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Abstract

Background: The treatment of high-risk neuroblastoma continues to present a formidable
challenge to pediatric oncology. Previous studies have shown that BET (Bromodomain and extra-
terminal) inhibitors can inhibit MYCN expression and suppress MYCN-amplified neuroblastoma
in vivo. Furthermore, alterations within RAS-MAPK (mitogen-activated protein kinase) signaling
play significant roles in neuroblastoma initiation, maintenance, and relapse, and MEK (mitogen-
activated extracellular signal-regulated kinase) inhibitors demonstrate efficacy in subsets of
neuroblastoma preclinical models. Finally, hyperactivation of RAS-MAPK signaling has been
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shown to promote resistance to BET inhibitors. Therefore, we examined the anti-tumor efficacy of
combined BET/MEK inhibition utilizing I-BET726 or I-BET762 and trametinib in high-risk
neuroblastoma.

Procedure: Utilizing a panel of genomically annotated neuroblastoma cell line models, we
investigated the /in vitro effects of combined BET/MEK inhibition on cell proliferation and
apoptosis. Furthermore, we evaluated the effects of combined inhibition in neuroblastoma
xenograft models.

Results: Combined BET and MEK inhibition demonstrated synergistic effects on the growth and
survival of a large panel of neuroblastoma cell lines through augmentation of apoptosis.
Combination therapy slowed tumor growth in a MYCN-non-amplified, NRAS mutated
neuroblastoma xenograft model, but had no efficacy in a MYCN-amplified model harboring a
loss-of-function mutation in AVF1.

Conclusions: Combinatorial BET and MEK inhibition was synergistic in the vast majority of
neuroblastoma cell lines in the /n vitro setting but showed limited anti-tumor activity /n vivo.
Collectively, these data do not support clinical development of this combination in high-risk
neuroblastoma.
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INTRODUCTION

High-risk neuroblastoma, an aggressive tumor that arises from the developing peripheral
sympathetic nervous system, results in considerable morbidity and mortality and remains a
substantial challenge within pediatric oncology.! MYCN amplification occurs in
approximately 40% of patients with high-risk neuroblastoma and is significantly correlated
with poor prognosis, even in patients who have otherwise favorable disease features.12
Genetically engineered mouse and zebrafish models in which MYCN is overexpressed in the
peripheral sympathetic nervous system develop tumors that closely recapitulate human
neuroblastomas34. Previous investigations have demonstrated that high AMYC/MYCN gene
signatures predict poor prognosis in patients with neuroblastoma, even in the absence of
MYCN amplification.>® In support of these studies, a significant subset of non-MYCA-
amplified tumors express high levels of MYCN or MYC protein, demonstrating a potent role
for both MYCN and MYC in neuroblastoma pathogenesis.’8. Given the key role of both
MYCN and MY C in neuroblastoma aggression, therapeutically inhibiting the MYC family
has been the focus of years of investigation.

Targeting the MYC family, however, presents a formidable challenge, as these transcription
factors orchestrate the expression of thousands of genes.%10 The discovery that
Bromodomain and extraterminal (BET) proteins mediate the transcription of AMYC, coupled
with the development of BET inhibitors, provided a foundation for beginning to surmount
this therapeutic challenge.11121314 BET proteins are “chromatin readers” that bind to
acetylated lysines in chromatin, recruiting additional chromatin modifying complexes to
dynamically influence both gene activation and repression.1> Several groups showed that
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BET inhibitors target the transcription of MYC, disrupt the orchestration of its
transcriptional program, and display therapeutic efficacy in multiple MY C-driven
cancers11121314 ‘including neuroblastoma.1617

In addition to the MYC family, various components of the RAS-MAPK (mitogen-activated
protein kinase) network are deregulated in neuroblastoma. Activation of this signalling
network occurs through mutations and amplifications in upstream receptor tyrosine kinases
(ALK)18192021 ‘mytations in signal transduction proteins (VRAS, KRAS),?2 and mutations
or copy number loss of negative regulators (NVFZ, PTPN11).22 Lesions in the RAS-MAPK
signaling pathway occur in 3-5% of newly diagnosed neuroblastomas?® and RAS-MAPK
mutations are significantly enriched in relapsed neuroblastomas.2 Intriguingly, in ovarian
cancer, chronic BET inhibition leads to the activation of multiple Receptor Tyrosine Kinases
(RTK) and downstream RAS/PI3K networks, ultimately conferring resistance to BET
inhibitors.2> In these models, ovarian cells became exquisitely dependent on RTK-driven
networks, and combination therapies targeting RTK/MAPK networks, with BET inhibition,
results in increased inhibition of cell growth.

Given the deregulation of MYCN/MYC and RAS-MAPK networks in primary and relapsed
neuroblastomas, as well as the molecular crosstalk between these two networks, we
hypothesized that combined BET and MEK (mitogen-activated extracellular signal-regulated
kinase) inhibition would be more effective than single agent therapy.

METHODS

Cell Lines

Cell lines were obtained from the Children’s Hospital of Philadelphia cell line bank and
maintained in RPMI-1640 media containing 10% FBS, 1% L-glutamine, and 1% penicillin/
streptomycin at 37°C and 5% CO,. Annual genotyping (AmpFISTR Identifier Kit) and a
single-nucleotide polymorphism (SNP) array analysis (I1lumina H550) of cell lines were
performed to ensure maintenance of cell identity, as previously described.28

Cell Growth and Viability Assays

I-BET726 and I-BET762 were provided by GSK and trametinib was purchased from
Cellagen. To assess the combination efficacy of I-BET726 and trametinib, neuroblastoma
cell lines were seeded in 96-well plates and treated with the combination of I-BET726 and
trametinib. Cells were plated at a density of 1,000-4,000 cells/well of a 96-well plate and
treated in triplicate 24 hours later with the same concentration range of either compound or
the combination. Concentrations used were based upon single agent 1Csq values determined
by Cell Titer-Glo. For combination studies, concentration selection included a range from
1/4x to 4x (with x indicating single agent 1Csp) and cells were plated in duplicate wells in a
matrix formation for treatment with both compounds. Viability was measured after 6 days
with Cell Titer-Glo, and 1Cs values were calculated as previously described.26 Drug
synergy was analyzed by isobologram and combination index methods and synergy scores
were determined by Chalice.2728
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Western Blotting

To extract protein, we utilized lysis buffer containing 150 mM NaCl, 25 mM Tris, 1 mM
EDTA, 1mM EGTA, 1mM DTT, and 1% Triton X-100 with 1% Halt protease/phosphatase
inhibitor (Thermo Scientific, #78440). Protein concentration was determined via the BCA
protein assay (Thermo Scientific). Approximately 20-40 ug of protein were resolved by
SDS-PAGE and were blotted as previously described.26 The following antibodies were
utilized (Cell Signaling, unless otherwise noted): p-ERK (1:4000, #4370), ERK (1:4000,
#4695), MYCN (1:1000, #9405), MYC (1:1000, #13987), PARP (1:1000, #9542), c-PARP
(1:1000, #5625), Ku80 (1:2000, #2753), and B-Actin (1:5000, Santa Cruz #sc-47778). All
immunoblots were stained with Ponceau S prior to immunoblotting to confirm equal protein
loading among lanes.

Flow Cytometry

Following treatment at the indicated time points, cells were trypsinized, washed with PBS
supplemented with 1% FBS, and fixed overnight at —20°C with 70% ethanol. Cells were
then washed twice, stained with Fx-Cycle Violet (Invitrogen #F10347) as per the
manufacturer’s protocol, and analyzed on an Attune flow cytometer (Life Technologies).
Analysis was performed using FlowJo v10, with cells gated to exclude non-cell debris and
doublets. Proportions of cells in sub-G1, G1, S, and Go/M phases of the cell cycle were then
determined using FlowJo’s Cell Cycle Univariate Analysis feature and normalized to 100%
prior to graphing.

Xenograft Studies

Statistics

All studies were conducted in accordance with the GSK Policy on the Care, Welfare and
Treatment of Laboratory Animals and were reviewed by the Institutional Animal Care and
Use Committee either at GSK or by the ethical review process at the institution where the
work was performed. Female, CB17 SC/ID™'~ mice aged 5-7 weeks were obtained from
Taconic Biosciences. To evaluate the synergy of I-BET762 and trametinib, neuroblastoma
cell line-derived xenografts were implanted subcutaneously into the right flank of each
mouse. Animals bearing engrafted tumors of 0.2 — 0.5 cm?3 were then randomized (n = 9
mice/group) into the following groups for oral treatment: 1) 25 mg/kg I-BET762, once daily,
2) 1 mg/kg trametinib, once daily, 3) 25 mg/kg I-BET762 and 1 mg/kg trametinib, or 4)
vehicle control. Tumor volume was measured throughout treatment using calipers and was
calculated as: volume = (rt/6)(diameter3), as previously described.26 Mice were euthanized
when tumor volume reached 3 cm3, in accordance with the Children’s Hospital of
Philadelphia IACUC guidelines. A linear mixed effects model was used to measure
differences in tumor growth rates between the vehicle, single agent, and combinations.

Linear mixed effects modeling was used to quantitate differences in the rate of tumor
volume changing over time among different groups. The model included group, day, and
group-by-day interaction as fixed effects, and included a random intercept and slope for each
mouse. A significant group-by-day interaction suggests that the tumor volume changes at
different rates for the two comparison groups. The model used the control group as reference

Pediatr Blood Cancer. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Healy et al. Page 5

and created separate group indicators and interaction terms for the remaining treatment
groups. Appropriate contrast statements were created to compare treatment groups against
the control group.

Data Availability

Data available on request from the authors.

RESULTS

Combined BET and MEK inhibition demonstrates synergy across multiple neuroblastoma
cell line models

We sought to examine the anti-tumor efficacy of combined BET and MEK inhibition
utilizing I-BET726, a prototype BET inhibitor that possesses good /n vitro solubility, and
trametinib. To maximize the pre-clinical relevance of these studies, we examined a large
panel of genomically annotated human neuroblastoma cell line models.?° The table
summarizes MYCN/MYC status, alterations in the RAS-MAPK network (including ALK
mutations and A/FI status), and alterations in the 7P53 network (including 7P53and MDM?2
status). As depicted in Table 1, there was a wide range in sensitivity to both agents, with a
median 1C50 value for I-BET726 of 186 nM (range 25-1142 nM) and median IC50 value
for trametinib of 91 nM (range 8-312400 nM), consistent with previous studies.24 There was
no apparent correlation of I-BET726 cytotoxicity with MYCN status, whereas canonical
MAPK mutations were enriched in the lines most sensitive to trametinib. Combination
treatments were performed in a matrix design across a range of doses for each compound
guided by single agent 1C50 values, as previously described.28 As shown in Table 1,
BET/MEK inhibition demonstrated synergy in 21/22 cases, with very strong or strong
synergy in 10/22 neuroblastoma cell lines and moderate synergy or synergy in 11/22 cases.
Notably, there was no clear biomarker identified that predicted synergy.

Single agent treatment decreases cell cycle progression

As BET and MEK inhibition demonstrated synergy in the majority of neuroblastoma cell
line models examined, we first tested the effect of combined inhibition on cell cycle
progression. We studied 2 M YCN-amplified neuroblastoma models, NLF and SK-N-
BE(2)C, that are MF1 wild-type and AMFZ mutated (loss—of- function), respectively, as well
as 2 non-MYCN-amplified models, NBL-S and SK-N-AS, NFIwild-type and NRAS
mutated, respectively (Table 1). Cells were treated with control, single agent, or combined
treatment, and flow cytometry performed to determine cell cycle distribution (Figure 1).
Both single agent and combined BET/MEK inhibition, to varying degrees, diminished
progression through the cell cycle, increasing the percentage of cells in GO/G1 phase and
reducing the percentage in S phase. This influence on cell cycle progression was most
prominent in NLF, NBL-S, and SK-N-AS; it was less striking in SK-N-BE(2)C, which may
be due in part to the fact that the concentrations of I-BET726 and trametinib were below the
individual IC50s in this model. To confirm that BET and MEK inhibitors inhibited
MYCN/MYC and MAPK signaling, respectively, we assessed MYCN/MYC protein levels
and phosphorylated ERK protein levels in the SK-N-BE(2)C (Supplementary Figure S1A
and S1B) and SK-N-AS models (Supplementary Figure S1C and S1D). In these cell lines,
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BET inhibition led to decreased levels of MYCN/MYC and MEK inhibition led to decreased
phosphorylated ERK. Combined treatment, however, did not lead to further decreases in the
levels of MYCN/MY C and phosphorylated ERK.

Combined BET and MEK inhibition augments apoptosis

We next determined the effect of single agent versus combined BET/MEK inhibition on
apoptosis. Cells were treated with control, single agent, or combined treatment for up to 96
hours and apoptosis assessed by quantitating PARP cleavage. Treatment with I-BET726
alone resulted in apoptosis in neuroblastoma cell line models, while treatment with single
agent trametinib did not (Figure 2). In SK-N-BE (2)C (Figure 2A), NBL-S (Figure 2C) and
SK-N-AS (Figure 2D), we observed increased levels of cleaved PARP with combined
BET/MEK inhibition compared to single agent alone. In NLF, combined treatment did not
increase the levels of cleaved PARP, suggesting that the predominant effect may be on the
cell cycle.

Combined BET and MEK inhibition shows limited activity against neuroblastoma cell line

xenografts

Two previous studies have demonstrated the potential efficacy of BET inhibition in MYCN-
amplified neuroblastoma xenograft models.1630 To assess the impact of BET inhibition in
additional neuroblastoma models, we used I-BET762, which displays poor /in vitro
solubility, but possesses superior /n vivo pharmacokinetic properties compared to I-BET726.
We treated two MY CN-amplified xenograft models (NGP and NB-1691) with I-BET762 (20
mg/kg once/day), but did not observe significant responses (Supplementary Figure S2A and
S2B).31 We then escalated the dose and administered I-BET762 at 25 mg/kg 1x/day or 12.5
mg/kg 2x/day, but again did not observe any effect on tumor growth in SK-N-BE(2) C, a
MYCN-amplified xenograft model (Supplementary Figure S2C). Finally, we further
increased the dose and treated another MY CN-amplified xenograft model, IMR5, with a
higher dose of I-BET762 (30 mg/kg daily) and observed minimal effects on tumor growth
(Supplementary Figure S2D).

Given these results, we next assessed the impact of combined BET and MEK inhibition on
the SK-N-BE(2)C xenograft, which is MYCN-amplified and also has a loss-of -function
mutation within A/FZ. Neuroblastoma xenografts were implanted subcutaneously and
allowed to grow to approximately 200 mm3 at which point they were randomized to one of
four treatment arms: 1) vehicle (daily), 2) I-BET762 (daily, 25 mg/kg), 3) trametinib (daily,
1 mg/kg), or 4) I-BET762-trametinib.32 In this model, we did not observe tumor growth
delay with either single agent or combined treatment (Figure 3A; p= 0.197, control versus |-
BET762; p= 0.840, control versus trametininb; p= 0.809, control versus combination).
Neither single agent nor combined inhibition prolonged survival (Figure 3B), although the
regimen was well-tolerated, without significant weight loss (Figure 3C).

As recent investigations have demonstrated there are subsets of aggressive neuroblastomas
that do not express MYCN, but rather, MYC, we examined the role of combined BET/MEK
inhibition in SK-N-AS, a non-MYCN-amplified xenograft model that expresses high levels
of MYCand harbors an NRAS mutation. We observed tumor growth delay with single agent
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I-BET762 (p<0.0001) and single agent trametinib (p=0.0011) treatments compared to
vehicle (Figure 3D). In comparison to vehicle and single agent trametinib, combined I-
BET762 and trametinib treatment further delayed tumor growth (p<0.0001 and p=0.0002,
respectively; Figure 3D). Moreover, combined BET and MEK inhibition prolonged survival
compared to vehicle, single agent trametinib, or single agent IBET-762 (p<0.0001 for all
comparisons; Figure 3E). This dosing strategy was well tolerated, without evidence of
weight loss or other concerns for toxicity (Figure 3F).

DISCUSSION

In this study we evaluated the efficacy of combined BET and MEK inhibition. We
demonstrated that /n7 vitro treatment with 1-BET726 alone significantly inhibits cell
proliferation in both MYCN-amplified and non-MYCN- amplified neuroblastoma cell line
models, consistent with previous reports.1” Combined BET/MEK inhibition demonstrated
synergistic effects on cell proliferation across a panel of neuroblastoma cell lines in vitro,
augmenting apoptosis, as compared to single agent treatment. These findings are consistent
with studies that suggest a prominent role for the MY C family, broadly considered, in large
subsets of neuroblastoma.’8°

In contrast to recent studies in which the combination of the clinical BET inhibitor
GSK525762 (I-BET762; 15 mg/kg daily) and trametinib (1 mg/kg daily) demonstrated
synergy across aggressive adult malignancies3!, we did not demonstrate substantive efficacy
of combined inhibition in neuroblastoma xenografts. Notably, in our studies, we used a
higher dose of I-BET762 (25 mg/kg daily) and the same dose of trametinib, and yet did not
observe significant effects in neuroblastoma xenografts.

In the SK-N-BE(2)C xenograft model, neither single agent treatment nor combined
inhibition delayed tumor growth. In contrast, in SK-N-AS, a non-MYCN-amplified
xenograft model with a canonical NRAS mutation, we observed sensitivity to both single
agent treatment and a greater response to combined inhibition. These results further show
that BET inhibition may demonstrate efficacy in some non-MYCN-amplified tumors and
provide further support for the role of MYC in neuroblastoma tumorigenesis. Indeed, in a
zebrafish model of neuroblastoma, MY C overexpression led to the development of
neuroblastoma tumors, with similar kinetics to what is observed in this model with MYCN
overexpression.33 While our results in the SK-N-AS xenograft model are statistically
significant, they represent progressive disease and are unlikely to be clinically impactful. In
aggregate, our findings do not provide support for the clinical development of this
combination in neuroblastoma.

In addition to the MAPK family, multiple kinases, including ALK (Anaplastic lymphoma
kinase)18:192021 AURKA (Aurora kinase A),343538 CDK4 (Cyclin -dependent kinase 4)3738,
and CHK1 (Checkpoint kinase 1)3940 play prominent roles in neuroblastoma tumorigenesis.
Inhibitors directed against these kinases are being studied for incorporation into the
treatment of subsets of patients with neuroblastoma, with ALK inhibitors currently being
studied with frontline standard of care therapy.141 While targeted kinase inhibition is
effective in some tumors, resistance to such agents, which is driven in part by epigenetic
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alterations,*2 remains a significant challenge in oncology. In breast cancer cells exhibiting
amplification of the RTK ERBBZ, treatment with the ERBB2 inhibitor lapatinib leads to the
upregulation of multiple RTK networks and this kinome reprogramming is inhibited through
BET inhibition.#3 While our preclinical studies do not show efficacy of combined BET and
MEK inhibition, it will be of interest to test whether combining BET inhibitors, or other
inhibitors directed against the malignant epigenome, with agents directed against ALK,
AURKA, CDK4, or CHK1, might constitute rational combinations in defined subsets of
high-risk neuroblastoma patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of IBET-726 and trametinib alone and in combination on cell cycle distribution.
(A-D) Neuroblastoma cell lines SK-N-BE(2C) (A), NLF (B), NBL-S (C), and SK-N-AS (D)
were treated with control, I-BET726 (500 nM), trametinib (25 nM), or I-BET726/trametinib
for 72 hours and stained with PI. Flow cytometry was performed to detect the proportions of
cells present in GO/G1 phase, S phase, and G2/M phase.
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Figure 2. Effects of IBET-726 and trametinib alone and in combination on apoptosis.

(A-D) Neuroblastoma cell lines SK-N-BE(2C) (A), NLF (B), NBL-S (C), and SK-N-AS (D)
were treated with control, I-BET726 (500 nM), trametinib (25 nM), or I-BET726/trametinib
for varying amounts of time (8-96 hours). Immunoblotting for cleaved PARP, total PARP,

and actin was performed.
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Figure 3. Effects of IBET-762 and trametinib in two neuroblastoma xenogr aft models.
Xenografts were treated with: 1) vehicle (daily), 2) I-BET762 (daily, 25 mg/kg), 3)

trametinib (daily, 1 mg/kg), or 4) I-BET762-trametinib. (A) Response of tumor volumes to
study arms for SK-N-BE(2)C xenografts. (B) Kaplan-Meier analyses for SK-N-BE(2)C
xenografts. (C) Weight change from baseline on study arms for SK-N-BE(2)C xenografts.
(D-F) Response of tumor volumes (D), Kaplan-Meier analyses (E), and weight changes (F),
respectively, for SK-N-AS xenografts.
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