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Cancer Therapy: Preclinical

BRAF Status in Personalizing Treatment
Approaches for Pediatric Gliomas
Aleksandra Olow1, Sabine Mueller2,3,4,5, Xiaodong Yang2, Rintaro Hashizume6,
Justin Meyerowitz2,William Weiss2,3,4, Adam C. Resnick7, Angela J.Waanders7,
Lukas J.A. Stalpers8, Mitchel S. Berger2,5, Nalin Gupta2,5, C. David James6,
Claudia K. Petritsch5, and Daphne A. Haas-Kogan2,5,9

Abstract

Purpose: Alteration of the BRAF/MEK/MAPK pathway is the
hallmark of pediatric low-grade gliomas (PLGGs), and mTOR
activation has been documented in the majority of these tumors.
We investigated combinations of MEK1/2, BRAFV600E and mTOR
inhibitors in gliomas carrying specific genetic alterations of the
MAPK pathway.

ExperimentalDesign:Weusedhumanglioma lines containing
BRAFV600E (adult high-grade: AM-38, DBTRG, PLGG: BT40), or
wild-type BRAF (pediatric high-grade: SF188, SF9427, SF8628)
and isogenic systems of KIAA1549:BRAF-expressing NIH/3T3
cells and BRAFV600E-expressing murine brain cells. Signaling
inhibitors included everolimus (mTOR), PLX4720 (BRAFV600E),
and AZD6244 (MEK1/2). Proliferation was determined using
ATP-based assays. In vivo inhibitor activities were assessed in the
BT40 PLGG xenograft model.

Results: In BRAFV600E cells, the three possible doublet combi-
nations of AZD6244, everolimus, and PLX4720 exhibited signif-

icantly greater effects on cell viability. In BRAFWT cells, everolimus
þ AZD6244 was superior compared with respective monothera-
pies. Similar results were found using isogenic murine cells. In
KIAA1549:BRAF cells, MEK1/2 inhibition reduced cell viability
and S-phase content, effects that were modestly augmented by
mTOR inhibition. In vivo experiments in the BRAFV600E pediatric
xenograft model BT40 showed the greatest survival advantage in
mice treated with AZD6244 þ PLX4720 (P < 0.01).

Conclusions: In BRAFV600E tumors, combination of AZD6244
þ PLX4720 is superior to monotherapy and to other combina-
torial approaches. In BRAFWT pediatric gliomas, everolimus þ
AZD6244 is superior to either agent alone. KIAA1549:BRAF-
expressing tumors display marked sensitivity to MEK1/2 inhibi-
tion. Application of these results to PLGG treatment must be
exercised with caution because the dearth of PLGG models
necessitated only a single patient-derived PLGG (BT40) in this
study. Clin Cancer Res; 22(21); 5312–21. �2016 AACR.

Introduction
Pediatric low-grade gliomas (PLGGs) constitute the most com-

mon group of central nervous system tumors in children (1).
Although they exhibit rare malignant transformation and rela-
tively slow growth, PLGGs pose great morbidity, including vision
loss, endocrine dysfunction, and poor cognition. Viewed as a
chronic disease, ideal therapy that would carry limited side effects
can be best achieved through selective, targeted therapy. Despite
the known heterogeneity of PLGGs and characterized driver
mutations that together offer the ideal, timely platform for per-
sonalized approaches to therapy, most children are still treated
with standard chemotherapy protocols in a "one-treatment-fits-
all" approach.

Genomic discoveries in recent years have significantly
enhanced our understanding of the molecular pathogenesis of
PLGGs. The most frequent aberration identified in PLGG impli-
cates BRAF, a key regulatory kinase of the mitogen-activated
protein kinase (MAPK) pathway. The majority of pilocytic astro-
cytomas (PAs) carry the BRAF fusion protein KIAA1549:BRAF,
leading to MAPK signaling activation (2, 3). The impact of this
fusion protein on clinical outcome remains controversial (4, 5).
Clinical studies are currently investigating effects of specific inhi-
bitors of the MAPK pathway, such as the MEK1/2 inhibitor
AZD62444, for the treatment of PLGGs (ClinicalTrials.gov; Iden-
tifier NCT01089101). Activating BRAFV600E point mutations are
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present in 6% to 10% of pilocytic astrocytomas, with higher
incidences reported in other LGG subtypes, such as pleomor-
phic xanthoastrocytoma (51%–66%) and ganglioglioma
(11%–21%; refs. 6–12). As this specific BRAFV600E mutation
is also common in adult patients with melanoma, several
inhibitors are now clinically available, including vermurafenib
and dabrafenib. Ongoing clinical trials are testing these inhi-
bitors in children with recurrent/progressive BRAFV600E-mutat-
ed tumors (ClinicalTrials.gov Identifier NCT01748149).

Another important signaling cascade implicated in the tumor-
igenesis of PLGGs is the phosphatidylinositol 3-kinase (PI3K)/
mammalian target of rapamycin (mTOR) pathway (13, 14).
Recent studies have indicated that KIAA1549:BRAF regulates
PLGG cell growth in anmTOR-dependent manner (15). Ongoing
clinical studies are examining the specific mTOR inhibitor ever-
olimus for the treatment of recurrent/progressive PLGGs (Clin-
icalTrials.gov Identifiers NCT01734512 and NCT01158651).

Although the molecular underpinnings of PLGGs represent an
ideal platform for pathway-driven treatment approaches, and
targeted therapeutics are entering the clinic, follow-up biological
studies defining the appropriate, most effective agents for each
alteration are lacking. We address this impediment by assessing
effects of MEK, BRAFV600E, and mTOR inhibitors as single agents
and as combination therapies in models of pediatric gliomas
carrying the most commonly found genetic alterations.

Materials and Methods
Cell lines, xenografts, and inhibitors

DBTRG, AM-38, and BT40 (BRAFV600E), as well as SF188,
SF9427, and SF8628 (BRAFWT) were obtained from the Brain
Tumor Research Center (BTRC) Tissue Bank at the University of
California, San Francisco (UCSF) and authenticated by the UCSF
Genomics Core using Promega Powerplex 1.2 System (Promega).
SF9427 and SF8628 were established from pediatric high-grade

gliomas, as described previously (ref. 16; Supplementary Table
S1). BRAFV600E mutations were confirmed by the UCSF geno-
mics core by DNA sequencing. The BRAFWT and KIAA1549-
BRAF NIH/3T3 fibroblast isogenic cell model was generated as
previously described (17). The isogenic system of murine cells
differing only in BRAFV600E status was generated as described
(18). The genotypes used in this study are BRafCA/WT Ink4a-arf
lox/lox (6390, 6392) and BRafWT/WT Ink4a-arf lox/lox (6387,
6393). Mouse neurosphere cultures from the subventricular
zone of P60 littermates were established and cultured as pre-
viously described (19). In brief, cells were maintained in
neurobasal medium (Invitrogen) supplemented with human
basic fibroblast growth factor, epidermal growth factor (Pepro-
tech), and B27 (Invitrogen). Cultures were maintained at 37�C
and 5% CO2. To induce BRAFV600E expression and deletion of
Ink4a-arf, SVZ neurospheres were transduced in vitro with
adenovirus-Cre-GFP (Vector Biolabs) for 12 to 18 hours.
AZD6244 and everolimus were obtained from Selleckchem
and PLX4720 from Plexxikon Inc.

Cell viability assay
Cell viability was measured by the CellTiter-Glo Lumines-

cent Cell Viability Assay (Promega) per the manufacturer's
guidelines. Assays were performed after 72 hours of treatment
with each inhibitor or combination. Each experiment was set
up in six replicates and repeated at least three times. Measure-
ments were normalized to DMSO control. Pairwise compar-
isons were determined by the Student t test using GraphPad
Prism 6.0 Software (GraphPad Software). To evaluate drug
synergy, combinatorial index (CI) values were calculated using
the software CalcuSyn (Biosoft Inc; ref. 20). CI < 1 signifies
synergistic effect, CI ¼ 1 indicates additive effect, and CI > 1
defines drug antagonism.

Cell-cycle analysis
Cell-cycle distributions were determined using flow cytometry

following staining with BrdUrd and 7-amino-actinomycin D (7-
AAD). Cells were grown exponentially in appropriate media
containing 10% FBS or as specifically indicated. Subsequently,
cells were treated with different inhibitors, fixed, and stained 24
hours after treatment according to themanufacturer's instructions
(BD Pharmingen FITC BrdUrd Flow Kit). For combination treat-
ments, both compounds were administered concurrently. Fluo-
rescence was measured on a FAC-sort flow cytometer (FACSCa-
libur, Becton Dickson), and data were analyzed using FlowJo
(TreeStar, Inc). All measurements are represented as an average of
at least four replicates. Error bars represent standard error. Statis-
tical significance (P < 0.05) was determined with a one-way
analysis of variance (ANOVA) and Bonferroni multiple compar-
isons correction using GraphPad Prism 6.0 Software (GraphPad
Software).

Annexin V cytometric analysis
Proportions of apoptotic cells were quantified by PI/FITC

Annexin V flow cytometry (BD Bioscience), 72 hours after treat-
ment. Samples were processed and stained as described in the
manufacturer's protocol. All measurements represent an average
of at least four replicates. FITC fluorescence was measured on a
FAC-sort flow cytometer (Becton Dickson), and data were ana-
lyzed using FlowJo (TreeStar, Inc).

Translational Relevance

Pediatric low-grade gliomas (PLGGs) constitute the most
common group of central nervous system tumors in children.
Although themolecular underpinnings of PLGGs represent an
ideal platform for personalized approaches, precision medi-
cine has yet to affect PLGG therapy. Targeted therapeutics are
available for many of the implicated pathways; however,
follow-up biological studies defining the appropriate agents
for each alteration are lacking. Here, we define the most
effective combinations of discrete mTOR and BRAF/MEK/
MAPK inhibitors for PLGGs harboring the most common
BRAF genotypes. Significant limitations and challenges are
posed by the dearth of PLGG models and, in fact, the only
patient-derived PLGG in this study is BT40; therefore, these
results and their application to PLGG treatment must be
interpreted with caution and efforts should be renewed to
generate faithful models that truly recapitulate PLGG cellular
context. The work provides the preclinical rationale for tar-
geted combinatorial approaches for the treatment of PLGGs
and defines the framework for the next generation of clinical
trials for PLGGs, in which molecular features of individual
tumors guide rational therapies.
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Figure 1.

In vitro response to coinhibition of the MAPK and mTOR pathways in BRAFV600E-mutated DBTRG and AM-38 glioma cells. Combination of AZD6244þ everolimus
(A), PLX4720 þ everolimus (B), and AZD6244 þ PLX4720 (C) in DBTRG cells. For each combination, we display results of cell viability, apoptosis, and
cell-cycle distribution (left to right). For cell viability, means of six replicates with standard errors are displayed. Measurements are normalized to DMSO control. Cell
viability was assessed 72 hours after treatment. (Continued on the following page.)
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Western blot analysis
To assess the modulation of pathway-specific signaling mole-

cules, we performed Western blot analyses. Total protein
extracts from cells were prepared using cell lysis buffer (50
mmol/L HEPES pH 7.0, 150 mmol/L NaCl, 10% glycerol, 1%
Triton X-100, 0.5% sodium deoxycholate, 1% NP-40, 1.5
mmol/L MgCl2, and 10 mmol/L EDTA) containing a complete
protease and phosphatase inhibitor cocktail (Roche Diagnos-
tics Corporation). Protein lysates were separated by SDS-PAGE
and transferred to polyvinyllidene difluoride membranes, then
incubated with antibodies against p-Akt, total Akt, p-MEK1/2,
p-Erk, p-S6, total S6, b-actin (Cell Signaling Technology). Band
intensities were visualized by ECL Western detection reagent
(GE Healthcare).

Immunohistochemistry of tumor samples
For immunohistochemical analyses of in vivo drug responses,

nude mice harboring subcutaneous BT40 (BRAFV600E) xenografts
were treated for 10 consecutive days. Tumors were harvested 1
hour after the last treatment, fixed in 4% paraformaldehyde
overnight, and processed through ethanol dehydration series
prior to paraffin embedding. Five-micrometer sections were cut,
rehydrated with decreasing ethanol concentrations, and hybrid-
ized using anti-Ki67 (Dako), p-S6, p-Erk (R&D Systems), detected
withDAB substrate (Vector Labs), and counterstained with hema-
toxylin. Image-based quantificationwas performed for each stain.
Five 20� pictures were taken per tumor (Leica, DMLS micro-
scope), with positively stained cells scored both manually and by
the ImageJ based ImmunoRatio plugin.

Animals and surgical procedures
The UCSF Institutional Animal Care and Use Committee

approved all animal protocols. Four- to 6-week-old female NOD
SCIDmicewere purchased fromThe Jackson Laboratory. Animals
were housed under aseptic conditions. BT40 tumor cells were
implanted into the flank ofmice as described previously (21). For
each condition, 10 mice were injected but not all animals deve-
loped tumors. For the final analysis, the following numbers of
animals were included: control n¼ 6, AZD6244 n¼ 7, everolimus
n ¼ 7, PLX4720 n ¼ 7, everolimus þ PLX4720 ¼ 9, AZD6244 þ
PLX4720 ¼ 7, and AZD6244 þ everolmius ¼ 7.

Treatments were initiated when tumors reached 100 to 200
mm3 in size. Tumor-bearing mice were randomized to vehicle
control (OraPlus: Paddock Laboratories), AZD6244, everolimus,
PLX4720, or combinations thereof.Micewere treated for a total of
10 days (Mo-Fri) with the following dosing schedule: 10mg/kg of
AZD6244 and/or 10mg/kg everolimus once daily by oral admin-
istration and/or 10 mg/kg PLX4720 once daily by intraperitoneal
(i.p.) administration. For combination treatment, inhibitors were
given concurrently. All mice were examined daily for the devel-
opment of symptoms related to tumor growth. Mice were eutha-
nized when they exhibited symptoms indicative of significant
impairment. In addition to the mice used for survival analyses,

mice from each cohort were sacrificed 1 hour after completion of
the treatment, with tumors resected and placed in 4% parafor-
maldehyde (PFA), then processed for IHC analysis.

The Kaplan–Meier estimator was used to generate survival
curves, and differences between survival curves were calculated
using a log-rank test. Differences between bioluminescence
growth curves were compared using a two-tailed unpaired t test
using Prism software (GraphPad Software).

Results
Combination therapy inBRAFV600E-mutant human glioma cells
enhances cell-cycle arrest and apoptosis and reduces
proliferation compared with monotherapy

We assessed effects of MEK1/2- (AZD6244), mTOR- (ever-
olimus), or BRAFV600E-inhibitors (PLX4720) as monotherapy as
well as in combination in BRAFV600E-mutated glioma cells
DBTRG and AM-38. As shown in Figure 1A–C (DBTRG) and
D-F (AM-38), the three possible doublet combinations of
AZD6244, everolimus and PLX4720, led to significant decreases
in cell proliferation compared with the respective single agents.
The combination index (CI) theorem of Chou–Talalay offers
quantitative definitions for additive effect (CI ¼ 1), synergism
(CI < 1), and antagonism (CI > 1) in drug combinations and
demonstrated CI < 1 for all tested BRAFV600E glioma lines when
PLX4720 was combined with AZD6244 (Supplementary Fig. S1A
and S1B). Similarly, themost pronounced induction of apoptosis
was seen after combined MEK1/2 and BRAFV600E inhibition (Fig.
1C; Supplementary Fig. S2A–S2C). All three combinations per-
formed equallywell in reducing S andG2 phase accumulations; of
note, PLX4720was extremely effective as a single agent in arresting
cell-cycle progression and therefore cell-cycle effects were not
significantly enhanced when everolimus or AZD6244 was added
to PLX4720 (Fig. 1A–C; Supplementary Fig. S2A–S2C). Western
blot analyses revealed that treatment with everolimus significant-
ly reduced p-S6. Treatment with PLX4720 or AZD6244 reduced
expression of p-ERK, although AZD6244 was more effective
in downregulating p-ERK. PLX4720 reduced p-ERK at 1 hour
with a rebound in expression at 6 hours, a rebound that was
prevented by the addition of AZD6244 to PLX4720. Treatment of
BRAFV600E-mutant DBTRG cells with all examined single agents
and combinations led to upregulation of p-AKT (Fig. 1G). Similar
Western blot results were found in BRAFV600E-mutant AM-38 cells
(data not shown).

Combination therapy in BRAFWT human glioma cells enhances
cell-cycle arrest and apoptosis and reduces proliferation
compared with monotherapy

We next turned to examining responses in BRAFWT-PLGGs by
assessing proliferation, apoptosis, and cell-cycle distribution in
SF188. We did not assess PLX4720 in BRAFWT cells because this
would not be clinically relevant due to the known paradoxical
activation of the MAPK pathway in BRAFWT tumor cells (22–24).
As shown in Fig. 2A, combined inhibition of MEK1/2 and mTOR

(Continued.) Pairwise comparisons were determined by the Student t test; � , P � 0.05; �� , P � 0.01; ��� , P � 0.001; ���� , P 0.0001. Apoptosis was measured
by flow cytometry. The proportions of apoptotic cells were quantified 72 hours after treatment. All data points represent averages of at least four replicates.
Statistical analysis include ANOVA and Bonferroni multiple comparisons. Cell-cycle analyses were performed 24 hours after treatment, and data points represent
averages of four replicates. Bar graphs display distribution of cells within each cell-cycle phase. Error bar, standard error. D–F, corresponding cell viability
measurements in AM-38 for AZD6244 þ everolimus (D), PLX4720 þ everolimus (E), and AZD6244 þ PLX4720 (F). G, Western blot analyses of p-Akt, p-ERK,
and p-S6 in BRAFV600E human glioma cells (DBTRG). b-Actin was used as a loading control. Levels of p-Akt, p-ERK, and p-S6 were determined 1 and
6 hours after treatment. For all of the above results, in samples receiving combination therapy, inhibitors were administered simultaneously.
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decreased cell proliferation significantly more than single path-
way inhibition. Similar results were also seen in SF8628 (Fig. 2B)
and SF9427 BRAFWT glioma cells (Fig. 2C). The combinatorial
index calculation indicates strong synergy (CI<1) in the examined
BRAFWT cells SF188 and SF9427 (Supplementary Fig. S3A and
S3B). In addition, SF188 cells treatedwithAZD6244þ everolimus
exhibited significantly greater apoptosis compared with single-
agent treatments (Fig. 2D), a finding documented in SF8628 cells
as well (Supplementary Fig. S4A). In addition to combinatorial
effects on apoptosis and proliferation, we observed decreased S
and G2 phase accumulation in SF188 and SF8628 cells treated
with combination of AZD6244 þ everolimus compared with the
respective single-agent–treated cells (Fig. 2E; Supplementary Fig.
S4B). Western blot analyses (Fig. 2F) revealed expected pathway

modulations, including downregulation of p-ERK by AZD6244,
reduction in p-S6 by everolimus, and upregulation of p-Akt by
AZD6244, everolimus, and their combination.

Combination therapy in BRAFV600E and BRAFWT isogenic
mouse cells is superior to single-agent treatments

To confirm our results that combination treatment is superior to
single agents in BRAFV600E and BRAFWT cells, we used an isogenic
system of murine brain cells differing only in BRAFV600E status. In
this BRAFV600E-isogenic system, BRAFV600E-cells were as sensitive to
everolimus as BRAFWT cells, but exquisitely more sensitive to
AZD6244 than BRAFWT cells (Fig. 3). Comparing inhibitor combi-
nations, each of the three combinations was superior to single
agents in reducing cell proliferation in BRAFV600E-mutated cells

Figure 2.

In vitro response to coinhibition of the MAPK and mTOR pathways in BRAFWT glioma cells. A–C, cell viability responses to AZD6244 þ everolimus assessed
in SF188 BRAFWT (A), SF8628 BRAFWT (B), and SF9427 BRAFWT (C). For cell viability, means of six replicates with standard errors are displayed. Measurements
are normalized to DMSO control. Cell viability was assessed 72 hours after treatment. Pairwise comparisons were determined by the Student t test; � , P � 0.05;
�� , P � 0.01; ��� , P � 0.001; ���� , P � 0.0001. D, apoptotic response of SF188 BRAFWT cells to combined inhibition of AZD6244 þ everolimus. Apoptosis
was measured by flow cytometry. The proportions of apoptotic cells were quantified 72 hours after treatment. All data points represent averages of at least four
replicates. Statistical analysis includes ANOVA and Bonferroni multiple comparisons. E, cell-cycle distribution of SF188 BRAFWT cells in response to combined
inhibition of AZD6244 þ everolimus. Analyses were performed 24 hours after treatment and depicted are averages of four replicates. Bar graphs display
distribution of cells within each cell-cycle phase. Error bars, standard error. F,Western blot analyses of p-Akt, p-ERK, and p-S6 in SF188 BRAFWT cells. b-Actin was
used as a loading control. Levels of p-Akt, p-ERK, and p-S6 were determined 1 and 6 hours after treatment. For all of the above results, in samples receiving
combination therapy, inhibitors were administered simultaneously.
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(Fig. 3A). Similar toourfindings inBRAFV600E-mutatedDBTRGcells
(Fig. 1), the combination of PLX4720 þ AZD6244 was superior to
the other two doublet combinations, although AZD6244 þ ever-
olimus also showed marked combinatorial activity. The combina-
tion index of PLX4720 þ AZD6244 was indicative of strong
synergism at all dose levels. As expected, Western blot analyses in
BRafV600E-mutated cells revealed downregulation of p-ERK by
AZD6244 or PLX4720 and downregulation of p-S6 at 6 hours by
everolimus (Fig. 3B). In BRafWT murine glioma cells, combination
of AZD6244 þ everolimus enhanced antiproliferative effects com-
pared with single agents (Fig. 3C), with CI values below one,
indicating synergistic effects of this combinatorial approach (data
not shown). Western blot analyses revealed expected downregula-
tion of p-Erk byAZD6244 and of p-S6 by everolimus (Fig. 3D), and
only the combination treatment effectively inhibited both the
MAPK and mTOR pathways.

NIH/3T3 cells carrying the KIAA1549:BRAF fusion protein are
highly sensitive to MEK1/2 inhibition compared with isogenic
BRAFWT-expressing cells

We next turned to examining responses in BRAF fusion cells. In
contrast to BRAFWT and BRAFV600E, no patient-derived LGG lines
expressing BRAF fusions have been successfully developed to
permit preclinical testing. This is despite significant efforts to
grow primary cells in culture by numerous laboratories, including
our own. To address this, we recently generated a set of BRAF
fusion heterologous expression systems consisting of NIH/3T3
expressing BRAFWT or the most common BRAF alteration in

PLGGs, the KIAA1549:BRAF fusion protein (Fig. 4). Under
10% serum conditions, MEK1/2 and/or mTOR inhibition pro-
duced similar decreases in cell proliferation in cells carrying the
KIAA1549:BRAF fusion protein compared with BRAFWT (Fig. 4A).
In contrast, BRAFWT cells showed minimal change in cell-cycle
distribution in response toMEK1/2 inhibition,mTOR inhibition,
or the combination, whereas the KIAA1549:BRAF cells showed
significant reduction in S and G2 phase after MEK1/2 inhibition
but not after mTOR inhibition (Fig. 4B). Western blot analyses
showed no difference in basal p-ERK and p-S6 levels between
KIAA1549:BRAF and BRAFWT cells (Fig. 4C and D), as growth
factors present in full serum media conditions cause persistent
activation of wild-type BRAF.

Low serum conditions (0.5% FBS) augmented disparate activ-
ity of AZD6244 on KIAA1549:BRAF and BRAFWT cells, demon-
strating exquisite antiproliferative effects of single-agent MEK1/2
inhibitiononBRAF fusion cells (Fig. 4E).Growth in low serum led
to expected accumulation of cells in G1 phase, which was further
augmented byMEK1/2 inhibition in KIAA1549:BRAF fusion cells
but not in BRAFWT-cells (Fig. 4F).

Western blot analyses revealed that when grown in low serum,
BRAFWT cells had lower basal levels of p-ERK and p-S6 (Fig. 4G)
than KIAA1549:BRAF fusion cells (Fig. 4H). This difference was
not seenwhen cellswere grown in full serumconditions as growth
factors cause persistent activation of wild-type BRAF (Fig. 4C and
D), masking differences between the isogenic lines. In KIAA1549:
BRAF cells, regardless of serum levels, AZD6244 reduced p-ERK
and everolimus decreased p-S6, but complete inhibition of both

Figure 3.

In vitro response to coinhibition of the MAPK and mTOR pathways in isogenic mouse BRafV600E and BRafWT cells. Assessments of isogenic murine (A–B) BRafV600E

and (C–D) BRafWT cells in response to treatment with AZD6244 þ everolimus, everolimus þ PLX4720, or AZD6244 þ PLX4720. A and C represent cell
viability data assessed 72 hours after treatment. Means of six replicateswith standard errors are displayed. Measurements are normalized to DMSO controls.B andD,
Western blot analyses of p-Akt, p-Erk, and p-S6 in isogenic murine BRafV600E (B) and BRafWT cells (D). b-Actin was used as a loading control. Levels of p-Akt,
p-Erk, and p-S6 were determined 1 and 6 hours after treatment. For all of the above results, in samples receiving combination therapy, inhibitors were
administered simultaneously.
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theMAPK andmTORpathwayswas evident only in the combined
treatment arm (Fig. 4D and H).

In vivo efficacy of combination therapy in BRAFV600E

model of PLGG
To address the in vivo efficacy of combinations of PLX4720,

everolimus, and AZD6244, we used the BRAFV600E-PLGG model

BT40. Mice treated with a combination of AZD6244 plus ever-
olimus or PLX4720 showed significantly prolonged survival and
tumor volume reduction compared to single-agent treatment,
with AZD6244 þ PLX4720 appearing superior to AZD6244 þ
everolimus (Fig. 5A–C).

As observed in our in vitro studies, we found reduced expres-
sion of Ki67, a marker of proliferation, in xenografts from mice

Figure 4.

Invitro response to coinhibition of theMAPKandmTORpathways inNIH/3T3BRAFWT andKIAA1549:BRAF fusion cells.A andE, cell viability inBRAFWT andKIAA1549:
BRAF-expressing NIH/3T3 cells in response to AZD6244, everolimus, or combination thereof under high (10% DBS [A] and low [0.5% DBS]) serum (E)
conditions. Means of six replicates with standard error are displayed. Measurements are normalized to DMSO control. Cell viability was assessed 72 hours after
treatment. B and F, cell-cycle distribution of BRAFWT and KIAA1549:BRAF-expressing NIH/3T3 cells after treatment with AZD6244 and/or everolimus
under high (10%,B) and low (0.5%) serum condition (F). Cell-cycle analyseswere performed 24 hours after treatment and depicted are averages of four experiments.
Bar graphs display distributions of cells within each cell-cycle phase. Error bars indicate standard error. Western blot analyses of p-Akt, p-ERK, and p-S6 in (C, G)
NIH/3T3 BRAFWT cells and (D, H) KIAA1549:BRAF-expressing NIH/3T3 cells after treatment with AZD6244, everolimus, or combination thereof. b-Actin was
used as a loading control. Levels of p-Akt, p-ERK, and p-S6 were determined 1 and 6 hours after treatment. For all of the above results, in samples
receiving combination therapy, inhibitors were administered simultaneously.
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treated with everolimus, AZD6244, PLX4720, or combinations
thereof, with the greatest reduction of Ki67 documented in
mice treated with the combination of PLX4720 þ AZD6244
(Fig. 5D and E). Xenografts treated with everolimus showed
reduced expression of p-S6, as expected (Fig. 5D and F).
Treatment with AZD6244 and PLX4720 reduced p-ERK expres-
sion in xenografts, as anticipated, an effect that was significantly
more pronounced after AZD6244 than after PLX4720 treatment
(Fig. 5D and G).

Discussion
In this article, we provide the preclinical rationale for

targeted therapy options based on the most commonly
found genetic alterations in PLGG. Our studies indicate that
combination therapies with PLX4720, everolimus, or
AZD6244 for PLGGs carrying the BRAFV600E mutation or
BRAFWT are superior to single-agent therapy. We further
demonstrate that the KIAA1549:BRAF fusion protein renders
cells highly sensitive to MEK1/2 inhibition, and combination

Figure 5.

In vivo response to coinhibition of the MAPK and mTOR pathways in BRAFV600E pediatric pilocytic astrocytoma (BT40) model. BT40 xenografts were treated
with AZD6244, everolimus, PLX4720, or combinations thereof. For each treatment group, seven were included in the analysis except for control (n ¼ 6),
and everolimus þ PLX4720 (n ¼ 9). Animals were treated for a total of 10 days (Mon–Fri) with 10 mg/kg AZD6244 or everolimus by oral gavage once
daily and/or 10 mg/kg PLX4720 administered by i.p. injection. For combination therapies, inhibitors were given concurrently. A, tumor volumes on day 27; (B)
median survival (days), and (C) Kaplan–Meier survival curves stratified by treatment group. For the immunohistochemical analyses, two mice were sacrificed
1 hour after completion of therapy. D, IHC results for Ki67, p-ERK, and p-S6 in above xenografts from mice treated with either monotherapy or combination
therapy. Boxplots of IHC results for Ki67 (E), pS6 (F), and pERK (G).
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therapy is marginally superior compared to single-agent
therapy.

Although BRAFV600E-specific inhibitors such as vemurafenib
and dabrafenib have only recently entered clinical practice for
children whose tumors carry this mutation, initial reports are
encouraging (25–27). Case reports indicate that vemurafenib is
highly effective and have led to complete regression in BRAFV600E

-expressing pediatric high-grade gliomas (26). However, based on
our experience and that of others,we also know that somepatients
progress on single-agent therapy with BRAFV600E inhibitors. Feed-
back activation of EGFR and downstream effectors has been
proposed as a potential escape mechanism, further supporting
combination strategies that address the MAPK as well as the PI3K
pathways (28, 29). Furthermore, combination of MEK and
BRAFV600E inhibition improves tolerability with decreased fre-
quency of squamous cell carcinomas, a rare but serious side effect
of vemurafenib (30).

In all our model systems of BRAFV600E-mutated gliomas
[isogenic murine, BRAFV600E PLGG (BT40) and BRAFV600E adult
high-grade glioma (DBTRG, AM-38)], whether in vitro or in vivo,
treatments with the three possible doublet combinations of
AZD6244, everolimus, andPLX4720were superior to their respec-
tive monotherapies, with PLX4720 þ AZD6244 appearing the
superior combination overall, showing consistently reduced cell
viability, increased apoptosis, and cell-cycle arrest in vitro and,
most prominently, prolonged survival and reduced tumor growth
in vivo. In the in vitromodels, rebound in p-ERK expression after 6
hours of PLX4720 treatment was completely obliterated by the
addition of AZD6244 to PLX4720. These results, in addition to
already published data, provide a strong clinical rationale for
combination therapies in BRAFV600E-positive gliomas. One lim-
itation of our in vivo studies is the use of a flankmodel rather than
an orthotopicmodel. However, BT40, the only available pediatric
model that carries the BRAFV600E mutation, grows only as a flank
tumor, and there are no intracranial models currently available to
study PLGG. Planned clinical trials will test the combination of
BRAFV600E-specific inhibition in combination with MEK inhibi-
tion in pediatric patients (NCT02124772).

In examining responses inBRAFWTpediatric high-grade gliomas,
we show that the combination of AZD6244 þ everolimus was
superior to either single-agent therapy, as assessed by cell prolifer-
ation, cell-cycle arrest, and induction of apoptosis. In comparison
with BRAFV600E cells, BRAFWT lines had reduced sensitivity toMEK
inhibitor monotherapy consistent with previous reports (31, 32).
We have shown that treatment with everolimus leads to activation
of the MAPK pathway, most likely through a PI3K-dependent
feedback loop.Thishasbeenshown inpreviouslypublishedstudies
andprovides a strong rationale for combination therapyusingMEK
and mTOR inhibitors for BRAFWT gliomas (33, 34). Ongoing
studies are assessing the tolerability of the combination of such
dual inhibition in adult patients with advanced cancers
(NCT01347866), and studies in pediatric patients are under way.

In contrast to existing and available BRAFWT and BRAFV600E

preclinical models, no patient derived glioma cell lines expressing
BRAF fusions have been successfully established for preclinical
studies. To circumvent this limitation, we used a BRAF fusion
heterologous expression system inNIH/3T3 cells thatwedescribed
previously (17). We have shown in vivo and in vitro that BRAF
fusion expressing lines display robust resistance to and enhanced
paradoxical activation by PLX4720 (17). Importantly, these mod-
els predict the clinical responses toBRAF targeting, as a recent phase

II study found acceleration of PLGGs when treated with sorafenib,
leading to early closureof the trial (35).Hereinwe found thatBRAF
fusion cells are highly sensitive to single-agent MEK1/2 inhibition
with a small benefit derived from combining MEK1/2 and mTOR
inhibition. Given the observed large sensitivity to MEK1/2 inhi-
bition alone, single-agent activity may be sufficient to successfully
inhibit growthof such tumors. Targeted therapy recommendations
such as the one proposed herein will increase the need for tissue
acquisition even for tumors such as optic pathway gliomas, a
tumor type that classically has not been biopsied. The additional
risk of biopsy might be justified if therapy recommendations
would change based on the individual tumor characteristics.
Several studies have shown that tissue acquisition is feasible and
relatively safe, even for optic pathway gliomas (35, 36).

Conclusion
Using model systems of the most common PLGG BRAF altera-

tions, we provide the preclinical rationale for therapeutic
approaches for each genotype. Our results support treatment of
BRAFV600E-positive PLGGs with a combination of PLX4720 þ
AZD6244, although AZD6244 þ everolimus also shows marked
combinatorial activity. BRAFWT gliomas appear to benefit from
the combination of mTOR and MEK inhibition. Our studies are
consistent with clinical reports of sensitivity of KIAA1549:BRAF
fusion gliomas to MEK1/2 inhibition as a single agent.
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