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Abstract

Diffuse intrinsic pontine gliomas (DIPGs) represent a particularly lethal type of pediatric
brain cancer with no effective therapeutic options. Our laboratory has previously reported
the development of genetically engineered DIPG mouse models using the RCAS/tv-a sys-
tem, including a model driven by PDGF-B, H3.3K27M, and p53 loss. These models can
serve as a platform in which to test novel therapeutics prior to the initiation of human clinical
trials. In this study, an in vitro high-throughput drug screen as part of the DIPG preclinical
consortium using cell-lines derived from our DIPG models identified BMS-754807 as a drug
of interest in DIPG. BMS-754807 is a potent and reversible small molecule multi-kinase in-
hibitor with many targets including IGF-1R, IR, MET, TRKA, TRKB, AURKA, AURKB. In
vitro evaluation showed significant cytotoxic effects with an ICsq of 0.13 pM, significant inhi-
bition of proliferation at a concentration of 1.5 uM, as well as inhibition of AKT activation. In-
terestingly, IGF-1R signaling was absent in serum-free cultures from the PDGF-B;
H3.3K27M; p53 deficient model suggesting that the antitumor activity of BMS-754807 in
this model is independent of IGF-1R. In vivo, systemic administration of BMS-754807 to
DIPG-bearing mice did not prolong survival. Pharmacokinetic analysis demonstrated that
tumor tissue drug concentrations of BMS-754807 were well below the identified 1Cs, sug-
gesting that inadequate drug delivery may limit in vivo efficacy. In summary, an unbiased in
vitro drug screen identified BMS-754807 as a potential therapeutic agent in DIPG, but BMS-
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754807 treatment in vivo by systemic delivery did not significantly prolong survival of DIPG-
bearing mice.

Introduction

An estimated 4,000 new malignant and non-malignant brain tumors are diagnosed annually in
children in the United States [1, 2]. Up to 20% of malignant central nervous system (CNS) tu-
mors in children arise in the brainstem, with the majority being the diffuse intrinsic pontine
glioma (DIPG) subtype [1, 3]. DIPG is a high-grade glioma (HGG) that originates in the pons
and is seen almost exclusively in children with a median age at diagnosis of 6 to 7 years [4, 5].

Despite numerous clinical investigations, to date there are no clearly beneficial chemothera-
peutic or biological agents for the treatment of DIPG. The standard treatment remains conven-
tional focal radiotherapy (RT) of 54-60Gy, fractionated over a 6-week period [6]. This
treatment has been shown to transiently improve neurologic function or temporarily stabilize
disease in 70% of patients, but the effect on overall survival is minimal with more than 90% of
children dying within two years of diagnosis [4-7].

A key to improving these outcomes is to gain a better understanding of DIPG tumor biolo-
gy. In France, biopsies have been routinely performed since 2003 for both atypical and typical
DIPG evaluation, and have been associated with minimal morbidity and high diagnostic yield
[8]. This surgical success has also led to an increase in the availability of DIPG tumor samples,
providing much of the new biologic, molecular, and genetic data that is currently advancing
our understanding of DIPG. The most common genetic alterations include mutually exclusive
K27M mutations in H3.3 or H3.1 (H3F3A, HIST1H3B, and HIST1H3C) in approximately 78%
of DIPGs, p53 mutations in 77% of cases, activating mutations in ACVRI in 20-32%, and less
frequently inactivating mutations in alpha-thalassemia/mental-retardation syndrome-X-linked
(ATRX) [9-16]. Although the role of these mutations in gliomagenesis is still under intense in-
vestigation, recent studies have identified that the presence of H3F3A K27M mutations are as-
sociated with worse prognosis and decreased survival [9]. These histone mutants have been
shown to globally decrease the repressive trimethylation of Lys27 on H3, resulting in changes
in gene expression [17-19]. Other recently discovered alterations include amplification or mu-
tations of components of the Receptor Tyrosine Kinase-Ras-PI3K signaling pathway, including
gains in platelet-derived growth factor receptor (PDGFR-A) in up to 36% of patients [20-23].
Paugh et al. reported that 46% of DIPG with amplified and/or mutated PDGFRA also have in-
activating mutations of TP53 [24].

In the United States, it remains uncommon for children with typical DIPGs to undergo ste-
reotactic biopsy and many families elect to forgo autopsies, making human samples exceeding-
ly rare for preclinical-targeted drug evaluation [25, 26]. Alternately, preclinical models of
DIPG utilizing genetically engineered mice have been developed with histologic and immuno-
phenotypic similarities to human DIPG samples, which help prioritize the translation of novel
agents into clinical trials for children with DIPG [17, 27, 28]. As part of the Children’s Oncolo-
gy Group CNS-DVL committee DIPG preclinical consortium, mouse model derived DIPG
tumor cells were used in this study in an in vitro high-throughput drug screen to identify novel
therapeutic agents with future potential to enter clinical trials. Through this screen, BMS-
754807 was identified as a therapeutic agent of interest in DIPG.

BMS-754807 is a potent and reversible small molecule multi-kinase inhibitor of the insulin
like growth factor-1 receptor (IGF-1R), Insulin receptor (IR), MET, TRKA, TRKB, AURKA,
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and AURKB among others [29]. IGF-1R signaling is active in several CNS tumors including
medulloblastoma and glioblastoma [30, 31], and components of the pathway such as IGF-1R
and IGF2 are amplified in up to 20% of DIPG [21]. Inhibiting the IGF-1R pathway has been
shown to reduce tumor progression and halt metastasis formation in animal models of Ewing’s
sarcoma and glioblastoma [32-34]. Targeting IGF-1R/IR (insulin receptor) signaling with
BMS-754807 has also resulted in cell growth inhibition in several pediatric tumor types, in
vitro and in vivo [35, 36]. In addition, MET, TRKA, TRKB, and AURKB have been implicated
as potential therapeutic targets in DIPG [13, 21, 37].

Here we identify BMS-754807 as a cytotoxic agent in an in vitro drug screen using cells de-
rived from genetically engineered mouse models of DIPG. We further evaluate its anti-tumor
activity in a DIPG model driven by PDGF-B overexpression, H3.3 K27M overexpression, and
p53 loss. In vitro BMS-754807 was found to have significant cytotoxic effects with an ICs; of
0.13 pM, and to significantly inhibit proliferation at concentrations of 1.5 uM. Interesting,
serum-free cultures derived from the PDGF-B; H3.3K27M; p53 deficient model lack phosphor-
ylated IGF-1R suggesting an IGF-1R independent mechanism for BMS-754807. In vitro, BMS-
754807 inhibited AKT phosphorylation but did not inhibit PDGFR-A phosphorylation. In vivo
we show that systemic administration of BMS-754807 to PDGF-B; H3.3K27M; p53 deficient
DIPG-bearing mice does not significantly prolong survival; however, tissue drug levels were
found to be lower than the calculated ICs, values. Together, these results identify BMS-754807
as a promising therapeutic agent in DIPG.

Materials and Methods

Mice

Nestin tv-a; p53™™ (Np53"™) mice were created by crossing Ntv-a mice with p53™" (C57BL/6]
background) from Jackson Labs, as described in Barton et al [27]. GFAP tv-a; p53ﬂ/ﬂ (Gp53ﬂ/ fly

mice were created by crossing Gtv-a mice [38] with p53 I (C57BL/6] background) from Jack-
son Labs. Nestin-tv-a;Ink4a-ARF-deficient mice have been previously described [28].

DIPG tumor development

RCAS/tv-a mouse model of pediatric high-grade glioma. All animal studies were ap-
proved by the Duke University Institutional Animal Care and Use Committee. The RCAS/tv-a
system was used to generate PDGF-B-driven DIPG mouse models with Ink4a- ARF-deficiency
in Ntv-a mice [28], p53-deficiency in Ntv-a mice [27], p53-deficiency in Gtv-a mice, and p53-
deficiency and overexpression of H3.3WT (PHC) or H3.3K27M (PKC) in Ntv-a mice [17].
DF1 (virus producing cells) cells were purchased from ATCC (Manassas, VA) and cultured in
DMEM (ATCC) supplemented with 10% FBS, 2mM L-glutamine, 100 units/mL penicillin and
100ug/mL streptomycin, and incubated at 39°C and 5% CO,. Cells were transfected with
RCAS plasmids (RCAS-PDGF-B, RCAS-Cre, RCAS-H3.3WT, or RCAS-H3.3K27M) using
Fugene 6 or X-TremeGENE 9 (Roche) per the manufacturer’s instructions. Cells were used for
injections after being passaged at least 6 times from the time of transfection. For the Gtv-a
model, a mixture of DF1 cells (one pL, 10° cells) expressing RCAS-PDGF-B and RCAS Cre at a
1:1 ratio were injected intracranially into the brainstem of postnatal day 3-5 GFAP-tv-a (Gtv-
a); p53™" mice to generate brainstem glioma. For the PHC and PKC models, DF1 cells express-
ing RCAS-PDGF-B, RCAS-Cre and either the RCAS-H3.3 WT or the RCAS-H3.3 K27M at a
1:1:1 ratio were injected into the brainstem of postnatal day 3-5 nestin tv-a (Ntv-a) p53™/1
mice. Symptoms of brainstem gliomagenesis were notable starting at 3.5 weeks post injection
including mild weight loss, decreased level of activity, mild ataxia, or mild head tilt. Mice were
euthanized with CO, when euthanasia end-points were reached (25% weight loss, lethargy) in
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accordance with Duke University IACUC protocol. Brain tissue from these animals was ex-
tracted, and either fixed in 10% neutral buffered formalin and paraffin embedded, or used to
generate tumor cell lines (animals sacrificed between 29-45 days for PHC/PKC cell lines
generation).

Neurosphere cell culture development. To generate murine DIPG neurospheres, whole
tumors were extracted and incubated with 5mL papain solution (Papain 4.6 mg; EDTA 0.9 mg;
Cysteine 0.9 mg; 5 mL Earls Balanced Salt Solution) plus 30uL DNase (10mg/mL, Sigma Al-
drich) with trituration, followed by 2 mL of Ovomucoid solution (Ovomucoid stock solution:
Ovomucoid protein 10 mg; 20 pL DNase) and centrifuged at 1100rpm. The pellet was then trit-
urated in 0.5mL of ovomucoid, brought up with 5mL of Neurocult media (Stem Cell Technolo-
gies, #05700), centrifuged at 600rpm, and repeated 3 times. The cell pellet and aggregate
supernatant were filtered and plated at a density of 500,000 cells per 25 cm? flasks in serum
free neurosphere media (per 50 mL total volume: 44.5 mL Neurocult basal media (Stemn Cell
Technologies); 10% proliferation supplement (Stemn Cell Technologies #05701); Pen-strep 1%
(Invitrogen #15140-122); Human basic FGF, 20ng/mL (Invitrogen #13256-029); Human EGF,
10ng/mL (Invitrogen #PHG0314); Heparin, 2ug/mL (Stem Cell Technologies #07980). Cells
were incubated at 37° C and split as required approximately once a week with Accutase (Stem
Cell Technologies).

High-throughput drug screen. For this drug screen, we used four genetically distinct
DIPG cell-lines (cultured in serum-free conditions) derived from the following genetically en-
gineered mouse models of DIPG: 1) PDGF-B and p53 deficient DIPG tumor derived from a
GFAP tv-a; p53 floxed mouse; 2) PDGF-B and p53 deficient DIPG tumor derived from a Nes-
tin tv-a; p53 floxed mouse and 3-4) PDGF-B; Ink4-ARF deficient DIPG tumor that was in-
fected with H3.3K27M or H3.3 WT in vitro as previously described [17]. Tumor cells were
added to 384-well plates pre-plated with 60 known drugs in an increasing gradient of concen-
trations. Two separate versions of the drug plates were used in this study for a total of 83
unique drugs tested. Each drug was tested on at least two independent DIPG cell-lines derived
from the four genetically distinct engineered mouse models of DIPG (alphabetical drug list in
S1 Table). Drugs included in the screen were selected based on known DIPG target overexpres-
sion, and current availability for use in pediatric clinical testing. After 48 hours of incubation,
CellTiter-Glo (Promega #G7572) cell viability assays were completed, and the ICs, for each
drug was determined based on luminescence.

Cellular viability and proliferation assays. DIPG neurospheres were placed in 96-well
plates in neurosphere media at a density of 50,000 cells/150uL media and incubated for 48
hours with BMS-754807 (Active Biochemicals #A-1013), or 0.1% DMSO control. A bromo-
deoxyuridine (BrdU) based cell proliferation ELISA assay kit (Roche) was used for proliferation
and processed according to the manufacturer’s protocol. Absorbance was read using Molecular
Devices Versa Max Tunable Microplate reader at 370nM and 492nM. Viability was measured
with CellTiter-Glo Luminescent Cell Viability Assay (Promega, # G7572) per the manufactur-
er’s protocol; luminescence values were obtained using Turner Biosystems Modulus Microplate
luminometer (model 9300-062). Statistical analyses were performed using Graph Pad Prism
Software (LaJolla, CA, Version 5). Results reported are using one-way Mann-Whitney test. All
values are given as mean +/- SE of at least 3 independent experiments, on a minimum of at
least 2 different tumor cell lines.

Western blot analysis. Cells were cultured for 4 hours with BMS-754807 at 1 uM or 10 uM
concentrations with or without IGF ligand (Sigma Aldrich, 18779-50UG), with matched controls.
For stimulation experiments, IGF was added at 10nmol/L concentration for 15 minutes prior to
cell collection. Cells were lysed in lysis buffer containing: 50mM Tris pH 7.5, 0.5M NaCl, 1%
NP-40, 1% DOC, 0.1% SDS, 2mM EDTA, protease inhibitor cocktail and phosphatase inhibitor

PLOS ONE | DOI:10.1371/journal.pone.0118926 March 6,2015 4/16



@’PLOS | ONE

BMS-754807 as a Promising Therapeutic Agentin DIPG

cocktail 2 (Sigrma) and homogenized using a Glas-Col 099C-K54 homogenizer. Protein concen-
trations of total cell lysates or total tissue lysates were determined using BCA assay kit (Pierce).
Lysates were resolved by SDS-PAGE (Invitrogen) and transferred to nitrocellulose membranes
(Invitrogen #1B301002).

After blocking in Odyssey Blocking Buffer (Li-Cor Biosciences 927-40000) with 0.2% Tween
20 (Li-Cor Biosciences BP337-100), membranes were incubated with antibodies for the follow-
ing targets of interest: phospho-Akt**™? 1:2000 (#4060), Akt 1:1000 (#4685), pPPDGFRA
1:1000 (#12022), PDGFRA 1:1000 (#3164) and actin 1:500 (# sc-1616). Membranes were incu-
bated with the appropriate labeled secondary antibodies (Li-Cor Biosciences, 926-68024/926-
32211), and protein was visualized using Li-Cor Biosciences Odyssey Infrared Imaging system
(Li-Cor Biosciences).

Blotting for phospho-IGF-1R 1:1000 (#3024), IGF-1R 1:1000 (#3018) required blocking in
5% non-fat milk and 0.1% TBS/Tween-20 at room temperature for one hour. Primary antibod-
ies were prepared in 5% BSA/TBS-T and incubated overnight at 4°C. Secondary antibodies
conjugated with horseradish peroxidase were prepared in blocking buffer and incubated at
room temperature for one hour. Detection was performed with Amersham ECL Plus Detection
kit according to the manufacturer’s protocol (GE Healthcare). All antibodies were purchased
from Cell Signaling except Actin, which was purchased from Santa Cruz Biotech.

In vivo anti-tumor activity. All experiments were performed in accordance with the Insti-
tutional Animal Care and Use Committee and Institutional Biosafety Committee of Duke Uni-
versity approved protocol (A239-10-9 and A214-13-8). Ntv-a; p53"" mice were injected with
DF1 cells expressing RCAS-PDGF-B + RCAS-Cre + RCAS-H3.3 K27M as described above.
Three weeks post injection, mice were randomly assigned to one of two treatment groups:
BMS-754807 or vehicle control by oral gavage. BMS-754807 was dissolved in a mixture of poly-
ethylene glycol 400 and water (PEGyq0 4:1 H,0) at 5.0 mg/mL. Mice were treated with 50mg/kg
via oral gavage, once daily for three weeks or until euthanasia end-points were reached. Only
mice that completed at least 5 doses of chemotherapy or 5 vehicle doses were included in the
final analysis. Survival analysis was conducted as previously described [27]. Loss of 25% body
weight, and lethargy was used as euthanasia criteria.

Pharmacokinetic Analysis

Animal Therapy. Ntv-a; p53"" mice were injected with DF1 cells expressing RCAS-
PDGEF-B + RCAS-Cre + RCAS-H3.3 K27M as described above. Upon appearance of symp-
toms, mice were randomly assigned to one of two treatment groups: BMS-754807 or vehicle
control by oral gavage. BMS-754807 was dissolved in a mixture of polyethylene glycol 400 and
water (PEGyq 4:1 H,0) at 5.0 mg/mL as described above. Mice were treated with 50mg/kg via
oral gavage, once daily for 3 doses and sacrificed 4 hours after the last dose.

Sample processing. Brain tissue was homogenized with 2 parts water. Homogenate from
non-treated brain samples was used to prepare calibration samples in 0.096-60 ng/mL range.
In 2-mL polypropylene screw-cap vial, 50 uL homogenate, 50 pL water, and 300 pL chloroform
was added and vigorously mixed in Fast Prep (Thermo-Savant) agitator for 2 cycles at speed 4
for 20 sec. After centrifugation for 5 min at 14,000 g, upper (aqueous) layer and interface layer
were aspirated out and 250 pL of chloroform layer transferred to glass tube and evaporated to
dryness under nitrogen for 15 min. The dried material was dissolved with 30 uL acetonitrile
followed by addition of 30 uL of 0.1% formic acid in water and mixture transferred into
autosampler vial.

Liquid chromatography tandem-mass spectrometry (LC/MS/MS) assay. The analysis
was performed on Shimadzu 20A series LC system coupled with Applied Biosciences/SCIEX
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API 4000 QTrap MS/MS. Column: Phenomenex, C18 4x3 mm, AJ0-4287 at 35°C. Solvent
A:0.1% formic acid in MS-grade water. Solvent B: MS-grade acetonitrile. Elution gradient at

1 mL/min: 0-1 min 20-90% B, 1-1.3 min 90% B, 1.3-1.4 min 90-20% B. Run time: 4min. In-
jection volume: 5 pL. The MS/MS parameters were optimized by infusion of 100 ng/mL of
BMS-754807 at 10 uL/min. Mass transitions for quantification and confirmation (m/z): 462.0/
321.8 and 462.0/197.8, respectively. DP: 71 V, EP: 10 V, ion-spray voltage: 4500 V, curtain gas:
30, ion-source gasl: 30, ion-source gas2: 25. Calibration curve used for quantification was line-
ar (r =0.9996) in the range from 0.096 ng/mL (LLOQ) to 60 ng/mL.

Results

High-throughput in vitro drug screen identifies BMS-754807 as a drug of
interest for DIPG.

Secondary to the limited number of DIPG biopsy or autopsy tissue samples, there exists a sig-
nificant backlog of novel therapeutics to potentially test in clinical trials. Therefore a large pre-
clinical in vitro high-throughput screening of currently available therapeutics was needed to
elucidate small molecule inhibitors with the potential to provide the greatest clinical yield. For
this drug screen, primary cultures of DIPG neurospheres derived from four different genetical-
ly engineered mouse models of DIPG: 1) PDGEF-B; p53 loss induced in GFAP-tv-a (Gtv-a);
p53ﬂ/ﬂ mice, 2) PDGE-B, p53 loss induced in Nestin-tv-a (Ntv-a); p53ﬂ/ﬂ mice [27], and
PDGF-B induced in Ink4a-ARF deficient mice [28] infected in vitro with either 3) H3.3K27M
or 4) H3.3 WT, were added to one of two generations of drug plates with drug samples in an in-
creasing gradient of concentrations for a total of 83 drug tested (S1 Table). Drugs included
were selected based on known DIPG target overexpression, as well as drugs that are currently
in other Children’s Oncology Group trials or have the potential to enter future clinical testing.
Each drug was tested in at least two DIPG cell-lines from the four genetically engineered DIPG
mouse models and then drugs were ranked by their average ICs, with the most 10 cytotoxic
drugs listed in Table 1. Surprisingly, no PDGFR-A inhibitors were among these, consistent
with the observations of others that PDGFR-A inhibitors are primarily cytostatic in gliomas
driven by PDGF signaling [24]. BMS-754807 was the second most cytotoxic drug with an aver-
age ICso of 160nM. As it is a multi-kinase inhibitor with several therapeutic targets of relevance
to DIPG (Table 2), we chose to further investigate its efficacy by using the PDGF-B;
H3.3K27M; p53 deficient DIPG model both in vitro and in vivo.

In vitro, BMS-754807 reduces proliferation and viability of DIPG
neurospheres in a dose-dependent manner

We first tested the effects of BMS-754807 in tumor neurospheres derived from mouse DIPG
driven by PDGF-B overexpression, p53 loss, and either the wild type H3.3 histone (PHC) or
the mutant H3.3-K27M histone (PKC). BMS-754807 significantly inhibited proliferation as
demonstrated by BrdU assay with an IC5, of 1.5 uM (Fig. 1A). Viability assay also showed sig-
nificant reduction in the survival of DIPG neurospheres at drug concentrations of 0.01 M and
higher, with an ICs, of 0.13 uM (Fig. 1B). These results suggest that the effects of BMS-754807
on proliferation and survival may be independent of histone H3.3 status, as both the wild type-
and K27M-expressing DIPG cells were equally sensitive to treatment.

As one of the potential targets of BMS-754807 is IGF-1R, we performed a western blot on
whole tumor lysates from our mouse model and observed only a slight increase in the levels of
phosphorylated IGF-1R in all tumors tested as compared to normal brainstem (Fig. 2A). As
our model is driven by PDGF signaling we also chose to examine basal expression of PDGFRA
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Table 1. Top Hits in a high-throughput in vitro drug screen across four distinct murine DIPG genotypes.

Drug PDGF-B; p53 PDGF-B; p53 PDGF-B;p53 loss; PDGF-B;Cdkn2a  PDGF-B;Cdkn2a null Average IC50
lossGFAP tv- lossNestin tv-aPlate  Nestin tv-a; Plate null;H3.3 WTIC50 H3.3K27MIC50 (uM) (uM) across all
alC50 (uM) 11C50 (pM) 2IC50 (uM) (nM) cell-lines

Dinaciclib N/A N/A 0.01 0.03 0.02 0.02

BMS754807 0.01 0.1 0.04 0.48 0.15 0.16

AUY922 N/A N/A 0.18 0.27 0.41 0.29

Carfilzomib 0.14 0.83 0.18 0.16 0.23 0.31

BMS387032 0.22 0.5 0.61 1.55 0.33 0.64

SAHA 0.16 1.33 0.3 0.92 0.53 0.65

Entinostat N/A N/A 1.11 0.63 1.02 0.92

Trichostatin ~ 0.31 1.12 1.75 0.53 1.08 0.96

Panobinostat 0.01 2.65 0.19 1.59 0.57 1.00

Fenretinide N/A N/A 1.69 0.37 1.26 1.11

The top 10 hits in the in vitro drug screen in each of four distinct genetically engineered DIPG cell lines: 1) PDGF-B; p53 deficient DIPG cells induced in
Gtv-a; p53™"" mice. 2) PDGF-B; p53 deficient DIPG cells induced in Ntv-a; p53"" mice, 3) PDGFB; Ink4a-ARF deficient DIPG cells infected with H3.3 WT
in vitro, 4) PDGFB; Ink4a-ARF deficient DIPG cells infected with H3.3 K27M in vitro.

doi:10.1371/journal.pone.0118926.t001

and downstream AKT. We observed increased levels of phosphorylated PDGFRA, total
PDGEFRA (Fig. 2B), and phosphorylated AKT (Fig. 2C) in the tumor samples but no significant
changes in total AKT levels.

To investigate the mechanism of BMS-754807 in this DIPG model, we treated neurospheres
derived from mouse PDGF-B; H3.3K27M; p53-deficient tumors with 1uM and 10uM of drug
in the presence or absence of IGF ligand. There was no phosphorylated IGF-1R in the neuro-
spheres, with or without IGF-1 ligand stimulation (S1 Fig.). We did however note phosphory-
lated AKT (Serine 473), which is downstream of several known BMS-754807 targets such as
MET, TRKA, TRKB, IR (Fig. 3A). Phosphorylated AKT was inhibited after 4 hours of BMS-
754807 treatment in vitro, both with and without stimulation with IGF-1 ligand with the ex-
ception of the 10uM dose in the stimulated cells (Fig. 3A). In addition, we investigated the pos-
sibility that BMS-754807 is targeting PDGFRA (which is activated in our mouse model, as

Table 2. Select Glioma Relevant Targets of BMS-754807a.

Target Kd (nM) BMS-754807
IGF-1R 1.8
Insulin R 1.7
MET 5.6
ALK 5.7
TRKA 7.4
TRKB 41
AURKA 9
AURKB 25
JAK2 347
CDK2 795

BMS-754807 targets with their respective dissociation constants (Kg)
@ Table is derived from Carboni et al. [29].

doi:10.1371/journal.pone.0118926.t002
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Fig 1. BMS-754807 inhibits proliferation and reduces viability of DIPG neurospheres in a dose-dependent manner. Cells were isolated from mouse
DIPG induced by PDGF-B, H3.3K27M, and p53 loss (PKC) or PDGF-B; H3.3WT, and p53 loss (PHC), cultured in vitro as neurospheres, treated with BMS-
754807 or vehicle at the indicated doses for 48 hours, and assayed for (A) cell proliferation using BrdU incorporation and (B) cell viability using Cell Titer Glo.
All statistics were compared to O pm.

doi:10.1371/journal.pone.0118926.9001
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Fig 2. Phosphorylated and total levels of IGF-1R, PDGFRA and AKT in murine DIPG. Western blot for
(A) pIGF-IR (95 kDa) and total IGF-1R (95 kDa), (B) pPDGFRA (195 kDa) and total PDGFRA (195 kDa), and
(C) pAKT (60 kDa) and total AKT (60 kDa) in normal mouse brainstem (n = 3) and mouse DIPG driven by
PDGF-B, H3.3-K27M, and p53 loss (n = 3). Actin (43 kDa) is shown as a loading control.

doi:10.1371/journal.pone.0118926.9002
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Fig 3. BMS-754807 decreases AKT phosphorylation in DIPG cell-lines cultured in serum-free media. Western blot for (A) pAKT (Ser473, 60 kDa) and
total AKT (60 kDa), (B) pPDGFRA (195 kDa) and total PDGFRA (195 kDa) after four hours of treatment with BMS-754807 with or without IGF ligand
stimulation for 15 minutes in DIPG cell lines induced by PDGF-B, H3.3K27M, and p53 loss. A representative blot from three independent experiments is
shown. Actin (43 kDa) is shown as a loading control.

doi:10.1371/journal.pone.0118926.g003

shown in Fig. 2B). However, we observed no reduction in phosphorylated PDGFRA expression
with BMS-754807 treatment (Fig. 3B).

BMS-754807 does not significantly extend survival in vivo

Due to its efficacy in vitro, we were interested to determine if BMS-754807 can significantly
prolong survival of DIPG-bearing mice as a single agent in vivo. Nestin expressing brainstem
progenitors of neonatal Ntv-a; p53"" mice were infected with PDGFB, H3.3 K27M, and Cre at
postnatal day 3-5. At 3 weeks post injection, mice were randomized to treatment with either
BMS-754807 (50 mg/kg oral gavage) or vehicle once a day for three weeks (or until euthanasia
criteria were met) and monitored for symptoms of tumor formation. No significant survival
benefit was observed with BMS-754807 treatment, as the median survival for the vehicle group
was 34 days vs. 31 days for the BMS-754807 group (n = 7 for BMS-754807 and n = 8 for vehi-
cle; p = 0.26 by Log-Rank) (Fig. 4). To investigate achievable intra-tumor drug concentrations,
tumor-bearing mice were treated with BMS-754807 for 3 days at the same dose used in the sur-
vival study and sacrificed 4 hours after the last dose. Based on liquid chromatography tandem-
mass spectrometry (LC/MS/MS), we observed significant levels of drug present within the
brain tissue of these animals compared with vehicle-treated mice, however the levels were well
below the previously determined IC5, values observed in vitro (Fig. 5). This suggests that
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Fig 4. BMS-754807 does not prolong survival in vivo. Nestin tv-a (Ntv-a); p53™" mice were injected with DF1 cells expressing RCAS-PDGF-B + RCAS-
Cre + RCAS-H3.3 K27M. Three weeks post injection, mice were randomly assigned to one of two treatment groups: BMS-754807 or vehicle control. Mice
were treated with 50mg/kg via oral gavage, once daily for 21 doses. Mice were monitored daily and sacrificed when mice were moribund and/or lost 25%
body weight. Only those mice that received at least 5 doses of drug or vehicle were included in the final analysis. Kaplan-Meier survival curves demonstrated
no significant survival benefit with BMS-754807 therapy. The median survival for the vehicle alone group was 34 days vs. 31 days for the BMS-754807 alone
group (p = 0.26 by Log-Rank Test).

Percent survival

doi:10.1371/journal.pone.0118926.g004

limited drug delivery of BMS-754807 to the tumor in the brainstem may explain why daily
BMS-754807 treatment to DIPG-bearing mice did not significantly prolong survival.

Discussion

An in vitro high-throughput drug screen conducted in collaboration with the Children’s On-
cology Group CNS-DVL committee preclinical consortium identified BMS-754807 as a drug
of interest using cell-lines derived from our genetically engineered mouse models of DIPG. In
the current study, we evaluated the efficacy of BMS-754807, a known multi-kinase inhibitor
whose targets include IGF-1R, Insulin-R, MET, ALK, TRKA, TRKB, AURKA and AURKB
both in vitro and in vivo using the PDGF-B; H3.3K27M; p53 deficient DIPG model. Advan-
tages of this genetically engineered mouse model include the ability to generate tumors with
well-defined genetic alterations in the brainstem of immunocompetent mice. The tumors de-
veloped in this model are infiltrative and invade the surrounding normal brain similar to
human DIPG lesions. However, genetically engineered mouse models such as this one may not
harbor the full complement of genetic alterations found in the human disease and so preclinical
drug screenings should also be performed in parallel with human tumor derived cells or mouse
models. Another potential limitation of this model is that PDGF signaling is activated by the
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Fig 5. BMS-754807 has limited drug delivery to the tumor in the brainstem. Nestin-Tv-a;p53"" mice were injected with DF1 cells expressing RCAS-

PDGF-B, RCAS-Cre, and RCAS-H3.3-K27M. Upon appearance of symptoms, mice were treated with either BMS-754807 or vehicle for 3 doses, and

sacrificed at 4 hours after the last dose. Tissue concentrations of BMS-754807 were determined by liquid chromatography tandem-mass spectrometry (LC/
MS/MS). There was a significant difference between BMS-754807 treated tumor lysates compared to vehicle treated tumor lysates (p = 0.0357 by Mann-

Whitney) and between BMS-754807 treated normal brain lysates as compared to vehicle treated normal brain lysates (p = 0.0357 by Mann-Whitney).

doi:10.1371/journal.pone.0118926.g005
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PDGE-B ligand while in the human disease it is more often activated by the PDGFRA receptor
through amplification or mutation [22].

As BMS-754807 is primarily known as an IGF-1R inhibitor, we initially focused on deter-
mining whether IGF-1R signaling was present in this model. We observed that our DIPG
mouse model driven by PDGF-B, H3.3-K27M, and p53 loss has only slightly increased levels of
IGF-1R phosphorylation relative to normal brainstem. Serum-free cultures derived from these
tumors did not harbor any discernable IGF-1R phosphorylation with or without IGF-1 stimu-
lation suggesting that the mechanism of BMS-754807 in this model is independent of IGF-1R.
Serum-free cultures were sensitive to treatment with BMS-754807, showing reductions in sur-
vival, proliferation, and AKT activation. The cytotoxic mechanism of BMS-754807 in this
model is independent of PDGFR-A as there was no observed change to PDGFR-A phosphory-
lation in response to BMS-754807. In addition, we observed that the sensitivity of DIPG cells
to BMS-754807 might be independent of H3.3-K27M status.

The identities of the active targets of BMS-754807 in our mouse model are currently un-
known. Although BMS-754807 most potently inhibits IGF-1R and IR activation [29] it is a rel-
atively non-specific drug, and the reduction in AKT phosphorylation as well as the cytotoxic
effects seen in this study may be due to inhibition of one or more of its other targets including
MET, ALK, TRKA, TRKB, AURKA, AURKB, JAK2, CDK2 [29]. Indeed, it has previously been
shown that AURKB may be a potential therapeutic target in DIPG [37]. Our in vitro experi-
ments were conducted in serum-free conditions which selects for stem-like tumor cells with
the addition of EGF and FGF [39]. One caveat of our results is that these conditions may not
precisely replicate the in vivo intra-tumoral microenvironment of the brainstem in children
with DIPGs. However, stem-cell conditions have been shown to be more clinically relevant
than adherent serum-based conditions, promoting more similar gene expression and activated
signaling pathways as compared to the in vivo tumor milieu [39].

Despite significant cytotoxic effects of BMS-754807 in vitro, treatment of DIPG-bearing
mice in vivo with BMS-754807 did not result in a survival benefit as compared to vehicle-treat-
ed mice. It is worth noting that the in vivo dose chosen of 50mg/kg/day in our study (as well as
lower doses) has been demonstrated to be efficacious in several solid tumor mouse models
such as breast cancer, prostate cancer, and rhabdomyosarcoma [29, 35, 36, 40, 41]. Analysis of
tumor tissue harvested after short-term BMS-754807 treatment indicated that the level of drug
present in the tumor tissue was well below the ICs, suggesting inadequate drug delivery to the
tumor, as a potential explanation for the lack of efficacy in vivo. BMS-754807 was, however,
well tolerated by mice undergoing treatment, leaving the possibility of combining this drug
with additional agents or other delivery mechanisms like convection enhanced delivery to
allow for its improved delivery to the tumor in the brainstem.

Conclusion

Here we use a genetically engineered mouse model of DIPG that includes the H3.3K27M muta-
tion as a novel platform through which in vitro and in vivo evaluations can help prioritize drug
therapies for clinical trials for children with DIPG. These findings demonstrate that BMS-
754807, a potent multi-kinase inhibitor, can significantly reduce both viability and prolifera-
tion of DIPG tumor cells at doses of 0.1 uM and higher in vitro. We also demonstrate BMS-
754807-mediated inhibition of AKT. The efficacy of BMS-754807 in vitro did not translate to a
survival benefit in vivo potentially due to the limited drug delivery to the brainstem. If given
with additional agents or delivered locally to increase its delivery to the tumor, it has the poten-
tial to be efficacious in vivo. These results are promising and imply that BMS-754807 is a
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potential therapeutic agent for DIPG and future experiments aim to identify additional thera-
pies that may synergize with BMS-754807.

Supporting Information

S1 Fig. There is no discernable IGF-1R phosphorylation in PDGF-B; H3.3K27M; p53 defi-
cient neurospheres in vitro. Western blot analysis for pIGF-1R (95 kDa) and total IGF-1R

(95 kDa) in DIPG cell lines driven by PDGF-B, H3.3K27M, and p53 loss. Cells were treated
with BMS-754807 for 4 hours at the indicated doses with or without IGF ligand stimulation for
15 minutes. Actin (43 kDa) is shown as a loading control. A representative blot from three in-
dependent experiments is shown.

(TIF)

S1 Table. Results of the High-Throughput In vitro Drug Screen. 83 drugs were screened
across 4 distinct DIPG genotypes (each drug was evaluated in at least two DIPG cell-lines).
(XLSX)

Acknowledgments

We would like to thank Charles Keller and Elaine Huang and all members of the Children’s
Oncology Group (COG) Developmental Therapeutics CNS Committee for organizing the
DIPG preclinical consortium. We would also like to give special thanks to Dan Wechsler and
Darell Bigner for their continuous guidance and support.

Author Contributions

Conceived and designed the experiments: KS KH OB. Performed the experiments: KS KH KB
IS ACRS. Analyzed the data: KS KH KM KB NB RP OB. Contributed reagents/materials/anal-
ysis tools: DC NB RP FC CH. Wrote the paper: KH KB KS KM DC IS OB.

References

1. Kohler BA, Ward E, McCarthy BJ, Schymura MJ, Ries LA, Eheman C, et al. Annual report to the nation
on the status of cancer, 1975-2007, featuring tumors of the brain and other nervous system. Journal of
the National Cancer Institute. 2011; 103(9):714-36. Epub 2011/04/02. doi: 10.1093/jnci/djr077 PMID:
21454908; PubMed Central PMCID: PMC3086878.

2. Ries LAG, Smith MA, Gurney JG, Linet M, Tamra T, Young JL, et al. Cancer Incidence and Survival
among Children and Adolescents: United States SEER Program 1975-1995. 1999;NIH Pub. No. 99—
4649.

3. Minturn JE, Fisher MJ. Gliomas in children. Current treatment options in neurology. 2013; 15(3):316—
27. Epub 2013/02/27. doi: 10.1007/s11940-013-0225-x PMID: 23440592.

4. Berger MS, Edwards MS, LaMasters D, Davis RL, Wilson CB. Pediatric brain stem tumors: radiograph-
ic, pathological, and clinical correlations. Neurosurgery. 1983; 12(3):298-302. Epub 1983/03/01.
PMID: 6302553.

5. Littman P, Jarrett P, Bilaniuk LT, Rorke LB, Zimmerman RA, Bruce DA, et al. Pediatric brain stem glio-
mas. Cancer. 1980; 45(11):2787-92. Epub 1980/06/01. PMID: 7379009.

6. Hargrave D, Bartels U, Bouffet E. Diffuse brainstem glioma in children: critical review of clinical trials.
Lancet Oncol. 2006; 7(3):241-8. Epub 2006/03/03. doi: 10.1016/S1470-2045(06)70615-5 PMID:
16510333.

7. Freeman CR, Farmer J-P. Pediatric brain stem gliomas: A review. International Journal of Radiation
Oncology*Biology*Physics. 1998; 40(2):265—71. http://dx.doi.org/10.1016/S0360-3016(97)00572-5.
PMID: 9457808

8. Roujeau T, Machado G, Garnett MR, Miquel C, Puget S, Geoerger B, et al. Stereotactic biopsy of dif-
fuse pontine lesions in children. J Neurosurg. 2007; 107(1 Suppl):1—4. Epub 2007/07/25. doi: 10.3171/
PED-07/07/001 PMID: 17647306.

PLOS ONE | DOI:10.1371/journal.pone.0118926 March 6,2015 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118926.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118926.s002
http://dx.doi.org/10.1093/jnci/djr077
http://www.ncbi.nlm.nih.gov/pubmed/21454908
http://dx.doi.org/10.1007/s11940-013-0225-x
http://www.ncbi.nlm.nih.gov/pubmed/23440592
http://www.ncbi.nlm.nih.gov/pubmed/6302553
http://www.ncbi.nlm.nih.gov/pubmed/7379009
http://dx.doi.org/10.1016/S1470-2045(06)70615-5
http://www.ncbi.nlm.nih.gov/pubmed/16510333
http://dx.doi.org/10.1016/S0360-3016(97)00572-5
http://www.ncbi.nlm.nih.gov/pubmed/9457808
http://dx.doi.org/10.3171/PED-07/07/001
http://dx.doi.org/10.3171/PED-07/07/001
http://www.ncbi.nlm.nih.gov/pubmed/17647306

@’PLOS | ONE

BMS-754807 as a Promising Therapeutic Agentin DIPG

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Khuong-Quang DA, Buczkowicz P, Rakopoulos P, Liu XY, Fontebasso AM, Bouffet E, et al. K27M mu-
tation in histone H3.3 defines clinically and biologically distinct subgroups of pediatric diffuse intrinsic
pontine gliomas. Acta neuropathologica. 2012; 124(3):439-47. Epub 2012/06/05. doi: 10.1007/
s00401-012-0998-0 PMID: 22661320; PubMed Central PMCID: PMCPmc3422615.

Schwartzentruber J, Korshunov A, Liu XY, Jones DT, Pfaff E, Jacob K, et al. Driver mutations in histone
H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature. 2012; 482(7384):226-31.
doi: 10.1038/nature10833 PMID: 22286061.

Sturm D, Witt H, Hovestadt V, Khuong-Quang DA, Jones DT, Konermann C, et al. Hotspot mutations in
H3F3A and IDH1 define distinct epigenetic and biological subgroups of glioblastoma. Cancer cell.
2012; 22(4):425-37. doi: 10.1016/j.ccr.2012.08.024 PMID: 23079654.

Wu G, Broniscer A, McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic histone H3 alterations
in pediatric diffuse intrinsic pontine gliomas and non-brainstem glioblastomas. Nature genetics. 2012;
44(3):251-3. doi: 10.1038/ng.1102 PMID: 22286216; PubMed Central PMCID: PMC3288377.

Wu G, Diaz AK, Paugh BS, Rankin SL, Ju B, Li Y, et al. The genomic landscape of diffuse intrinsic pon-
tine glioma and pediatric non-brainstem high-grade glioma. Nature genetics. 2014; 46(5):444-50. doi:
10.1038/ng.2938 PMID: 24705251; PubMed Central PMCID: PMC4056452.

Buczkowicz P, Hoeman C, Rakopoulos P, Pajovic S, Letourneau L, Dzamba M, et al. Genomic analysis
of diffuse intrinsic pontine gliomas identifies three molecular subgroups and recurrent activating

ACVR1 mutations. Nature genetics. 2014; 46(5):451-6. doi: 10.1038/ng.2936 PMID: 24705254;
PubMed Central PMCID: PMC3997489.

Taylor KR, Mackay A, Truffaux N, Butterfield YS, Morozova O, Philippe C, et al. Recurrent activating
ACVR1 mutations in diffuse intrinsic pontine glioma. Nature genetics. 2014; 46(5):457—61. doi: 10.
1038/ng.2925 PMID: 24705252; PubMed Central PMCID: PMC4018681.

Fontebasso AM, Papillon-Cavanagh S, Schwartzentruber J, Nikbakht H, Gerges N, Fiset PO, et al. Re-
current somatic mutations in ACVR1 in pediatric midline high-grade astrocytoma. Nature genetics.
2014; 46(5):462—-6. doi: 10.1038/ng.2950 PMID: 24705250.

Lewis PW, Muller MM, Koletsky MS, Cordero F, Lin S, Banaszynski LA, et al. Inhibition of PRC2 Activity
by a Gain-of-Function H3 Mutation Found in Pediatric Glioblastoma. Science. 2013; 340(6134):857—
61. doi: 10.1126/science.1232245 PMID: 23539183

Bender S, Tang Y, Lindroth AM, Hovestadt V, Jones DT, Kool M, et al. Reduced H3K27me3 and DNA
hypomethylation are major drivers of gene expression in K27M mutant pediatric high-grade gliomas.
Cancer cell. 2013; 24(5):660-72. doi: 10.1016/j.ccr.2013.10.006 PMID: 24183680.

Chan KM, Fang D, Gan H, Hashizume R, Yu C, Schroeder M, et al. The histone H3.3K27M mutation in
pediatric glioma reprograms H3K27 methylation and gene expression. Genes & development. 2013;
27(9):985-90. doi: 10.1101/gad.217778.113 PMID: 23603901; PubMed Central PMCID:
PMC3656328.

Grill J, Puget S, Andreiuolo F, Philippe C, MacConaill L, Kieran MW. Critical oncogenic mutations in
newly diagnosed pediatric diffuse intrinsic pontine glioma. Pediatric blood & cancer. 2012; 58(4):489—
91. doi: 10.1002/pbc.24060 PMID: 22190243.

Paugh BS, Broniscer A, Qu C, Miller CP, Zhang J, Tatevossian RG, et al. Genome-wide analyses iden-
tify recurrent amplifications of receptor tyrosine kinases and cell-cycle regulatory genes in diffuse intrin-
sic pontine glioma. Journal of clinical oncology: official journal of the American Society of Clinical
Oncology. 2011; 29(30):3999-4006. doi: 10.1200/JC0O.2011.35.5677 PMID: 21931021; PubMed Cen-
tral PMCID: PMC3209696.

Puget S, Philippe C, Bax DA, Job B, Varlet P, Junier MP, et al. Mesenchymal transition and PDGFRA
amplification/mutation are key distinct oncogenic events in pediatric diffuse intrinsic pontine gliomas.
PloS one. 2012; 7(2):e30313. doi: 10.1371/journal.pone.0030313 PMID: 22389665; PubMed Central
PMCID: PMC3289615.

Zarghooni M, Bartels U, Lee E, Buczkowicz P, Morrison A, Huang A, et al. Whole-genome profiling of
pediatric diffuse intrinsic pontine gliomas highlights platelet-derived growth factor receptor alpha and
poly (ADP-ribose) polymerase as potential therapeutic targets. Journal of clinical oncology: official jour-
nal of the American Society of Clinical Oncology. 2010; 28(8):1337—44. doi: 10.1200/JC0.2009.25.
5463 PMID: 20142589.

Paugh BS, Zhu X, Qu C, Endersby R, Diaz AK, Zhang J, et al. Novel oncogenic PDGFRA mutations in
pediatric high-grade gliomas. Cancer research. 2013; 73(20):6219-29. doi: 10.1158/0008-5472.CAN-
13-1491 PMID: 23970477; PubMed Central PMCID: PMC3800209.

Albright AL, Packer RJ, Zimmerman R, Rorke LB, Boyett J, Hammond GD. Magnetic resonance scans
should replace biopsies for the diagnosis of diffuse brain stem gliomas: a report from the Children's
Cancer Group. Neurosurgery. 1993; 33(6):1026-9; discussion 9-30. PMID: 8133987.

PLOS ONE | DOI:10.1371/journal.pone.0118926 March 6,2015 15/16


http://dx.doi.org/10.1007/s00401-012-0998&ndash;0
http://dx.doi.org/10.1007/s00401-012-0998&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/22661320
http://dx.doi.org/10.1038/nature10833
http://www.ncbi.nlm.nih.gov/pubmed/22286061
http://dx.doi.org/10.1016/j.ccr.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/23079654
http://dx.doi.org/10.1038/ng.1102
http://www.ncbi.nlm.nih.gov/pubmed/22286216
http://dx.doi.org/10.1038/ng.2938
http://www.ncbi.nlm.nih.gov/pubmed/24705251
http://dx.doi.org/10.1038/ng.2936
http://www.ncbi.nlm.nih.gov/pubmed/24705254
http://dx.doi.org/10.1038/ng.2925
http://dx.doi.org/10.1038/ng.2925
http://www.ncbi.nlm.nih.gov/pubmed/24705252
http://dx.doi.org/10.1038/ng.2950
http://www.ncbi.nlm.nih.gov/pubmed/24705250
http://dx.doi.org/10.1126/science.1232245
http://www.ncbi.nlm.nih.gov/pubmed/23539183
http://dx.doi.org/10.1016/j.ccr.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24183680
http://dx.doi.org/10.1101/gad.217778.113
http://www.ncbi.nlm.nih.gov/pubmed/23603901
http://dx.doi.org/10.1002/pbc.24060
http://www.ncbi.nlm.nih.gov/pubmed/22190243
http://dx.doi.org/10.1200/JCO.2011.35.5677
http://www.ncbi.nlm.nih.gov/pubmed/21931021
http://dx.doi.org/10.1371/journal.pone.0030313
http://www.ncbi.nlm.nih.gov/pubmed/22389665
http://dx.doi.org/10.1200/JCO.2009.25.5463
http://dx.doi.org/10.1200/JCO.2009.25.5463
http://www.ncbi.nlm.nih.gov/pubmed/20142589
http://dx.doi.org/10.1158/0008-5472.CAN-13-1491
http://dx.doi.org/10.1158/0008-5472.CAN-13-1491
http://www.ncbi.nlm.nih.gov/pubmed/23970477
http://www.ncbi.nlm.nih.gov/pubmed/8133987

@’PLOS | ONE

BMS-754807 as a Promising Therapeutic Agentin DIPG

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Monje M, Mitra SS, Freret ME, Raveh TB, Kim J, Masek M, et al. Hedgehog-responsive candidate cell
of origin for diffuse intrinsic pontine glioma. Proceedings of the National Academy of Sciences of the
United States of America. 2011; 108(11):4453-8. doi: 10.1073/pnas.1101657108 PMID: 21368213;
PubMed Central PMCID: PMC3060250.

Barton KL, Misuraca K, Cordero F, Dobrikova E, Min HD, Gromeier M, et al. PD-0332991, a CDK4/6 in-
hibitor, significantly prolongs survival in a genetically engineered mouse model of brainstem glioma.
PloS one. 2013; 8(10):e77639. doi: 10.1371/journal.pone.0077639 PMID: 24098593; PubMed Central
PMCID: PMC3788718.

Becher OJ, Hambardzumyan D, Walker TR, Helmy K, Nazarian J, Albrecht S, et al. Preclinical evalua-
tion of radiation and perifosine in a genetically and histologically accurate model of brainstem glioma.
Cancer research. 2010; 70(6):2548-57. doi: 10.1158/0008-5472.CAN-09-2503 PMID: 20197468;
PubMed Central PMCID: PMC3831613.

Carboni JM, Wittman M, Yang Z, Lee F, Greer A, Hurlburt W, et al. BMS-754807, a small molecule in-
hibitor of insulin-like growth factor-1R/IR. Molecular cancer therapeutics. 2009; 8(12):3341-9. doi: 10.
1158/1535-7163.MCT-09-0499 PMID: 19996272.

Woijtalla A, Salm F, Christiansen DG, Cremona T, Cwiek P, Shalaby T, et al. Novel agents targeting the
IGF-1R/PI3K pathway impair cell proliferation and survival in subsets of medulloblastoma and neuro-
blastoma. PloS one. 2012; 7(10):e47109. doi: 10.1371/journal.pone.0047109 PMID: 23056595;
PubMed Central PMCID: PMC3466180.

Yin S, Girnita A, Stromberg T, Khan Z, Andersson S, Zheng H, et al. Targeting the insulin-like growth
factor-1 receptor by picropodophyllin as a treatment option for glioblastoma. Neuro-oncology. 2010; 12
(1):19-27. doi: 10.1093/neuonc/nop008 PMID: 20150364; PubMed Central PMCID: PMC2940558.

Resnicoff M, Rubini M, Baserga R, Rubin R. Ethanol inhibits insulin-like growth factor-1-mediated sig-
nalling and proliferation of C6 rat glioblastoma cells. Laboratory investigation; a journal of technical
methods and pathology. 1994; 71(5):657—62. PMID: 7526037.

Resnicoff M, Sell C, Rubini M, Coppola D, Ambrose D, Baserga R, et al. Rat glioblastoma cells express-
ing an antisense RNA to the insulin-like growth factor-1 (IGF-1) receptor are nontumorigenic and induce
regression of wild-type tumors. Cancer research. 1994; 54(8):2218-22. PMID: 8174129.

Scotlandi K, Avnet S, Benini S, Manara MC, Serra M, Cerisano V, et al. Expression of an IGF-I receptor
dominant negative mutant induces apoptosis, inhibits tumorigenesis and enhances chemosensitivity in
Ewing's sarcoma cells. International journal of cancer Journal international du cancer. 2002; 101
(1):11-6. doi: 10.1002/ijc.10537 PMID: 12209582.

Huang F, Hurlburt W, Greer A, Reeves KA, Hillerman S, Chang H, et al. Differential mechanisms of ac-
quired resistance to insulin-like growth factor-i receptor antibody therapy or to a small-molecule inhibi-
tor, BMS-754807, in a human rhabdomyosarcoma model. Cancer research. 2010; 70(18):7221-31.
doi: 10.1158/0008-5472.CAN-10-0391 PMID: 20807811.

Kolb EA, Gorlick R, Lock R, Carol H, Morton CL, Keir ST, et al. Initial testing (stage 1) of the IGF-1 re-
ceptor inhibitor BMS-754807 by the pediatric preclinical testing program. Pediatric blood & cancer.
2011;56(4):595-603. doi: 10.1002/pbc.22741 PMID: 21298745; PubMed Central PMCID:
PMC4263954.

Buczkowicz P, Zarghooni M, Bartels U, Morrison A, Misuraca KL, Chan T, et al. Aurora kinase B is a po-
tential therapeutic target in pediatric diffuse intrinsic pontine glioma. Brain pathology. 2013; 23(3):244—
53. doi: 10.1111/.1750-3639.2012.00633.x PMID: 22971244.

Holland EC, Varmus HE. Basic fibroblast growth factor induces cell migration and proliferation after
glia-specific gene transfer in mice. Proceedings of the National Academy of Sciences of the United
States of America. 1998; 95(3):1218-23. PMID: 9448312; PubMed Central PMCID: PMC18724.

Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor stem cells derived from glioblasto-
mas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors
than do serum-cultured cell lines. Cancer cell. 2006; 9(5):391—-403. http://dx.doi.org/10.1016/j.ccr.2006.
03.030. PMID: 16697959

Hou X, Huang F, Macedo LF, Harrington SC, Reeves KA, Greer A, et al. Dual IGF-1R/InsR inhibitor
BMS-754807 synergizes with hormonal agents in treatment of estrogen-dependent breast cancer. Can-
cer research. 2011; 71(24):7597—-607. doi: 10.1158/0008-5472.CAN-11-1080 PMID: 22042792;
PubMed Central PMCID: PMC4004036.

Awasthi N, Zhang C, Ruan W, Schwarz MA, Schwarz RE. BMS-754807, a small-molecule inhibitor of
insulin-like growth factor-1 receptor/insulin receptor, enhances gemcitabine response in pancreatic
cancer. Molecular cancer therapeutics. 2012; 11(12):2644-53. doi: 10.1158/1535-7163.MCT-12-0447
PMID: 23047891.

PLOS ONE | DOI:10.1371/journal.pone.0118926 March 6,2015 16/16


http://dx.doi.org/10.1073/pnas.1101657108
http://www.ncbi.nlm.nih.gov/pubmed/21368213
http://dx.doi.org/10.1371/journal.pone.0077639
http://www.ncbi.nlm.nih.gov/pubmed/24098593
http://dx.doi.org/10.1158/0008-5472.CAN-09-2503
http://www.ncbi.nlm.nih.gov/pubmed/20197468
http://dx.doi.org/10.1158/1535-7163.MCT-09-0499
http://dx.doi.org/10.1158/1535-7163.MCT-09-0499
http://www.ncbi.nlm.nih.gov/pubmed/19996272
http://dx.doi.org/10.1371/journal.pone.0047109
http://www.ncbi.nlm.nih.gov/pubmed/23056595
http://dx.doi.org/10.1093/neuonc/nop008
http://www.ncbi.nlm.nih.gov/pubmed/20150364
http://www.ncbi.nlm.nih.gov/pubmed/7526037
http://www.ncbi.nlm.nih.gov/pubmed/8174129
http://dx.doi.org/10.1002/ijc.10537
http://www.ncbi.nlm.nih.gov/pubmed/12209582
http://dx.doi.org/10.1158/0008-5472.CAN-10-0391
http://www.ncbi.nlm.nih.gov/pubmed/20807811
http://dx.doi.org/10.1002/pbc.22741
http://www.ncbi.nlm.nih.gov/pubmed/21298745
http://dx.doi.org/10.1111/j.1750-3639.2012.00633.x
http://www.ncbi.nlm.nih.gov/pubmed/22971244
http://www.ncbi.nlm.nih.gov/pubmed/9448312
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16697959
http://dx.doi.org/10.1158/0008-5472.CAN-11-1080
http://www.ncbi.nlm.nih.gov/pubmed/22042792
http://dx.doi.org/10.1158/1535-7163.MCT-12-0447
http://www.ncbi.nlm.nih.gov/pubmed/23047891


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


