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Abstract

Background—AzD6244 (ARRY-142886) is a potent small molecule inhibitor of MEKZ1/2 that
is in phase 2 clinical development.

Procedures—AZD6244 was tested against the PPTP in vitro panel (1 nM-10pM). In vivo
AZD6244 was tested at a dose of 100 mg/kg administered orally twice daily five days per week
for 6 weeks. Subsequently, AZD6244 was evaluated against two juvenile pilocytic astrocytoma
(JPA) xenografts using once and twice daily dosing schedules. Phosphorylation of ERK1/2 was
used as a surrogate for in vivo inhibition of MEK1/2 was determined by immunoblotting.

Results—At the highest concentration used in vitro (10 pM) AZD6244 only inhibited growth by
50% in 5 of the 23 cell lines. Against the in vivo tumor panels, AZD6244 induced significant
differences in EFS distribution in 10 of 37 (27%) solid tumor models and 0 of 6 acute
lymphoblastic leukemia (ALL) models. There were no objective responses. Pharmacodynamic
studies indicated at this dose and schedule AZD6244 completely inhibited ERK1/2
phosphorylation. AZD6244 was evaluated against two JPA xenografts, BT-35 (wild type BRAF)
and BT-40 (mutant [V600E] BRAF). BT-40 xenografts were highly sensitive to AZD6244,
whereas BT-35 xenografts progressed on AZD6244 treatment.

Conclusions—Ait the dose and schedule of administration used, AZD6244 as a single agent had
limited in vitro and in vivo activity against the PPTP tumor panels despite inhibition of MEK1/2
activity. However, AZD6244 was highly active against BT-40 JPA xenografts that harbor
constitutively activated BRAF, causing complete regressions.
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INTRODUCTION

MEK1 and MEK2 (mitogen-activated protein kinase kinase) are dual-specificity protein
kinases that function in a mitogen activated protein kinase (MAPK) cascade controlling cell
proliferation and differentiation. MEK1/2 activate the extracellular signal-regulated kinases
1 and 2 (ERK 1/2), which have wide substrate specificity, resulting in activation of a
multitude of cellular responses involved in control of growth, differentiation and apoptosis.

Constitutive activation of the MAPK pathway in human tumors is a common event.
Activation may occur through multiple mechanisms, including gain-of-function mutations in
RAS family members and BRAF [1] and through activation of growth factor signaling. Over
40 missense mutations have been identified in the BRAF gene, among which the 1799A
point mutation in exon 15 accounts for up to 90% [2]. This mutation causes a V600E amino-
acid substitution in codon 600 and converts BRAF into a constitutively activated dominant
transforming protein kinase, BRAFV600E, which causes cancer through aberrant activation
of the Ras/Raf/MEK/MAP kinase/ERK signaling pathway (MAP kinase pathway). However
mutations of BRAF as a mechanism of tumorigenesis in childhood solid cancers appears to
be rare [3] as no mutations were found in 181 childhood tumors including neuroblastoma,
Wilms tumor, hepatoblastoma, teratoma, rhabdomyosarcoma and ganglioneuroma.
Similarly, no evidence for oncogenic mutations affecting NRAS, KRAS, HRAS, BRAF
were identified in medulloblastoma [4]. In contrast mutations of BRAF and NRAS appear
more frequently in childhood acute lymphoblastic leukemia (ALL) [5,6]. More recently,
tandem duplication producing a novel fusion gene (KIAA1549-BRAF) that lacks the BRAF
regulatory domain has been described in juvenile pilocytic astrocytomas (JPA) [7-10],
whereas activating mutations in JPA are less frequent, being identified in approximately 5
percent of cases.

As the primary activator of ERK 1/2, MEK1/2 is a compelling target for anti-neoplastic
therapy [2,11]. AZD6244 (ARRY-142886) is a potent and selective inhibitor of MEK 1/2
kinases [12-14] that is currently in phase Il clinical development [15,16]. Given the
selectivity of AZD6244 for MEK 1/2 [13,14], the Pediatric Preclinical Testing Program
(PPTP) evaluated this agent to gain insight into the utility of specifically targeting the
MAPK pathway in pediatric tumors.

MATERIALS AND METHODS

In vitro testing

In vitro testing was performed using DIMSCAN, a semiautomatic fluorescence-based digital
image microscopy system that quantifies viable (using fluorescein diacetate [FDA]) cell
numbers in tissue culture multiwell plates [17]. Cells were incubated in the presence of
AZD6244 for 96 hours at concentrations from 1 nM to 10 uM and analyzed as previously
described [18].

In vivo tumor growth inhibition studies

CB17SC-M scid ™/~ female mice (Taconic Farms, Germantown NY), were used to propagate
subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma,
rhabdomyosarcoma), neuroblastoma, and non-glioblastoma brain tumors, while BALB/c nu/
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nu mice were used for glioma models, as previously described [19-21]. Human leukemia
cells were propagated by intravenous inoculation in female non-obese diabetic (NOD)/
scid™~ mice as described previously [22]. Female mice were used irrespective of the gender
of the patient from which the tumor was derived. All mice were maintained under barrier
conditions and experiments were conducted using protocols and conditions approved by the
institutional animal care and use committee of the appropriate consortium member. Ten
mice were used per group for solid tumors and 8 mice per group were used for ALL models.
Tumor volumes (cm?3) [solid tumor xenografts] or percentages of human CD45-positive
[hCD45] cells [ALL xenografts] were determined as previously described [23]. Responses
were determined using three activity measures as previously described [23]. An in-depth
description of the analysis methods is included in the Supplemental Response Definitions
section.

Statistical Methods

The exact log-rank test, as implemented using Proc StatXact for SAS®, was used to
compare event-free survival distributions between treatment and control groups. P-values
were two-sided and were not adjusted for multiple comparisons given the exploratory nature
of the studies.

Drugs and Formulation

AZD6244 was provided to the Pediatric Preclinical Testing Program by AstraZeneca
through the Cancer Therapy Evaluation Program (NCI). AZD6244 was dissolved in 0.5%
hydroxypropyl methyl cellulose, 0.1% Polysorbate 80 and administered p.o., using a twice
daily schedule (excepting weekends, for which a once daily (SID) schedule was used) for 6
weeks at a dose of 100 mg/kg. AZD6244 was provided to each consortium investigator in
coded vials for blinded testing.

Pharmacodynamic studies

MEKZ1/2 inhibition was determined by assaying phosphorylation of ERK1/2 by
immunoblotting. Mice bearing OS-33 xenografts were treated with either vehicle or
AZD6244 at 100mg/kg BID for 5 days. Tumors were harvested 1 hour after the first dose on
day 5 [24]. Tumors were excised, snap frozen and analyzed for phospho-ERK1/2 using anti-
phospho ERK1/2(Thr202/Tyr204) antibody (Cell Signaling, Beverly, MA) by Western blot
analysis as described previously [24].

BRAF sequencing

The genomic DNA from BT-35 and BT-40 was screened for BRAF mutations with primers
designed to amplify the exons 1-18 using primers described previously [1]. Big Dye
Terminator Chemistry was used for sequencing.

FISH analysis

Purified BRAF BAC DNA was labeled with digoxigenin-11-dUTP (Roche Molecular
Biochemicals, Indianapolis, IN) by nick translation. The labeled probe was combined with
sheared mouse DNA and independently hybridized to interphase nuclei derived from the 3
samples in a solution containing 50% formamide, 10% dextran sulfate, and 2X SSC. Probe-
detection was performed by incubating the hybridized slides in fluorescein-labeled anti-
digoxigenin (Roche Molecular Biochemicals).

Affymetrix SNP6.0 array analysis

DNA was extracted from xenograft samples using DNeasy Tissue kit (Qiagen). Microarray
analysis of genomic DNA was done in the Hartwell Center Core Laboratory using the
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Affymetrix Genome-Wide Human 6.0 SNP array, containing ~1.8 million markers
throughout the genome, according to the standard Affymetrix protocol. Copy number
analysis and segmentation were performed using the CNATV5 algorithm as implemented in
the Affymetrix Genotyping Console v 3.01. Tumor DNA was compared to a diploid
reference set comprising 129 St. Jude Children’s Research Hospital acute lymphoblastic
leukemia remission samples. The Hidden Markov model in the CNATV5 algorithm was used
to infer copy number and to identify genomic gains and losses. Segments with aberrant copy
number were identified only if they consisted of at least 10 consecutive markers and
comprised a minimum size of 100kb.

In vitro testing

AZD6244 inhibited growth in a minority of the cell lines from the PPTP in vitro panel.
Kasumi-1, a cell line with an activating mutation in KIT, was the most responsive cell line
and the only cell line with a clear cytotoxic response to AZD6244. Four of the remaining 22
cell lines achieved at least 50% growth inhibition, including two rhabdomyosarcoma cell
lines (RD and Rh18), a neuroblastoma cell line (NB-EBc1), and a T-cell ALL cell line
(MOLT-4) (Table 1). The distribution of 1C5q values and examples of responses for
Kasumi-1 and NB-EBc1 are shown in Figure 1.

In vivo testing

AZD6244 was evaluated in 44 xenograft models and was well tolerated at the dose and
schedule used for in vivo testing. Eleven of 842 mice died during the study (1.3%), with O of
420 in the control arms (0%) and 11 of 428 in the AZD6244 treatment arms (2.6%). One
line (ALL-17) was excluded from analysis due to toxicity greater than 25 percent. A
complete summary of results is provided in Supplemental Table I, including total numbers
of mice, number of mice that died (or were otherwise excluded), numbers of mice with
events and average times to event, tumor growth delay, as well as numbers of responses and
T/C values.

AZD6244 induced significant differences in EFS distribution compared to controls in 10 of
43 evaluable xenografts (Table I1). Significant differences in EFS distribution occurred in
the majority of xenografts in the glioblastoma panel (3 of 4) and in one-half of the
xenografts from the osteosarcoma panel (3 of 6), but in none of the evaluable xenografts in
the Ewing, Wilms, medulloblastoma, and ALL panels. The in vivo testing results for the
objective response measure of activity are presented in Figure 2 in a ‘heat-map’ format as
well as a ‘COMPARE’-like format, based on the scoring criteria described in the Material
and Methods and the Supplemental Response Definitions section. The latter analysis
demonstrates relative tumor sensitivities around the midpoint score of 5 (stable disease). No
objective responses (defined as > 50% tumor volume regression) were observed in any of
the models. The best responses observed were nine examples of PD2 (progressive disease
with growth delay). These included 2 of 4 glioblastoma xenografts (BT-39 and D645) and 3
or 6 osteosarcoma xenografts (OS-1, OS-17, and OS-33). Examples of typical solid tumor
response shown in Figure 3 for two osteosarcoma xenografts (OS-1 and OS-33) and one
glioblastoma xenograft (BT-39) that met the criteria for intermediate activity (EFS T/C
value > 2.0 and a significant difference in EFS distribution) for the time to event (EFS T/C)
activity measure used by the PPTP. AZD6244 markedly reduced ERK phosphorylation in
the responsive osteosarcoma xenograft OS-33, confirming the expected pharmacodynamic
effect for AZD6244 at the dose employed for testing (Figure 4).
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The PPTP has established two models of JPA (BT-35 and BT-40) for use in secondary
tumor panels. Both xenografts were evaluated for copy number alterations using Affymetrix
SNP6.0 arrays. BT-35 and BT-40 showed no evidence for focal gain in the region of the
BRAF gene, while BT-40 demonstrated gain of the entire long arm of chromosome 7
(Figure 5). These observations support absence of the KIAA1549/BRAF fusion in these
xenografts. Fluorescence in situ hybridization (FISH) using probes for BRAF and for the
chromosome 7 centromere showed equal numbers of these probes (Figure 6A), supporting
the absence of focal BRAF duplication in the xenografts. By FISH analysis there were 5-8
copies of chromosome 7 in cells derived from BT-35 and 4-5 copies in cells derived from
BT-40 tumors (Figure 6A). Sequencing showed that BRAF is wild type in BT-35, whereas
BT-40 has a mutant (\V600E) activating mutation (Figure 6B). AZD6244 was evaluated
against these two models at 100 or 75 mg/kg (BID x 5 and once daily (SID) x 2) per week,
or 100 mg/kg daily x 7 for 6 consecutive weeks (Supplemental Table 2). BT-35 xenografts
were intrinsically resistant to AZD6244 (Figure 7A) whereas BT-40 xenografts were highly
sensitive to each treatment schedule demonstrating CR at the end of treatment (6 weeks)
Figure 7B. The delay in tumor re-growth, after stopping therapy, was related to the
cumulative dose of AZD6244 received.

DISCUSSION

For the PPTP in vitro panel, 50% growth inhibition by AZD6244 was achieved in only 5 of
23 tumor lines. The most responsive cell line, Kasumi-1, has an activating KIT mutation
[25], and its response to AZD6244 is similar to that previously described for selected BRAF
and RAS mutant adult cancer cell lines [13,14]. Among the remaining PPTP cell lines,
BRAF and RAS mutational status is known for 10 and 8 cell lines, respectively (Table 1).
Mutations in BRAF were not observed. Two of 3 cell lines with activating RAS mutations
achieved 50% growth inhibition, while only Kasumi-1 among the cell lines with known wild
type RAS status achieved 50% growth inhibition.

AZD6244 demonstrated limited single agent in vivo activity against the PPTP’s childhood
cancer models. The best response was progressive disease with significant tumor growth
inhibition. Significant tumor growth inhibition was most consistently observed for the
osteosarcoma (3 of 6) and glioblastoma (3 of 4) tumor panels.

Mutations in BRAF are associated with an increased sensitivity to MEK inhibition, while
the response of cell lines with RAS gene mutations is more variable with both sensitivity
and resistance observed [11,13,14]. BRAF mutations are uncommon in pediatric sarcomas
[3], renal tumors [3], neuroblastoma [3,26], glioblastoma [27], and medulloblastoma [4], and
are found in only 10% of childhood ALL [5]. This infrequency of BRAF mutation likely
contributes to the relative insensitivity of most of the PPTP tumor lines to MEK1/2
inhibition. Pilocytic astrocytomas are reported to have MAPK pathway activation through
BRAF activating mutations and through a tandem duplication that results in an in-frame
fusion between the 5’ end of the KIAA1549 gene and the 3’ end of the BRAF gene
producing an oncogenic fusion protein [9,28]. Two juvenile pilocytic astrocytoma
xenografts have been established as secondary models within the PPTP. Neither line showed
evidence for BRAF duplication, but direct sequencing of BRAF identified a well-
characterized activating mutation (V600E) in BT-40 tumor tissue. The sensitivity of these
tumors to treatment with AZD6244 was examined using two dose levels and schedules.
BT-40 xenografts were sensitive to all treatments demonstrating a complete response at both
dose levels on the BID schedule, but less sensitivity on the SID schedule. This result is
consistent with a complete maintained response reported in a patient with this activating
mutation in a melanoma [16]. In contrast, BT-35 xenografts were not sensitive to either
dose/schedule of AZD6244 administration. Further dose-response testing (50 and 25 mg/kd
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BID) that may more readily simulate drug exposures achieved in the clinic using the
hydrogen sulfate capsules [16] will be needed to determine whether tumor regressions for
BT-40 occur at doses that produce drug exposures closer to those in the clinical setting.

The MEKZ1/2 inhibitor AZD6244, was not effective in inducing regressions as a single agent
against most of the pediatric preclinical models evaluated. Both MEK1 mutations [29] or
Ras effector signaling through P13 kinase have been implicated in resistance to AZD6244
[29,30]. However, more recent data suggest a more complex mechanism by which cells are
intrinsically resistant or sensitive to this agent, where expression of the compensatory-
resistance expression signature appeared independent of PI3 kinase pathway activation [16].
AZD6244 may show greater benefit in combination with inhibitors of other signaling
pathways (e.g., mTOR inhibitors) [31], where combined inhibition of mTOR and the Ras/
MAPK pathways inhibited ribosome biogenesis and protein translation more effectively
than either agent alone. Further, inhibition of MEKZ1 signaling appears to be the mechanism
accounting for synergy between lapatinib and radiation [32] and AZD6244 was synergistic
when combined with chemotherapeutic agents such as docetaxel [33]

The relative sensitivity of osteosarcoma and glioblastoma xenografts to AZD6244 suggests
that preclinical combination testing in these histologic subsets may be worthwhile. The
complete regressions induced by AZD6244 against a BRAF-mutant pilocytic astrocytoma
xenograft are a strong activity signal that points to the potential utility of MEK inhibition for
this tumor type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AZD6244 in vitro activity. Panel A is a dot plot chart that illustrates the relative sensitivity

of the cell lines using the 1Csq values displayed by histology. Panel B illustrates typical
growth inhibition curves for Kasumi-1 and NB-EBc1. Error bars represent standard
deviations for each concentration tested.
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Figure 2.

AZD6244 in vivo objective response activity. Left: The colored ‘heat map’ depicts group
response scores. A high level of activity is indicated by a score of 6 or more, intermediate
activity by a score of > 2 but < 6, and low activity by a score of < 2. Right: representation of
tumor sensitivity based on the difference of individual tumor lines from the midpoint
response (stable disease). Bars to the right of the median represent lines that are more
sensitive, and to the left are tumor models that are less sensitive. Red bars indicate lines with
a significant difference in EFS distribution between treatment and control groups, while blue
bars indicate lines for which the EFS distributions were not significantly different.
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Figure 3.

AZD6244 activity against individual solid tumor xenografts, Kaplan-Meier curves for EFS,
median relative tumor volume graphs, and individual tumor volume graphs are shown for
selected lines: (A) OS-1 (B) 0S-33, and (C) BT-39. Mice received AZD6244 (100 mg/kg
BID x 5 (Monday-Friday) and once daily (SID) (Saturday-Sunday) [abbreviated BID x 5/
SID x 2] for six consecutive weeks
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Figure 4.

Pharmacodynamics of AZD6244, western blot analysis of OS-33 xenografts treated with
either vehicle or AZD6244 at 100mg/kg BID for 5 days. Tumors were harvested 1 hour after
the first dose on day 5.
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Figure 5.

Copy number analysis of BT-35 and BT-40 xenografts. Copy number analysis of BT-35 and
BT-40 xenografts. Panel A. Ideograms of xenograft genomes. Genomic segments of at least
100 kb with copy gain (blue triangles) or loss (red triangles) for BT-35 (top) and BT-40
(bottom). Panel B. Copy number estimates for BT-35 (red squares) and BT-40 (blue
squares) on chromosome 7 (top) and Hidden Markov model copy number states for the
BRAF locus at 7934 (bottom).
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Figure 6.

Chromosome 7 duplication and BRAF sequence analysis. Panel A. Fluorescence in situ
hybridization (FISH). Centromeric probes (red) and BRAF probes (Green) for normal
fibroblasts, BT-35 and BT-40 xenografts. Panel B. Sequence analysis for BRAF in BT-35
and BT-40 xenografts
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AZD6244 activity against pilocytic astrocytoma xenografts. Kaplan-Meier curves for EFS,
median relative tumor volume graphs, and individual tumor volume graphs are shown for
(A): BT-35 and (B) BT-40. Kaplan-Meier: Controls: black solid line; 100 mg/kg BID x 5/

SID x 2 for six consecutive weeks: broken red line; 75 mg/kg BID x 5/SID x 2 for six
consecutive weeks: blue broken line: 100 mg/kg SID for six consecutive weeks: broken pink
line. Relative Tumor VVolume curves: Controls: black solid line; 100 mg/kg BID x 5/SID x 2

for six consecutive weeks: solid brown line; 75 mg/kg BID x 5/SID x 2 for six consecutive

weeks: solid blue line: 100 mg/kg SID for six consecutive weeks: solid red line. For

individual growth curve plots: Upper left panel: Control; Upper right panel: AZD6244 100
mg/kg BID x 5/SID x 2 for six consecutive weeks; lower left panel: AZD6244 75 mg/kg

BID x 5/SID x 2 for six consecutive weeks; Lower right panel100 mg/kg SID for six

consecutive weeks
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