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Abstract

The receptor tyrosine kinase (RTK)/phosphoinositide 3-kinase (PI3K) pathway is fundamental for cancer cell proliferation and
is known to be frequently altered and activated in neoplasia, including embryonal tumors. Based on the high frequency of
alterations, targeting components of the PI3K signaling pathway is considered to be a promising therapeutic approach for
cancer treatment. Here, we have investigated the potential of targeting the axis of the insulin-like growth factor-1 receptor
(IGF-1R) and PI3K signaling in two common cancers of childhood: neuroblastoma, the most common extracranial tumor in
children and medulloblastoma, the most frequent malignant childhood brain tumor. By treating neuroblastoma and
medulloblastoma cells with R1507, a specific humanized monoclonal antibody against the IGF-1R, we could observe cell
line-specific responses and in some cases a strong decrease in cell proliferation. In contrast, targeting the PI3K p110a with
the specific inhibitor PIK75 resulted in broad anti-proliferative effects in a panel of neuro- and medulloblastoma cell lines.
Additionally, sensitization to commonly used chemotherapeutic agents occurred in neuroblastoma cells upon treatment
with R1507 or PIK75. Furthermore, by studying the expression and phosphorylation state of IGF-1R/PI3K downstream
signaling targets we found down-regulated signaling pathway activation. In addition, apoptosis occurred in embryonal
tumor cells after treatment with PIK75 or R1507. Together, our studies demonstrate the potential of targeting the IGF-1R/
PI3K signaling axis in embryonal tumors. Hopefully, this knowledge will contribute to the development of urgently required
new targeted therapies for embryonal tumors.
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related deaths in childhood. The fact that these cancers occur in
infants and young children suggests that only a limited number of
genetic changes may lead to tumor development, making these
cancers an attractive model to identify new molecular targets. The
development of novel targeted therapies is of particular impor-
tance for embryonal tumors, as these malignancies are orphan
diseases. Common intracellular signaling pathways and chromo-
somal deletions including 1p36 and 11q loss have been previously
identified in different embryonal tumors, including medulloblas-
toma and neuroblastoma [1-10].

Introduction

Second to accidents, cancer is still the leading cause of death for
children. Embryonal tumors represent approximately 30% of
childhood malignancies and often display resistance to current
therapeutic regimens. Therefore, embryonal tumors are associated
with lower survival rates compared to other childhood cancers.
Treatment failure for disseminated disease is frequent, and results
in survival rates <20%. Thus, novel therapeutic options are
urgently needed for this group of tumors to improve survival rates

and quality of life of patients. Embryonal tumors are dysontoge-
netic tumors whose pathological features resemble those of the
developing organ or tissue of origin and include the entities
medulloblastoma and neuroblastoma. Medulloblastoma is the
most common malignant brain tumor in children and accounts for
approximately 20% to 25% of all pediatric central nervous system
tumors. Neuroblastoma is an embryonal tumor that originates
from developing neural crest tissues. It is the most common
extracranial solid tumor and is responsible for 15% of all cancer-
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Several intracellular signaling pathways have indeed been
demonstrated to play a key role in embryonal tumor biology.
Indeed, polypeptide growth factors such as insulin-like growth
factor-1 (IGF-1), epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), neuregulins and neurotrophins have been
shown to control embryonal tumor proliferation, survival,
differentiation and metastasis [11-15] by binding to specific
receptor tyrosine kinases (RTKs). Moreover, expression of the
ErbB-2 and ErbB-4 RTKs in embryonal tumor samples was
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Figure 1. The effect of R1507 on cell proliferation of NB and MB cells. A panel of NB cell lines (A) and MB cell lines (B) were incubated with
increasing concentrations of the antibody R1507 inhibiting the IGF-1R in serum-containing medium. Cell viability was assessed using the MTS assay
after 2 days. The data represent the mean with SD from at least 6 replicates and 3 independent experiments.

doi:10.1371/journal.pone.0047109.9001

shown to correlate with reduced patient survival, while Trk
receptor expression correlated with a less aggressive tumor
phenotype [13]. Therefore a better understanding of the
involvement of RTKs and their downstream targets in human
embryonal tumor biology may yield important clues for the
development of new drugs for the disease. Targeting receptor
tyrosine kinases such as the IGF-1R is a promising approach to
develop novel anti-cancer therapies in embryonal tumors, such as
neuroblastoma and sarcoma [15-23]. Indeed the first results from
clinical trials evaluating the safety and efficacy of IGF-1R
neutralizing antibodies in children and adolescents with embry-
onal tumors have been reported [24,25]. In these trials, the
humanized IGF-1R neutralizing antibody R1507 displayed
minimal toxicities and some responses in ESFT were observed
[24,25]. Importantly, no dose-limiting toxicities were identified
and the maximum tolerated dose was not reached [24]. Human
embryonal tumor cells have been reported to express a variety of
growth factor receptors, some of which can be activated by
mutations, over-expression and/or establishment of autocrine
loops [13]. Amongst these polypeptide growth factor receptors are
the RTKs IGF-1R, EGFR, ALK, ErbB-2, ErbB-4, c-Kit,
PDGFR, Trk and fibroblast growth factor receptor (FGFR) [26—
41]. Therefore, given that embryonal tumor cells express a variety
of different growth factor receptors, targeting individual receptors
may not provide a successful therapeutic strategy in all embryonal
tumor entities. A potentially complementary approach would be to
identify signaling molecules which lie downstream of several
different growth factor receptors and which are essential for
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transmitting their proliferative and/or survival message. Combi-
natorial targeting of receptor tyrosine kinases (such as the IGF-1R)
and their downstream signaling mediators is a very promising
approach to develop more efficient anti-cancer therapies
[16,17,22,42-44].

The phosphoinositide 3-kinase (PI3K) plays a crucial role in
controlling cell proliferation, survival and motility/metastasis
downstream of many different growth factor receptors and
oncogenic Ras mutants [45-48]. PI3K signaling activates a crucial
intracellular signaling pathway involving phosphoinositide-depen-
dent protein kinase-1 (PDKI1), Akt, the mammalian target of
rapamycin (mTOR) and the ribosomal protein S6 kinase (S6K),
which controls cell growth, proliferation and survival [45—47]. The
importance of PI3K/Akt/mTOR signaling in cancer is highlight-
ed by the fact that mutations in the tumor suppressor gene PTEN
occur frequently in human tumors, including glioblastoma [45,49—
51]. PTEN is a phosphatase that antagonizes the action of PI3K
by de-phosphorylating the D-3 position of poly-phosphoinositides
[45,49,50]. Reduced expression of PTEN resulting in activation of
PI3K signaling was recently described in embryonal tumors such
as medulloblastoma and neuroblastoma [52,53]. Moreover,
various reports have described activating mutations in the PIR3CA
gene encoding the catalytic p110a isoform of PI3K in a variety of
human cancers, including, breast, colon and ovarian cancer, as
well as embryonal tumors [51,54,55]. In addition, PISK/Akt/
mTOR signaling has been demonstrated to mediate the prolifer-
ation of embryonal tumor cells [56,57] and to contribute to
signaling by ErbB-2 and IGF-1R [58-60]. Activation of Akt was
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Figure 2. Sensitivity to R1507 and PIK75, and presence of IGFR in neuroblastoma cell lines LAN1 and LAN1R, a LAN1 cell line
resistant to doxorubicin. (A) R1507 treatment for 48 hours. (B) PIK75 treatment for 48 hours. Error bars represent =S.D. of means from 3
experiments, each with 3 replicates, except that there was only one experiment with 500 nM PIK75 in B. (C) Western blot analysis of components of
the IGF-1R/PI3K pathway in LANT and LAN1R whole cell extracts. Src was used as internal loading control. (D) Transfection of LAN1 cells with siRNA
targeting the IGF-1R (non-targeting siRNA was used as control. Expression levels of the IGF-1R were assessed by Western blot analysis in LAN1 whole
cell lysates after 96 h). Cell proliferation in LAN1 cells upon IGF-1R silencing was assessed in absence or presence of R1507 after 96h by MTS.

(*p<<0.05).
doi:10.1371/journal.pone.0047109.9g002

also reported in embryonal tumors, correlating with poor outcome
in some entities [61]. Thus, targeting the PISK/Akt/mTOR
signaling pathway may represent an attractive novel approach to
develop novel therapies for embryonal tumors [62]. Indeed, there
now exist multiple pharmacological inhibitors of the PI3K/Akt/
mTOR pathway which have entered clinical trials for adult and
pediatric cancer [44,46,48,63-65]. The PISK/Akt/mTOR path-
way is also an important contributor to the resistance of human
tumors to drugs targeting receptor tyrosine kinases [66-68].
Inhibitors of the PI3K/Akt/mTOR signaling pathway have also
been shown to be effective in combination with IGF-1R inhibitors

[20,43].
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In the present report, we have evaluated the anti-proliferative
potential of the humanized anti-IGF-1R antibody R1507 and of
PIK75, a class I, PI3K inhibitor, in medulloblastoma and
neuroblastoma cell lines. We present evidence that these agents
are effective as monotherapies in subsets of embryonal tumor cell
lines and can be effectively combined with standard chemother-
apeutic drugs.

Materials and Methods

Antibodies and reagents
Antibodies specific for IGFIRp, PI3K p110a, Aktl/2/3, ERK
1/2, S6 protein, Caspase-3 (Santa Cruz Biotechnology, CA, USA),
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Figure 3. Cell proliferation of NB and MB cells after inhibition of the PI3K p110a. A panel of NB cell lines (A) and MB cell lines (B) were
incubated with increasing concentrations of the specific pharmacological PI3K p110a inhibitor PIK75 in serum-containing medium. Cell viability was
assessed using the MTS assay after 2 (NB) or 3 (MB) days. The data represent the mean with SD from at least four replicates and 1-3 independent

experiment.
doi:10.1371/journal.pone.0047109.g003

phospho-ERK1/2 (Thr?*?/Tyr?™), phospho-Akt (Ser*”?; Thr**%),
poly (ADP-ribose) polymerase (PARP), S6 protein, phospho-S6
(Ser®®/Ser®®; Ser®*/Ser®**) p-IGF-1R(Cell Signaling Technol-
ogy), B-actin (Sigma Aldrich).

The PISK inhibitor PIK-75 [69] was dissolved in DMSO
(Sigma, Buchs, Switzerland) at 10 mM and diluted into cell culture
medium just before use. R1507, a fully human IgG1 monoclonal
antibody to IGF-1R, was obtained from Roche, and was diluted
directly into the medium immediately before use. The chemo-
therapeutic agents cisplatin (Bristol-Myers Squibb), doxorubicin
(Pfizer) and etoposide (Calbiochem) were used in combination
with PIK75 or R1507 at the indicated concentrations.

Cell lines, cell culture, cell proliferation and apoptosis

Human neuroblastoma cells were from the American Type
Culture Collection and were kindly provided by Dr. Brodeur,
Children’s Hospital of Philadelphia. The cells were grown in
RPMI (Life Technologies/Invitrogen) supplemented with 10% (v/
v) fetal calf serum (FCS) and penicillin/streptomycin/L-glutamine
and passaged every 3-5 days by trypsinization [20,70].

The medulloblastoma cell lines’ provenience has been previ-
ously described. DAOY, UW-228 and PFSK human cell lines
were purchased from the American Type Culture Collection.
D341 Med and D458 Med medulloblastoma cells were the kind
gift of Dr. Henry Friedman (Duke University, Durham, NC)
[71,72]. Cell lines that were not purchased from the American
Type Culture Collection in 2009 were tested for their authenti-
cation by karyotypic analysis using molecular cytogenetic
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techniques, such as comparative genomic hybridization. DAOY
medulloblastoma cell line was grown in Richter’s MEM Zinc
option medium (Invitrogen) with 10% FCS (fetal bovine serum;
Sigma) and penicillin/streptomycin (Invitrogen). PFSK primitive
neuroectodermal tumor (PNET) cell line [73] was grown in RPMI
1640 (Invitrogen) with 10% FCS and penicillin/streptomycin/L-
glutamine. The UW-228 medulloblastoma cell line was grown in
DMEM (Dulbecco’s modified Eagle’s medium; Invitrogen) with
10% FCS and penicillin/streptomycin/L-glutamine. D341 Med
and D458 Med medulloblastoma cell lines were grown like DAOY
but with the addition of 100M non-essential amino acids
(GIPCO™ MEM Invitrogen). All cells were grown in a
humidified atmosphere at 37° and 5% CO, [74,75].

For cell viability assays neuroblastoma and medulloblastoma
cells were seeded in 96-well plates at a density of 3'000-10'000
cells/well and grown for 48118 hrs in cell culture containing high
(10%) serum. Cell proliferation was analyzed by the CellTiter
96®AQ,,0usOne  Solution Cell Proliferation Assay (Promega)
according to the manufacturer’s instructions. For detection of
apoptosis, NB and MB cells were seeded on 6-well plates and
incubated for 24 h in the presence or absence of PIK75, R1507 or
cisplatin. After lysis of the cells the protein samples were analyzed
by SDS-PAGE and Western blot with anti-PARP and anti-
caspase-3 antibodies. Additionally, apoptosis was analyzed by
caspase 3/7 activation using the Caspase-Glo 3/7 Assay
(Promega), according to the manufacturer’s instruction.
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Figure 4. PI3K and IGF-1R inhibition impair receptor activation and downstream signaling. The NB cells SH-SY5Y (A), LAN1 (B); WAC2 (C)
and the MB cells PFSK (D) grown in serum-containing medium were incubated with increasing concentrations of the PI3K p110a. inhibitor PIK75 and
the IGF-1R antibody R1507. After 24 hours the cells were harvested and whole cell lysates analysed by SDS-PAGE and Western blotting for the
proteins indicated. Serum-starved DAQY (E) or LAN1 (F) cells were pre-treated with vehicle or R1507 at the concentrations indicated for 1h and
stimulated with IGF-1 (50 ng/ml or 100 ng/ml) for 10 min at 37°C. Cell lysates were analysed by SDS-PAGE and Western Blot for phosphorylated IGF-

1R beta and total receptor.
doi:10.1371/journal.pone.0047109.g004

Western blotting

Cell lysates were prepared in RIPA buffer (50 mM Tris-Cl,
pH 6.8, 100 mM NaCl, 1% Triton X-100, 0.1% SDS) supple-
mented with Complete Mini Protease Inhibitor Cocktail (Roche
Applied Sciences) and with the phosphatase inhibitors B-glycero-
phosphate (20 mM) and Na; VO, (200 mM) and normalized using
a bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL,
USA). Cell lysates were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a
hydrophobic polyvinylidenedifluoride (PVDF) membrane (Hy-
bond-P; Amersham Biosciences, GE Healthcare, UK) and
immunoblotted with the indicated antibodies prior to chemilumi-

PLOS ONE | www.plosone.org

nescent detection (SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific Inc., Rockford, IL, USA).

siRNA transfection

LAN-1 neuroblastoma cells (10* cells per well) were plated in
96-well plates and transfected 24 h later with siRNA targeting the
IGF-1R or non-targeting siRNA (Ambion, Applied Biosystems,
Foster City, CA, USA) at a final concentration of 30 nM, using
Lipofectamine 2000 following the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). Twenty-four hours following
transfection, cells were treated with R1507 (at different concen-
trations). Cell viability was analyzed after 72 h.
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Statistical analysis

Analysis of variance was used to assess statistical significance of
differences between groups. p values <0.05 were considered as
significant.

Results

Anti-proliferative activity of R1507 and PIK75 in panels of

neuroblastoma and medulloblastoma cell lines

We have previously described panels of neuroblastoma and
medulloblastoma cell lines, which were characterized for expres-
sion of components of the IGF-1R/PI3K signaling pathway
[20,70,75]. In the present study, the impact of the humanized anti-
IGF-1R antibody R1507 was evaluated on cell proliferation in vitro
in the panels of neuroblastoma and medulloblastoma cell lines
(Fig. 1). The antibody displayed anti-proliferative activity in 2 out
of 8 neuroblastoma cell lines, namely SH-SY5Y and LANI
(Fig. 1A and 2A). In SH-SY5Y, R1507 induced a maximal
decrease in cell viability of 60% at 12.5 pg/ml (Fig. 1A). In LANI
a maximal activity of ~25% reduction in cell proliferation was
observed (Fig. 2A). R1507 showed anti-proliferative activity in 2
out of 5 medulloblastoma cell lines, namely PFSK and D458
(Fig. 1B). In D458, a maximal decrease in cell proliferation (60%)
was observed at 15 pg/ml, while in PFSK the maximal effect was
40% inhibition of the response (Fig. 1B). In NB and MB cell lines,
the activity of R1507 was cell-line specific and the antibody had a
profile similar to the IGF-1R tyrosine kinase inhibitor NVP-
AEWS541 [20]. NVP-AEW541 was more active in SH-SY5Y and
LAN-1 than in other neuroblastoma cell lines [20], and PFSK
were more sensitive to NVP-AEW541 than DAOY and UW228
cells. The expression levels of the IGF-1R in NB cells did not
correlate with the activity of R1507, as previously observed with
NVP-AEW541 [20]. Similarly, in the MB cell line panel which
was previously analyzed for IGF-1R expression [75], there was

PLOS ONE | www.plosone.org

apparently no correlation between receptor expression and the
activity of R1507.

The impact of the class I, PI3K inhibitor PIK75 was evaluated
on cell proliferation i vitro in the panels of neuroblastoma and
medulloblastoma cell lines (Fig. 3). The inhibitor displayed strong
anti-proliferative activity in the neuroblastoma cell line panel, with
1C5 values in the range of 50-100 nM (Fig. 3A). In medulloblas-
toma cell lines, PIK75 was more active in D341 and D458 cells
(IC50=20 nM) than in UW228 cells. The activity of PIK75 in
DAOY and PFSK cells was previously described [75].

Impact of R1507 and PIK75 on intracellular signaling

pathway activation

The impact of R1507 and PIK75 on the activation status of the
Akt/mTOR pathway in NB cell lines was investigated by Western
blot analysis (Fig. 4). R1507 strongly affected the activation status
of Akt and the phosphorylation of the mTOR downstream target
ribosomal S6 protein in the R1507-responsive NB and MB cell
lines. (SH-SY35Y in Fig. 4A, LANI cells Fig. 4B, as well as in
medulloblastoma PFSK cells Fig. 4D). Concentrations of 6.25—
100 pg/ml R1507 reduced Aki™™7® phosphorylation, whereas
only concentrations of more than 6.25 or 12.5 were needed to
reduce S65°2**/%% phosphorylation. In the R1507-insensitive NB
cell line WAC2, the antibody did not induce a comparable
response in terms of inhibition of the PI3K signaling pathway
(Fig. 4C).

Also PIK75 was able to inhibit Akt/mTOR activation, as seen
on the decreases in the phosphorylation of S6 protein in both NB
cell lines treated (Fig. 4A+B), although only in LAN-1 cells the
phosphorylation of Ak(®™*"® was affected (Fig. 4B). The inhibitory
effects of PIK75 in Akt/mTOR signaling in MB cell lines cells
were previously described in [75] and correlate with the effects
observed in neuroblastoma cells.
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IGF-1R expression and activation in neuroblastoma and
medulloblastoma cell lines

Further, we wanted to investigate the impact of R1507 on the
expression and activation status on the IGF-1 receptor in MB and
NB cell lines. Pre-treatment with R1507 inhibited the phosphor-
ylation but not the expression level of IGF-1R in DAOY and
LANT cells after IGF-1 stimulation (Fig. 4E+F).

Combination of R1507 with standard chemotherapeutic
agents in neuroblastoma and medulloblastoma cell lines

We have previously shown that the IGF-1R tyrosine kinase
inhibitor NVP-AEW541 enhances the effects of cisplatin on cell

PLOS ONE | www.plosone.org

proliferation and apoptosis in neuroblastoma cell lines [20]. In
support of this finding, the concomitant treatment of the R1507-
responsive SH-SY3Y neuroblastoma cell line with R1507 and
cisplatin resulted in additive effects on cell proliferation (Fig. 5A).
For neuroblastoma WAC2 cells that did not respond to R1507 in
single treatment (Fig. 1A), there was no additional effect of R1507
in combination with cisplatin, doxorubicin or etoposide (Fig. S1).
In medulloblastoma PFSK and UW228 cells, the combination of
R1507 and cisplatin was more effective than the single agents
(Fig. 6A+B). This is not surprising for PFSK, that also showed
sensitivity to R1507 alone, but in UW228, cisplatin seems to
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doi:10.1371/journal.pone.0047109.9g007

confer R1507 sensibility. In R1507-insensitive DAOY cells no
such effect was observed (Fig. 6C).

Combination of PIK75 with standard chemotherapeutic
agents in neuroblastoma cells

In the neuroblastoma cell lines LAN1 and WAC2, the
concomitant treatment with PIK75 and doxorubicin or etoposide
resulted in additive effects on cell proliferation (Fig. 5B+C). At
selected, relatively low concentrations, where PIK75, doxorubicin
or etoposide alone reduced cell proliferation to 60-80%,
combination treatments of PIK75 and one of the chemothera-
peutic agents brought reductions to 40-50%. Our previous work
on medulloblastoma has shown that PIK75 sensitizes medullo-
blastoma cell lines to doxorubicin [75].

Inhibitors of the RTK-PI3K-mTOR signaling in
medulloblastoma

Beside classical chemotherapeutic agents used for cancer
treatment, targeted therapies involving inhibitors of the RTK-
PI3K signaling axis are considered to be a promising approach in
cancer treatment. To investigate the role of receptor tyrosine
kinases signaling in medulloblastoma, the effect of different
targeted therapies was additionally studied. In wvitro, the IGF-1R

PLOS ONE | www.plosone.org

inhibitor NVP-AEW541 reduced the cell viability of the MB cell
line DAOY with an IC50 of 2.5 pM and a maximal reduction of
cell proliferation to 5% (Fig. 7A, 8C), whereas in UW228 cells
concentrations higher than 10 pM were needed to provoke a
response (Fig. 7B). Also targeting the EGFR with gefinitib or
erlotinib was more effective in DAOY than in UW228 cells
(Fig. 7A+B), with DAOY responding from concentrations higher
than 2.5 pM. In UW228 cells erlotinib did not cause any effect,
whereas gefitinib treatment reduced cell viability to 5% at the
highest concentration tested (20 uM) (Fig. 7B). Rapamycin, a
commonly used mTOR inhibitor, led to 50% reduction in cell
proliferation in DAOY cells (0.0625 pg/ml) (Fig. 8D). UW228
cells responded to rapamycin with a maximum decrease in cell
viability of 30% (2 pg/ml) (Fig. 7B). Imatinib, an inhibitor of the
RTKs PDGFR and c-Kit, was able to reduce the cell proliferation
in DAOY cells to 15% (Fig. 7A, 8B) and in UW228 cells to 40%
(Fig. 7B). Before, it could be shown that the concomitant treatment
of the IGF-1R antibody R1507 with cisplatin resulted in additive
effects in R1507-responsive cell lines, or even was able to sensitize
the R1507-non-responsive cell line UW228, but not DAOY
(Fig. 6). Furthermore it was of interest, whether a concomitant
treatment of different RTK/PISK/mTOR inhibitors and R1507
could cause sensitization effects in non-responsive DAOY cells.
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Co-targeting EGIR (gefitinib) or PDGFR and c-Kit (imatinib) combination treatment was less effective than the single agent
together with the IGF-1R (R1507) was not able to sensitize DAOY (Fig. 8A+B). R1507, in combination with the IGF-1R inhibitor
cells, and interestingly, even caused negative effects, meaning the
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NVP-AEW541 or the mTOR inhibitor rapamycin could not markers of apoptotic activity. Whereas PIK75 treatment led to

further increase the effect of the single treatment (Fig. 8C+D). enhanced PARP and pro-caspase 3 cleavage in LANI and SH-

SY5Y cells (Fig. 9A+B) or to an increase in the caspase 3/7 activity
The role of the IGF-1R/PI3K/Akt signaling axis on cell in WAC2 NB cells (Fig. 9C), a comparable induction of apoptosis
survival in neuroblastoma and medulloblastoma could not be observed with R1507 treatment in NB cells or by

The impact of the IGF-1R/PI3K/Akt signaling axis on survival ~ treating the MB cell line PFSK (Fig. 9A+B).
of NB and MB cells was investigated by treating the cells with
increasing concentrations of R1507 or PIK75, and apoptosis was
measured by PARP cleavage and caspase-3activation, both
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Activity of R1507 and PIK75 in chemoresistant NB cell
lines

We next investigated whether R1507 or PIK75 had also anti-
proliferative effects in neuroblastoma cell lines with acquired
resistance to standard chemotherapeutic agents (LAN1R). R1507
displayed no significant anti-proliferative activity in LANT1 cells
with acquired resistance to doxorubicin (Fig. 2A). In contrast,
PIK75 displayed almost comparable anti-proliferative activity in
either parental LANI1 or their chemoresistant counterparts
(Fig. 2B). Western blot analysis of the protein expression of
LANIR cells showed that these cells express reduced levels of IGF-
IR and pll0oa compared to the parental cell line LANI. In
addition, the phosphorylation levels of ERK1/2 and AKT at the
positions Ser*’? and Thr**® were also lower in LANIR than in
LANT (FIG. 2C). In order to investigate whether down-regulation
of the IGF-1R could reduce the sensitivity of NB cells to R1507,
observation, LANT1 cells were transiently transfected with siRNA
targeting the receptor. At 96 h after transfection, a 50% reduction
of IGF-1R expression was still observed (Fig. 2D). LAN1 cells
transfected with IGF-1R siRNA displayed reduced proliferation,
when compared to control cells transfected with non-targeting
siRNA  (Fig. 2D). In addition, IGF-1R silencing completely
abrogated the response to R1507 (Fig. 2D), confirming that
down-regulation of the receptor in the LANIR cells contributes to
the lack of effect of R1507 in these cells (Fig. 2A).

Discussion

In the present report we have evaluated the anti-proliferative
activity of the humanized anti-IGF-1R antibody R1507 in the
embryonal tumors neuroblastoma and medulloblastoma i vitro. As
a single agent, R1507 was effective in a subset of neuro- and
medulloblastoma cell lines, while a majority of cell lines did not
respond. The profile of R1507 in neuro- and medulloblastoma was
similar to the IGF-1R tyrosine kinase inhibitor NVP-AEW541 in
terms of the identity of the cell lines which were sensitive to the
single agent [20]. The expression levels of the IGF-1R in MB and
NB cells did not correlate with the activity of R1507, as previously
observed with NVP-AEW541 [20]. The constitutive activation of
downstream signaling pathways such as Akt and mTOR/S6K
may modulate the sensitivity of the cells to R1507, as previously
reported for NVP-AEW541 [20]. In neuroblastoma cell lines that
were sensitive to R1507 as single agent, the effects of R1507 and
chemotherapy (cisplatin, doxorubicin and etoposide) were addi-
tive, a result which was also observed with NVP-AEW541 [20].
However, neuroblastoma cells which were not sensitive to R1507,
showed also no additive effects in cell growth inhibition to when
combined with chemotherapies. By contrast, in medulloblastoma
R1507 showed strong additive effects with cisplatin not only in MB
cells which were initially sensitive to R1570 (PFSK), but also MB
cells which were insensitive to R1507 as a single agent (UW228).
Analysis of the mechanisms of action revealed that R1507 inhibits
cell growth by attenuation of the AKT/mTOR signaling pathway
in neuroblastoma and medulloblastoma cells. Similar observations
were obtained by inhibition of IGF-1R with NVP-AEW541 [20].
Interestingly, the concomitant treatment with R1507 and inhib-
itors of the RTK/PI3K/mTOR signaling could not overcome the
resistance of insensitive DAOY cells, resulted in combination with
gefitinib and imatinib even in negative effects, compared to when
they were used as single agent. Generally, DAOY cells responded
to single treatments targeting the RTK/PISK/mTOR signaling,
such as IGF-1R (NVP-AEW541), EGFR (gefinitib, erlotinib),
PDGFR and c-Kit (imatinib), and mTOR (rapamycin). Cell
growth of the cell line UW228 was mostly not affected or higher
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concentrations were needed to induce a response by use of the
same agents.

Our previous work using RNAi targeting of classly PISK
1soforms has revealed that targeting these enzymes in neuroblas-
toma and medulloblastoma cell lines can induce apoptosis and
decrease cell proliferation [70,75]. These results are supported by
the findings presented here, which show that PIK75 displays a
broad anti-proliferative activity in neuroblastoma cell lines. Also in
medulloblastoma, we observed that PIK75 has anti-proliferative
activity, but one cell line (UW228) was rather resistant to the drug.
The exact mechanism(s) underlying this observation are at present
unclear, but may be caused by an enhanced activation of Erk1/2.
A decrease in activity of class I, PISK inhibitors has been observed
previously in cell lines with mutant ARAS and attributed to the
enhanced activation of the Erk pathway [76]. The combination of
PIK75 with chemotherapy (doxorubicin and etoposide) showed
enhanced cell growth inhibition as compared with single agent
treatment in neuroblastoma cell lines. Consistent with these
findings, a recent report demonstrated that PI103 a dual inhibitor
against pl10o and mTOR strongly synergizes with various
chemotherapeutics including doxorubicin, etoposide and cisplatin
[77]. In medulloblastoma, our previous work has also demon-
strated the anti-proliferative effects for PIK75 in combination with
different chemotherapeutic agents [75].

Because neuroblastoma and medulloblastoma cells may express
a variety of different growth factor receptors, we and others have
postulated that targeting individual receptors may not always
provide the best therapeutic option [20,70,75]. To overcome this
problem, an alternative approach was proposed, which is based on
targeting downstream signaling molecules that are regulated by
different growth factor receptors to transmit the proliferative
message. Our findings support this approach, since we observed
that generally a bigger number of NB and MB cell lines most likely
responded to PIK75 than to R1507. Importantly, PIK75
effectively inhibited proliferation in a chemoresistant neuroblasto-
ma cell line in a comparable manner as in the parental cell line,
demonstrating its broad anti-proliferative activity. By contrast,
R1507 was ineffective in the chemoresistant neuroblastoma cells,
which was most likely caused by reduced expression of the IGF-
IR. The activation status of the AKT/mTOR pathway was also
found to be reduced in the chemoresistant cells, pointing that this
signaling pathway may not be responsible for the acquired
chemoresistant phenotype of the cells. However, our previous
findings in medulloblastoma cells showed elevated levels of
phosphorylated Akt as a consequence of short time exposure with
doxorubicin [75]. The molecular mechanisms underlying these
observations are at present unclear, but may be of importance, in
view of the fact that some clinical trials have been initiated with
R1507 in patients previously treated with chemotherapy [78].

Supporting Information

Figure S1 The NB cell line WAC2 is resistant to the
combinatorial treatment of R1507 with chemotherapeu-
tic agents. Neuroblastoma WAC2 cells treated with R1507 in
combination with chemotherapy, incubated for 48 hours. Already
shown to be insensitive to R1507 alone (Fig. 1A), WAC2 cells are
here shown also to be insensitive to R1507 in combination with
chemotherapeutic agents (A) doxorubicin and (B) cisplatin. Error
bars represent =S.D. of means from 1 to 2 experiments, each with
8 replicates. For combination experiments with R1507-sensitive
neuroblastoma cell lines, see Fig. 5.

(TIF)

October 2012 | Volume 7 | Issue 10 | e47109



Acknowledgments

We are grateful to Ewa Klimiuk, Evelyn Mrozek and Carolina Salenius
(Department of Oncology, University Children’s Hospital Zurich) for
technical assistance.

References

1.

20.

22.

23.

Schwab M, Praml C, Amler LC (1996) Genomic instability in 1p and human
malignancies. Genes Chromosomes Cancer 16: 211-229.

Schwab M, Alitalo K, Klempnauer KH, Varmus HE, Bishop JM, et al. (1983)
Amplified DNA with limited homology to myc cellular oncogene is shared by
human neuroblastoma cell lines and a neuroblastoma tumour. Nature 305: 245—

248.

. Plantaz D, Vandesompele J, Van Roy N, Lastowska M, Bown N, et al. (2001)

Comparative genomic hybridization (CGH) analysis of stage 4 neuroblastoma
reveals high frequency of 11q deletion in tumors lacking MYCN amplification.
Int J Cancer 91: 680-686.

. Van Roy N, Van Limbergen H, Vandesompele J, Van Gele M, Poppe B, et al.

(2001) Combined M-FISH and CGH analysis allows comprehensive description
of genetic alterations in neuroblastoma cell lines. Genes Chromosomes Cancer
32: 126-135.

. Van Roy N, Jauch A, Van Gele M, Laureys G, Versteeg R, et al. (1997)

Comparative genomic hybridization analysis of human necuroblastomas:
detection of distal 1p deletions and further molecular genetic characterization
of neuroblastoma cell lines. Cancer Genet Cytogenet 97: 135-142.

. Van Roy N, Cheng NC, Laureys G, Opdenakker G, Versteeg R, et al. (1995)

Molecular cytogenetic analysis of 1;17 translocations in neuroblastoma.

Eur J Cancer 31A: 530-535.

. Delattre O, Zucman J, Plougastel B, Desmaze C, Melot T, et al. (1992) Gene

fusion with an ET'S DNA-binding domain caused by chromosome translocation
in human tumours. Nature 359: 162-165.

. Kovar H, Aryee DN, Jug G, Henockl C, Schemper M, et al. (1996) EWS/FLI-1

antagonists induce growth inhibition of Ewing tumor cells in vitro. Cell Growth
Differ 7: 429-437.

. Zoubcek A, Dockhorn-Dworniczak B, Delattre O, Christiansen H, Niggli F, et al.

(1996) Does expression of different EWS chimeric transcripts define clinically
distinct risk groups of Ewing tumor patients? J Clin Oncol 14: 1245-1251.

. Grotzer MA, Castelletti D, Fiaschetti G, Shalaby T, Arcaro A (2009) Targeting

Myec in pediatric malignancies of the central and peripheral nervous system.
Churr Cancer Drug Targets 9: 176-188.

. Cianfarani S, Rossi P (1997) Neuroblastoma and insulin-like growth factor

system. New insights and clinical perspectives. Eur J Pediatr 156: 256-261.

. Wechsler-Reya R, Scott MP (2001) The developmental biology of brain tumors.

Annu Rev Neurosci 24: 385-428.
Gilbertson R (2002) Paediatric embryonic brain tumours. biological and clinical
relevance of molecular genetic abnormalities. Eur J Cancer 38: 675-685.

. Ho R, Eggert A, Hishiki T, Minturn JE, Tkegaki N, et al. (2002) Resistance to

chemotherapy mediated by TrkB in neuroblastomas. Cancer Res 62: 6462—
6466.

. Rikhof B, de Jong S, Suurmeijer AJ, Meijer C, van der Graaf WT (2009) The

insulin-like growth factor system and sarcomas. J Pathol 217: 469-482.

. Kim SY, Wan X, Helman I,J (2009) Targeting IGF-1R in the treatment of

sarcomas: past, present and future. Bull Cancer 96: E52-60.

. Kim SY, Toretsky JA, Scher D, Helman IJ (2009) The role of IGF-1R in

pediatric malignancies. Oncologist 14: 83-91.

. Tanno B, Mancini C, Vitali R, Mancuso M, McDowell HP, et al. (2006) Down-

regulation of insulin-like growth factor I receptor activity by NVP-AEW541 has
an antitumor effect on neuroblastoma cells in vitro and in vivo. Clin Cancer Res

12: 6772-6780.

. Manara MC, Landuzzi L, Nanni P, Nicoletti G, Zambelli D, et al. (2007)

Preclinical in vivo study of new insulin-like growth factor-I receptor — specific
inhibitor in Ewing’s sarcoma. Clin Cancer Res 13: 1322-1330.

Guerreiro AS, Boller D, Shalaby T, Grotzer MA, Arcaro A (2006) Protein kinase
B modulates the sensitivity of human neuroblastoma cells to insulin-like growth
factor receptor inhibition. Int J Cancer 119: 2527-2538.

. Martins AS, Mackintosh C, Martin DH, Campos M, Hernandez T, et al. (2006)

Insulin-like growth factor I receptor pathway inhibition by ADW742, alone or in
combination with imatinib, doxorubicin, or vincristine, is a novel therapeutic
approach in Ewing tumor. Clin Cancer Res 12: 3532-3540.

Pollak M (2008) Targeting insulin and insulin-like growth factor signalling in
oncology. Curr Opin Pharmacol 8: 384-392.

Pollak M (2008) Insulin and insulin-like growth factor signalling in neoplasia.
Nat Rev Cancer 8: 915-928.

. Kurzrock R, Patnaik A, Aisner J, Warren T, Leong S, et al. (2010) A phase I

study of weekly R1507, a human monoclonal antibody insulin-like growth
factor-I receptor antagonist, in patients with advanced solid tumors. Clin Cancer

Res 16: 2458-2465.

. Pappo AS, Patel SR, Crowley J, Reinke DK, Kuenkele KP, et al. (2011) R1507,

a monoclonal antibody to the insulin-like growth factor 1 receptor, in patients
with recurrent or refractory Ewing sarcoma family of tumors: results of a phase

PLOS ONE | www.plosone.org

IGF-1R Targeting in Embryonal Tumors

Author Contributions

Conceived and designed the experiments: AA MAG TS. Performed the
experiments: AW FS DGC TC PC. Analyzed the data: AW FS DGC TC
PC AA. Contributed reagents/materials/analysis tools: NG. Wrote the
paper: AW TS MAG AA.

26.

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

II Sarcoma Alliance for Research through Collaboration study. J Clin Oncol 29:
4541-4547.

Yee D, Favoni RE, Lebovic GS, Lombana F, Powell DR, et al. (1990) Insulin-
like growth factor I expression by tumors of neuroectodermal origin with the
t(11;22) chromosomal translocation. A potential autocrine growth factor. J Clin
Invest 86: 1806-1814.

. Kuwahara Y, Hosoi H, Osone S, Kita M, Iehara T, et al. (2004) Antitumor

activity of gefitinib in malignant rhabdoid tumor cells in vitro and in vivo. Clin
Cancer Res 10: 5940-5948.

Wewetzer K, Janet T, Heymann D, Unsicker K (1993) Cell blotting and
isoelectric focusing of neuroblastoma-derived heparin-binding neurotrophic
activities: detection of basic fibroblast growth factor protein and mRNA.
J Neurosci Res 36: 209-215.

Cohen PS, Chan JP, Lipkunskaya M, Biedler JL, Seeger RC (1994) Expression
of stem cell factor and c-kit in human neuroblastoma. The Children’s Cancer
Group. Blood 84: 3465-3472.

Gilbertson R], Perry RH, Kelly PJ, Pearson AD, Lunec J (1997) Prognostic
significance of HER2 and HER4 coexpression in childhood medulloblastoma.
Cancer Res 57: 3272-3280.

Gilbertson RJ, Clifford SC, MacMeekin W, Meekin W, Wright C, et al. (1998)
Expression of the ErbB-neuregulin signaling network during human cerebellar
development: implications for the biology of medulloblastoma. Cancer Res 58:
3932-3941.

MacDonald TJ, Brown KM, LaFleur B, Peterson K, Lawlor C, et al. (2001)
Expression profiling of medulloblastoma: PDGFRA and the RAS/MAPK
pathway as therapeutic targets for metastatic disease. Nat Genet 29: 143-152.
Andrae J, Molander C, Smits A, Funa K, Nister M (2002) Platelet-derived
growth factor-B and -C and active alpha-receptors in medulloblastoma cells.
Biochem Biophys Res Commun 296: 604-611.

Wang JY, Del Valle L, Gordon J, Rubini M, Romano G, et al. (2001) Activation
of the IGF-IR system contributes to malignant growth of human and mouse
medulloblastomas. Oncogene 20: 3857-3868.

. Nakagawara A (2001) Trk receptor tyrosine kinases: a bridge between cancer

and neural development. Cancer Lett 169: 107-114.

Duplan SM, Theoret Y, Kenigsberg RL (2002) Antitumor activity of fibroblast
growth factors (FGFs) for medulloblastoma may correlate with FGF receptor
expression and tumor variant. Clin Cancer Res 8: 246-257.

Beppu K, Jaboine J, Merchant MS, Mackall CL, Thicle CJ (2004) Effect of
imatinib mesylate on neuroblastoma tumorigenesis and vascular endothelial
growth factor expression. J Natl Cancer Inst 96: 46-55.

D’Cunja J, Shalaby T, Rivera P, von Buren A, Patti R, et al. (2007) Antisense
treatment of IGF-IR induces apoptosis and enhances chemosensitivity in central
nervous system atypical teratoid/rhabdoid tumours cells. Eur J Cancer 43:
1581-1589.

Arcaro A, Doepfner KT, Boller D, Guerreiro AS, Shalaby T, et al. (2007) Novel
role for insulin as an autocrine growth factor for malignant brain tumour cells.
Biochem J 406: 57-66.

Janoueix-Lerosey I, Lequin D, Brugieres L, Ribeiro A, de Pontual L, et al. (2008)
Somatic and germline activating mutations of the ALK kinase receptor in
neuroblastoma. Nature 455: 967-970.

Mosse YP, Laudenslager M, Longo L, Cole KA, Wood A, et al. (2008)
Identification of ALK as a major familial neuroblastoma predisposition gene.
Nature 455: 930-935.

Marinov M, Fischer B, Arcaro A (2007) Targeting mTOR signaling in lung
cancer. Crit Rev Oncol Hematol 63: 172-182.

Kolb EA, Kamara D, Zhang W, Lin J, Hingorani P, et al. (2010) R1507, a fully
human monoclonal antibody targeting IGF-1R, is effective alone and in
combination with rapamycin in inhibiting growth of osteosarcoma xenografts.
Pediatr Blood Cancer 55: 67-75.

Wojtalla A, Arcaro A (2011) Targeting phosphoinositide 3-kinase signalling in
lung cancer. Crit Rev Oncol Hematol.

. Katso R, Okkenhaug K, Ahmadi K, White S, Timms J, et al. (2001) Cellular

function of phosphoinositide 3-kinases: implications for development, homeo-
stasis, and cancer. Annu Rev Cell Dev Biol 17: 615-675.

Vanhaesebroeck B, Vogt PK, Rommel C (2010) PI3K: from the bench to the
clinic and back. Curr Top Microbiol Immunol 347: 1-19.

Vanhaesebroeck B, Guillermet-Guibert J, Graupera M, Bilanges B (2010) The
emerging mechanisms of isoform-specific PI3K signalling. Nat Rev Mol Cell
Biol 11: 329-341.

Blajecka K, Borgstrom A, Arcaro A (2011) Phosphatidylinositol 3-kinase
isoforms as novel drug targets. Curr Drug Targets 12: 1056-1081.

Cantley LC, Neel BG (1999) New insights into tumor suppression: PTEN
suppresses tumor formation by restraining the phosphoinositide 3-kinase/AKT

pathway. Proc Natl Acad Sci U S A 96: 4240-4245.

October 2012 | Volume 7 | Issue 10 | e47109



56.

57.

58.

60.

61.

62.

63.

64.

Sansal I, Sellers WR (2004) The biology and clinical relevance of the PTEN
tumor suppressor pathway. J Clin Oncol 22: 2954-2963.

. Arcaro A, Guerreiro AS (2007) The phosphoinositide 3-kinase pathway in

human cancer: genetic alterations and therapeutic implications. Curr Genomics
8: 271-306.

. Hoebeeck J, Michels E, Pattyn F, Combaret V, Vermeulen J, et al. (2009)

Aberrant methylation of candidate tumor suppressor genes in neuroblastoma.

“ancer Lett 273: 336-346.

. Hartmann W, Digon-Sontgerath B, Koch A, Waha A, Endl E, et al. (2006)

Phosphatidylinositol 3'kinase/AKT signaling is activated in medulloblastoma
cell proliferation and is associated with reduced expression of PTEN. Clin
Cancer Res 12: 3019-3027.

Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, et al. (2004) High frequency
of mutations of the PIK3CA gene in human cancers. Science 304: 554.

. Broderick DK, Di C, Parrett TJ, Samuels YR, Cummins JM, et al. (2004)

Mutations of PIK3CA in anaplastic oligodendrogliomas, high-grade astrocyto-
mas, and medulloblastomas. Cancer Res 64: 5048-5050.

Kenney AM, Widlund HR, Rowitch DH (2004) Hedgehog and PI-3 kinase
signaling converge on Nmycl to promote cell cycle progression in cerebellar
neuronal precursors. Development 131: 217-228.

Chesler L, Schlieve C, Goldenberg DD, Kenney A, Kim G, et al. (2006)
Inhibition of phosphatidylinositol 3-kinase destabilizes Mycn protein and blocks
malignant progression in neuroblastoma. Cancer Res 66: 8139-8146.

Del Valle L, Enam S, Lassak A, Wang JY, Croul S, et al. (2002) Insulin-like
growth factor I receptor activity in human medulloblastomas. Clin Cancer Res

8: 1822-1830.

. Hernan R, Fasheh R, Calabrese C, Frank AJ, Maclean KH, et al. (2003) ERBB2

up-regulates S1I00A4 and several other prometastatic genes in medulloblastoma.
Cancer Res 63: 140-148.

Kim B, van Golen CM, Feldman EL (2004) Insulin-like growth factor-I signaling
in human neuroblastoma cells. Oncogene 23: 130-141.

Opel D, Poremba C, Simon T, Debatin KM, Fulda S (2007) Activation of Akt
predicts poor outcome in neuroblastoma. Cancer Res 67: 735-745.

Sartelet H, Oligny LL, Vassal G (2008) AK'T' pathway in neuroblastoma and its
therapeutic implication. Expert Rev Anticancer Ther 8: 757-769.

Yap TA, Garrett MD, Walton MI, Raynaud F, de Bono JS, et al. (2008)
Targeting the PI3K-AKT-mTOR pathway: progress, pitfalls, and promises.
Curr Opin Pharmacol 8: 393-412.

Garcia-Echeverria C, Sellers WR (2008) Drug discovery approaches targeting
the PI3K/Akt pathway in cancer. Oncogene 27: 5511-5526.

. Brachmann S, Fritsch C, Maira SM, Garcia-Echeverria C (2009) PI3K and

mTOR inhibitors: a new generation of targeted anticancer agents. Curr Opin
Cell Biol 21: 194-198.

PLOS ONE | www.plosone.org

13

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

78.

IGF-1R Targeting in Embryonal Tumors

Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, Turke AB, et al.
(2011) Genotypic and histological evolution of lung cancers acquiring resistance
to EGFR inhibitors. Sci Transl Med 3: 75ra26.

Courtney KD, Corcoran RB, Engelman JA (2010) The PI3K pathway as drug
target in human cancer. J Clin Oncol 28: 1075-1083.

Wong KK, Engelman JA, Cantley LC (2010) Targeting the PI3K signaling
pathway in cancer. Curr Opin Genet Dev 20: 87-90.

Chaussade C, Rewcastle GW, Kendall JD, Denny WA, Cho K, et al. (2007)
Evidence for functional redundancy of class IA PI3K isoforms in insulin
signalling. Biochem J 404: 449-458.

Boller D, Schramm A, Doepfner KT, Shalaby T, von Bueren AO, et al. (2008)
Targeting the phosphoinositide 3-kinase isoform p110delta impairs growth and
survival in neuroblastoma cells. Clin Cancer Res 14: 1172-1181.

Friedman HS, Burger PC, Bigner SH, Trojanowski JQ, Brodeur GM, et al.
(1988) Phenotypic and genotypic analysis of a human medulloblastoma cell line
and transplantable xenograft (D341 Med) demonstrating amplification of c-myc.
Am J Pathol 130: 472-484.

He XM, Wikstrand CJ, Friedman HS, Bigner SH, Pleasure S, et al. (1991)
Differentiation characteristics of newly established medulloblastoma cell lines
(D384 Med, D425 Med, and D458 Med) and their transplantable xenografts.
Lab Invest 64: 833-843.

Fults D, Pedone CA, Morse HG, Rose JW, McKay RD (1992) Establishment
and characterization of a human primitive neuroectodermal tumor cell line from
the cerebral hemisphere. J] Neuropathol Exp Neurol 51: 272-280.

von Bueren AO, Shalaby T, Rajtarova J, Stearns D, Eberhart CG, et al. (2007)
Anti-proliferative activity of the quassinoid NBT-272 in childhood medulloblas-
toma cells. BMC Cancer 7: 19.

Guerreiro AS, Fattet S, Fischer B, Shalaby T, Jackson SP, et al. (2008) Targeting
the PI3K pll0alpha isoform inhibits medulloblastoma proliferation, chemore-
sistance, and migration. Clin Cancer Res 14: 6761-6769.

Loboda A, Nebozhyn M, Klinghoffer R, Frazier J, Chastain M, et al. (2010) A
gene expression signature of RAS pathway dependence predicts response to
PI3K and RAS pathway inhibitors and expands the population of RAS pathway
activated tumors. BMC Med Genomics 3: 26.

Bender A, Opel D, Naumann I, Kappler R, Friedman L, et al. (2011) PI3K
inhibitors prime neuroblastoma cells for chemotherapy by shifting the balance
towards pro-apoptotic Bcl-2 proteins and enhanced mitochondrial apoptosis.
Oncogene 30: 494-503.

NCT00811993 Cgl (First Received on December 18, 2008. Last Updated on
March 15, 2011) A Study of R1507 in Combination With Multiple Standard
Chemotherapy Treatments in Patients With Advanced Solid Tumors.

October 2012 | Volume 7 | Issue 10 | e47109



	1

