurement of MTS bioreduction. Points represent the mean of four
measurements ± S.D. There was a dose-dependent reduction in cell growth. Control cells (0) were treated with equivalent concentrations of vehicle (DMSO).
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selected a low concentration (3 μM), which had limited
independent effects on glioma cell proliferation and no effect

on non-neoplastic astrocytes (Fig. 3A) for combination
with NVP-AEW541. To test the potential for therapeutic
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Figure 2. Effect of NVP-AEW541 on survival and cell cycle regulatory molecules. (A) T98G cells were seeded at sub-confluence and incubated overnight at
37˚C. Then, the cells were treated for 48 h with 0-10 μM NVP-AEW541 for 48 h. Cell extracts were prepared, and equal amounts of protein were separated
and subjected to Western blot analysis with indicated antibodies. (B) Three established human glioma cell lines (U87, T98G and U373) were exposed for 2
days to varying concentrations of NVP-AEW541. Control cells (0) were treated with equivalent concentrations of vehicle (dimethyl sulfoxide, DMSO). At the
end of the incubation period, the viable cell numbers were determined by trypan-blue exclusion assay. For each analysis, at least 400 cells were evaluated. The
values represent the mean ± standard deviation for two separate experiments performed in triplicate. (C) T98G cells were seeded at sub-confluence and
incubated overnight at 37˚C. Then, the cells were treated with 0-10 μM NVP-AEW541 for 48 h. Cell extracts were prepared, and equal amounts of protein
were separated and subjected to Western blot analysis with indicated antibodies (CF, cleaved fragment).

Figure 3. Dasatinib potentiates the action of NVP-AEW541 in glioma cells but not in non-neoplastic cell line. (A) Logarithmically growing established human
glioma cell lines (U373, U87 and LNZ308) and human cerebral astrocytes (HAC) were incubated with varying concentrations of dasatinib for 3 days. The
relationship between dasatinib concentration and cell numbers was assessed semiquantitatively by spectrophotometric measurement of MTS bioreduction.
Points represent the mean of four measurements ± S.D. There was a dose-dependent reduction in cell growth. Control cells (0) were treated with equivalent
concentrations of vehicle (DMSO). (B) Glioma (T98G) or normal cells (human cerebral astrocytes, HAC) were treated with NVP-AEW541 (0-1.0 μM) with
or without dasatinib (3 μM), and after 72 h MTS assays were performed as described in Materials and methods. (C) Graph showing the relationship between
colony counts (± standard deviation) and concentration of inhibitors. Human glioma cell lines U87 and T98G were exposed to NVP-AEW541 (1 μM) with or
without dasatinib (3 μM) for 24 h. On the following day, the media was changed and complete media was added. Cells were grown for an additional 10-14
days in the absence of inhibitors. Control (C) cells were treated with equivalent concentrations of vehicle (DMSO). The values represent the mean ± standard
deviation for two separate experiments performed in triplicate (**p<0.005 versus control).

633-643.qxd  19/7/2010  11:47 Ì  ™ÂÏ›‰·637



potentiation, T98G cells were treated with several combina-
tions of NVP-AEW541 (0-1 μM) and dasatinib (3 μM)
followed by analysis of the data for synergistic interactions
(Calcusyn, Biosoft). As shown in Fig. 3B (upper panel),
the combination of NVP-AEW541 and dasatinib was
found to synergistically increase the antiproliferative effect
(combination index, CI: 0.599). In order to confirm the
specificity of the inhibitors toward tumor cells, we compared
the effect of NVP-AEW541 and dasatinib alone or in
combination on normal cells (human cerebellar astrocytes,
HAC). Exposure to 3 μM dasatinib and 1 μM NVP-AEW541
alone or in combination had little or no effect on these cells
(Fig. 3B, lower panel). These results indicate that combi-
nation of NVP-AEW541 and dasatinib works selectively
against tumor cells compared with non-neoplastic human
astrocytes.

To characterize potential interactions between NVP-
AEW541 and dasatinib on cell viability, human glioma cell
lines were exposed to 1 μM of NVP-AEW541, 3 μM dasa-
tinib, or the combination of both and cell viability was assessed
by clonogenic growth assay. Clonogenic growth assays
(Fig. 3C) clearly demonstrate that the combination of both
inhibitors was substantially more effective than either single
agent and showed a significant decrease on cell survival.

The combination of dasatinib and NVP-AEW541 potentiates
effects on signaling inhibition and cell cycle blockade. The
effects of dasatinib on cell signaling were evaluated in seven
established glioma cell lines. The baseline levels of Src and
activated Src (pY416-Src) were measured by Western
blotting. Dasatinib caused complete inhibition of Src activity,
as measured by phosphorylation at Y416 after treatment for
24 h (Fig. 4A). We found that Src activity was completely
inhibited in all cell lines, but total Src levels were not affected.
Because IGF system can also be activated by other onco-
proteins such as p60src (29), we examined the effect of
dasatinib on IGF-1R phosphorylation in T98G cells. Dasatinib
treatment has no effect on the levels of IGF-1R phos-
phorylation (Fig. 4B). Then to examine the effects of NVP-
AEW541 on Src and STAT3, T98G cells were treated with
either vehicle or varying concentrations of NVP-AEW541,
and the cell lysates were processed for Western blotting as
described in Materials and methods. As shown in Fig. 4C,
NVP-AEW541 had no effect on the levels of phosphorylation
of c-Src and STAT3. To address effect of NVP-AEW541 and
dasatinib or the combination of both on EGFR and PDGFR
phosphorylation, T98G cells were pretreated with or
without NVP-AEW541 or dasatinib or the combination of
both for 2 h followed by 30 min of EGF or PDGF stimulation.
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Figure. 4. The combination of dasatinib and NVP-AEW541 potentiates effects on signaling inhibition and cell cycle blockade. (A) Seven human glioma cell
lines were incubated with 250 nM dasatinib for 24 h and analyzed by Western blotting for activated Src (pSrc-Y416). The blot was subsequently stripped and
reprobed with antibody directed against total Src. (B) T98G cells were incubated with dasatinib (3 μM) for 24 h and proteins were separated and Western
analysis was performed using phosphorylated IGF-1R antibody. The blot was subsequently stripped and reprobed with antibody directed against total IGFR.
(C) T98G cells were treated with varying concentrations of NVP-AEW541 for 24 h. Cell extracts were prepared, and equal amounts of protein (30 μg/lane)
were separated by SDS-PAGE analysis and subjected to Western blotting analysis with pSrc (Y416) or phospho-STAT3 (Y705) antibodies. The blots were
subsequently stripped and reprobed with total Src or STAT3 antibodies. (D) T98G cells were seeded at 60% confluence and allowed to attach. Then, the cells
were serum-starved 24 h and pretreated with 1 μM NVP-AEW541, dasatinib (3 μM) or the combination of both for 2 h and then left untreated or treated with
50 ng/ml EGF or PDGF for 30 min. Cell extracts were prepared, and equal amounts of protein (30 μg/lane) were separated by SDS-PAGE analysis and
subjected to Western blot analysis with the indicated primary antibodies. The blots were subsequently stripped and reprobed against total receptor antibodies.
(E, left) Logarithmically growing T98G cells were incubated for 2 days in the presence of NVP-AEW541 (1 μM) with or without dasatinib (3 μM). The cells
were lysed, and proteins were separated by SDS-PAGE and probed with specific antibodies which recognize pERK 1/2 and pAkt (Ser 473) as described in
Materials and methods. The blots were subsequently stripped and reprobed against total Erk and Akt antibodies. (E, right) T98G cells were incubated for 2
days in the presence of NVP-AEW541 (1 μM) with or without dasatinib (3 μM). The cells were lysed, and equal amount of proteins were separated by SDS-
PAGE and probed with indicated antibodies. The blots were subsequently stripped and reprobed against ß-actin.
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Cell lysates were prepared and probed with antibodies
recognizing phosphorylated EGFR (Y845) or PDGFR-ß
(Y751) by Western blot analysis. EGF-induced receptor
phosphorylation was significantly reduced by both dasatinib
(Fig. 4D, lane 2 versus 3) and NVP-AEW541 (Fig. 4D, lane 2
versus 4). Both dasatinib and NVP-AEW541 also significantly
reduced PDGF-induced receptor activation (Fig. 4D, lane 6
versus lanes 7 through 9).

To determine whether the combination of NVP-AEW541
and dasatinib potentiated effects on other downstream
signaling mediators, we examined several key cell cycle
regulatory proteins in response to these agents, alone and in
combination. As shown in Fig. 4E, the phosphorylation of
Erk 1/2 was minimally inhibited by NVP-AEW541 treatment
in T98G cells, whereas dasatinib produced a modest degree
of inhibition. Combined exposure to NVP-AEW541 and
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Figure 5. (A) Dasatinib enhances NVP-AEW541-induced mitochondrial dysfunction. (A) Logarithmically growing T98G cells were incubated with 1.0 μM
NVP-AEW541 (A), 3.0 μM dasatinib (D) or the combination of both (A and D) for 6 h. Cells were fixed, permeabilized and stained with antibodies specific for
cytochrome c and AIF as described under Materials and methods. The cells were counterstained with Hoechst 33342 to visualize nuclei. Immunofluorescence
detection of AIF and cytochrome c normally yields a punctate cytoplasmic staining (control). Cells exposed to NVP-AEW541 or dasatinib for 6 h resulted in
diffuse staining for cytochrome c and nuclear translocation of AIF in the majority of the cells. The combination of both NVP-AEW541 and dasatinib resulted
in an increased diffuse staining of cytochrome c in the cytoplasm and translocation of AIF from the mitochondria into the nucleus and membrane blebbing
(arrow head). This experiment was repeated three times, yielding comparable results. (B) T98G cells were incubated in the presence of 3 μM dasatinib with or
without NVP-AEW541 (1 μM) for the indicated durations. Cytosolic fraction was prepared as described in the Materials and methods. Equal amounts of
protein (30 μg of total protein/lane) were separated by SDS-PAGE and subjected to immunoblot analysis with the indicated antibodies. (C) Logarithmically
growing U87 and T98G cells were incubated for 24 h in the presence of NVP-AEW541 (1 μM) with or without dasatinib (3 μM). After treatment, cells were
harvested and incubated with protein cross-linker BMH at room temperature for 60 min. After incubation, cells were lysed, and an equal amount of lysates (30 μg
of protein) was subjected to a 4-12% SDS-PAGE. After transferring to a membrane, the oligomers of Bax were detected by Western blot analysis as described
in Materials and methods. The non-specific (*) band (~95 kDa) served as the sample loading control.
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dasatinib resulted in significant reduction of ERK activation
by 48 h (Fig. 4E). Although dasatinib alone reduced Akt
phosphorylation, NVP-AEW541 did not, but the combination
of both led to further reduction in pAkt levels. In contrast,
total ERK and Akt levels remained unchanged with any treat-
ment at 48 h.

We then tested the effects of NVP-AEW541 and dasatinib
combinations on various cell cycle regulatory proteins. T98G
cells were treated with 1 μM NVP-AEW541, dasatinib (3 μM)
or a combination of both for 48 h, and Western analysis was
performed. The combination led to significant reduction in
CDK4, CDK6 and cyclin D1, in association with upregulation
of p21 (Fig. 4E, right).

Release of cytochrome C, AIF and Bax oligomerization is
closely associated with apoptosis induced by NVP-AEW541
and dasatinib treatment. It has been proposed that caspases
and mitochondria can engage in a self-amplification loop in
which the release of mitochondrial apoptogenic proteins acti-
vates caspases that would in turn increase the mitochondrial
membrane permeability (30). Additional episodes of cyto-
chrome c release may occur, which have been shown to be
due to caspase-3-dependent cleavage of Bcl-2 (31) and Bax
activation (32). To determine if the combination of NVP-
AEW541 and dasatinib was promoting mitochondrially
mediated apoptotic signaling, we examined the localization
of cytochrome c and AIF after NVP-AEW541 and dasatinib
treatment, alone or in combination, employing both indirect
immunofluorescence microscopy and immunoblot analysis.
Immunofluorescence detection of AIF and cytochrome c
in untreated control cells showed a punctate cytoplasmic
staining pattern with some preference for the perinuclear area
(Fig. 5A). In contrast, cells incubated with NVP-AEW541
and dasatinib showed an increased diffuse staining of cyto-
chrome c in the cytoplasm and translocation of AIF from the
mitochondria into the nucleus and membrane blebbing as
early as 6 h (Fig. 5A). To determine whether the observed
cytochrome c release is indeed the trigger of cell death, we
evaluated the effect of dasatinib and NVP-AEW541 on Smac/
DIABLO release to the cytoplasm by immunoblot analysis
after cell fractionation. As shown in Fig. 5B, the signal of
cytochrome c and Smac/DIABLO was undetectable in un-
treated control cells, and significantly more apparent in cells
treated with both inhibitors than either alone at all time
points surveyed.

Studies from numerous laboratories have shown that
mitochondrial membrane potential is tightly regulated by
pro- and anti-apoptotic proteins of the Bcl-2 family (33). In
particular, loss of mitochondrial membrane potential is
widely accepted to require the activation of a multidomain
protein, notably Bak or Bax. The presence and activation of
either Bak or Bax is thought to be sufficient to induce loss of
mitochondrial membrane potential. Previous reports have
demonstrated that Bax translocation to the mitochondria and
alteration in protein conformation (34) are necessary steps in
cells undergoing apoptosis (35). To address the potential
contribution of Bax alterations to the combinatorial effects
of NVP-AEW541 and dasatinib, T98G and U87 cells were
exposed to both agents, alone or in combination, for 24 h. After
exposure, cells were treated with the membrane-permeable

protein cross-linker BMH, and then the oligomers of Bax
were detected by Western blot analysis. As shown in Fig. 5C,
NVP-AEW541 and dasatinib induces the formation of Bax
homodimers (42 kDa), homotrimers (63 kDa) and homo-
tetramers (84 kDa) with three bands of slower mobility than
that of their monomer (21 kDa). For example, the signals of
Bax oligomers were barely detectable in untreated control
cells, but clearly detectable in cells after exposure to NVP-
AEW541 or dasatinib. Cotreatment of cells with these inhi-
bitors consistently caused a significant increase in Bax
oligomerization (Fig. 5C). In summary, these findings suggest
that the release of cytochrome c, AIF and oligomerization of
Bax may play an important role in the regulation of NVP-
AEW541 and dasatinib-induced apoptosis (Fig. 5A-C).

Effect of overexpression of Bcl-2 and Akt on NVP-AEW541
and dasatinib-induced apoptosis. In light of the recent
reports that attributed IGF-1R receptor inhibitor induced
apoptosis to Bax activation (2), we investigated the effects of
NVP-AEW541 and dasatinib treatment on Akt, Bcl-2 and
Bax expression level. T98G cells were treated with 1 μM
NVP-AEW541 alone or in combination with 1 or 3 μM
dasatinib for 48 h, and Western analysis was performed.
Upon treatment of the cells with 1 μM NVP-AEW541, a
modest decrease in the phosphorylation of Akt and Bcl-2
was observed. Incubation of the cells with 1 μM dasatinib
alone significantly diminished Akt phosphorylation and
the phosphorylation of Akt was completely abolished in the
cells treated with the combinations of NVP-AEW541 and
dasatinib (Fig. 6A, upper panel), whereas there was a signi-
ficant decrease in Bcl-2 (Fig. 6A, middle panel), as estimated
by densitometry. Bax has been shown to undergo post-
translational modification during apoptosis. For example,
p18 Bax generation through wild-type Bax cleavage has been
observed in response to various chemotherapeutic agents
(36). Treatment with NVP-AEW541 or dasatinib alone had
modest effects on the levels of cleaved Bax (Fig. 6A, lower
panel). In contrast, combined treatment with both agents
resulted in a significant increase in the cleaved forms of Bax.

Pursuant to the above finding, and to explore the mecha-
nism responsible for the pronounced enhancement of
apoptosis induction, we assessed the effect of enforced Bcl-2
and Akt overexpression on T98G cells. It has been well
established that Akt and Bcl-2 represents a key signaling
component in cell survival and apoptotic pathway (37,38).
T98G cells were transiently transfected with Bcl-2, Myr-Akt,
and empty vector cDNA and protein expression was verified
by Western analysis (data not shown). Cells were treated
with NVP-AEW541 (1 μM) and dasatinib (3 μM) for 24 h.
Immunoblot analysis and cell viability assay revealed that
transient transfection of Bcl-2 and Myr-Akt led to a signi-
ficant reduction of NVP-AEW541 and dasatinib-induced
caspase-3 and PARP activation (Fig. 6B, upper panel) and
cell death (Fig. 6B, lower panel); i.e., ~21 and 12% of cells
were apoptotic in Bcl-2- and Myr-Akt-transfected cells
compared to 37% in vector backbone-transfected cells after
24 h treatment with NVP-AEW541 and dasatinib.

Then we explored whether Bcl-2 and Myr-Akt play any
role on oligomerizations of Bax in NVP-AEW541 and
dasatinib-induced apoptosis. To address this issue, T98G
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cells were transiently transfected and exposed to NVP-
AEW541 (1 μM) and dasatinib (3 μM) for 24 h. Control cells
received equal concentrations of DMSO. After exposure, cells
were treated with the membrane-permeable protein cross-
linker BMH, and then the oligomers of Bax were detected by
Western blot analysis. As shown in Fig. 6C, the effect of the
combination of NVP-AEW541 and dasatinib on the induced
formation of Bax homodimers (42 kDa), homotrimers (63 kDa)
and homotetramers (84 kDa) was significantly reduced by
transfection with Bcl-2 and Myr-Akt. Taken together, these
data support the role of Akt inhibition and activation of pro-
apoptotic Bcl family members in mediating the synergistic
apoptotic response induced by the combination of NVP-
AEW541 and dasatinib.

Discussion

Insulin-like growth factor-IR inhibitors are a novel class of
chemotherapeutic agents that have shown promise in initial
preclinical studies (39-41), although their potential for acti-
vity in malignant gliomas, which are known to have activation
of IGFR as well as a host of other tyrosine kinases, has
remained uncertain. To address this issue, we evaluated the
effects of IGF-IR kinase inhibition by NVP-AEW541 in a

panel of malignant human glioma cell lines. The effect of
NVPAEW541 on glioma cell lines was observed at an IC50 in
the low micromolar range. The concentrations of NVP-
AEW541 found in this study to inhibit cell proliferation of
the glioma cell lines were higher than those found to be
effective against multiple myeloma (MM) (14), where IC50

values of 0.1-0.5 μM were noted. This could be due to
cellular and subcellular pharmacology of NVP-AEW541
between different cell types, or differences between cancers
in their degree of IGF-IR dependence. Glioma cells, in
particular, are known to commonly have aberrant activation
of EGFR and PDGFR, which may promote cell proliferation
and survival in the setting of IGFR blockade.

Previous studies on the mechanism of action of NVP-
AEW541 indicate that this compound affects several ele-
ments involved in the control of cell cycle progression and
apoptosis (7). NVP-AEW541 caused a progressive accumula-
tion of MM cells in G0/G1 phases with a marked decrease in
the percentage of cells in S phase. In addition, NVP-AEW541
also decreased the levels of CCND1, CCNA, CCNE and pRb
that regulate the cell cycle progression (42). Decrease of pRb
and CCNE has also been shown to occur in MM cells treated
with other IGF-IR kinase inhibitors, such as Ciclolignan PPP
(43) or NVP-ADW742 (14). Although we noted that concen-
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Figure 6. Effects of Bcl-2 and Akt on NVP-AEW541 and dasatinib-induced apoptosis and Bax oligomerization. (A) Logarithmically growing T98G cells
were treated with NVP-AEW541 (1 μM) with or without dasatinib (1 or 3 μM) for 48 h. Control cells received equal amounts of DMSO. Cell extracts were
prepared, and equal amounts of protein (30 μg/ lane) were separated by SDS-PAGE analysis and subjected to Western blotting analysis with the indicated
primary antibodies. The blots were subsequently stripped and reprobed against total Akt or ß-actin. (B) T98G cells were seeded at 60% confluence and
allowed to attach overnight. Cells were transiently transfected with empty vector, Bcl-2 or Myr-Akt cDNA as described in the Materials and methods. After
36 h transfection, cells were treated with NVP-AEW541 (1.0 μM) and dasatinib (3.0 μM), alone or in combination, or with same volume of DMSO for 24 h.
Cells were harvested and equal amounts of protein (30 μg/lane) were separated by SDS-PAGE analysis and subjected to Western blot analysis with the
indicated primary antibodies. The blots were subsequently stripped and reprobed against ß-actin. In parallel, cell viability was determined by trypan blue
exclusion analysis. For each analysis, at least 400 cells were evaluated in duplicate. The values represent the mean ± standard deviation for two separate
experiments performed in triplicate (**p<0.005). (C) T98G cells were seeded at 60% confluence and allowed to attach overnight. Cells were transiently
transfected with empty vector, Bcl-2 or Myr-Akt cDNA as described in the Materials and methods. After 36 h transfection, cells were treated with NVP-
AEW541 (1.0 μM) and dasatinib (3.0 μM) or with same volume of DMSO for 24 h. After treatment, cells were harvested and incubated with protein cross-
linker BMH at room temperature for 60 min. After incubation, cells were lysed, and an equal amount of lysates (30 μg of protein) were subjected to a 4-12%
SDS-PAGE. After membrane transfer, Bax oligomerization was detected by Western blot analysis as described in Materials and methods.
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trations of NVP-AEW541 were able to induce apoptosis in
addition to antiproliferative effects in glioma cell lines, these
concentrations also had some inhibitory activity on non-
neoplastic astrocytes, suggesting the potential involvement of
additional molecular targets, such as the insulin receptor
(13).

We therefore questioned whether the efficacy of IGF-IR
inhibition by NVP-AEW541 could be enhanced by combi-
nation with inhibition of other tyrosine kinase receptors
involved in glioma growth and apoptosis resistance. Previous
studies in other tumor types have demonstrated that NVP-
AEW541 produces synergistic growth inhibition when
combined with other agents (44,45), which may reflect the
presence of significant cross-talk and compensatory growth
stimulatory effects between IGF-IR and other tyrosine kinase
receptors, particularly EGFR family members (46-48). We
hypothesized that combining NVP-AEW541 with a different
class of kinase inhibitor that blocked EGFR among other
targets would have enhanced efficacy in inhibiting glioma cell
proliferation and survival. In this regard, dasatinib (BMS-
354825) is an orally bioavailable tyrosine kinase inhibitor,
which shows exceptionally promiscuous inhibitory activity
against multiple receptor targets, other than IGFR, that are
relevant in glioma growth (49). As with NVP-AEW541,
dasatinib monotherapy has predominantly proven to be
cytostatic in preclinical (23) and early phase clinical trials for
these tumors (50), supporting the rationale for exploring
combination approaches with such agents.

Our results show that the exposure of glioma cells to low
concentrations of NVP-AEW541 and dasatinib significantly
enhanced proliferation inhibition and increased apoptotic cell
death as verified by cell viability and clonogenic assays and
morphological observations. At these concentrations, there
were no significant effects on normal human astrocytes or
human cerebellar astrocytes. Our studies demonstrated that
combining NVP-AEW541 and dasatinib induced the disrup-
tion of mitochondrial function with the release of cytochrome c
and Smac/DIABLO from mitochondria to the cytosol. The
release of cytochrome c from mitochondria has been shown
to play a crucial role in many apoptotic signaling cascades
through the activation of the downstream effector caspases
(51). To our knowledge, the observation of Bax oligomeri-
zation in NVP-AEW541 and dasatinib-induced apoptosis is
new. Based on the ability of this protein to form channels in
synthetic lipid membranes, several models have been proposed
that would allow Bax to form a cytochrome c-conducting
channel. Cross-linking experiments of Bax, followed by
Western blot analysis, revealed the existence of several Bax-
immunoreactive bands, suggesting the presence of Bax
oligomers (52), which promote this channel forming process.

These studies demonstrated that although NVP-AEW541
and dasatinib each independently inhibited cell proliferation,
but had modest efficacy in inducing apoptosis, combined
treatment with dasatinib led to synergistic inhibition of proli-
feration and induction of apoptosis. The latter was associated
with enhanced cytochrome c release, activation of Bax and
mitochondrial injury suggesting the involvement of the
intrinsic cell death pathway. The activation of Bax, including
Bax conformational changes and oligomerization, appears to
play a crucial role in the initiation of NVP-AEW541 and

dasatinib-induced apoptosis. This effect could be counteracted
by overexpression of Bcl-2 or constitutively active Akt,
suggesting the critical involvement of Akt and Bcl family
signaling pathways in NVP-AEW541 and dasatinib-induced
Bax activation and apoptosis. From a clinical standpoint, our
data suggest that combining NVP-AEW541 and dasatinib
may provide significantly improved therapeutic efficacy
against malignant human glioma compared to the use of
either agent alone. This fits with observations in lung cancer
and glioblastoma, that resistance to anti-EGFR therapy may
in part relate to up-regulation of other signaling targets, such
as IGF-IR (5,53-55). Cotargeting IGF-IR and EGFR may
provide a strategy for proactively addressing this potential
resistance mechanism that may translate into an attractive
therapeutic combination in the clinical setting.
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