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Abstract
Background: Neuroblastoma (NB) is the most common extracranial solid tumor in 
infants and children, with amplification of the oncogene MYCN being a hallmark 
of high-risk disease and poor prognosis. Although less frequent, overexpression of 
MYC is similarly an indicator of poor prognosis. Most NB tumors initially respond to 
chemotherapy, however, most will relapse, resulting in chemoresistant disease. After 
relapse, there is growing evidence of p53 inactivation. MYC/MYCN and MDM2 
have been shown to interact and contribute to NB growth and disease progression. 
MDM2 inhibitors and Bromodomain and Extra-Terminal domain (BET) inhibitors 
have both shown promise in treating NB by increasing the expression of p53 and 
decreasing MYC/MYCN expression, respectively. Our study focuses on the com-
bined treatment of a MDM2 inhibitor (CGM097) with a BET inhibitor (OTX015) in 
neuroblastoma.
Methods: Two p53 wild-type and two p53 mutant established neuroblastoma cells 
lines were used to test this combination. Ray design assays were used to test whether 
this combination was synergistically cytotoxic to NB cells. Western blots were per-
formed to check signaling pathways of interest after drug treatment. IncuCyte imag-
ing and flow cytometry were utilized to quantify the apoptotic and cytostatic effects 
of these drugs on NB cells. In vivo studies were carried out to test the antitumor 
effect of this combination in a living host.
Results: The combination of CGM097 and OTX015 resulted in p53 activation, de-
creased expression of MYC family proteins and a subsequent synergistic increase in 
NB cell death.
Conclusion: This study warrants further investigation into the combination of 
MDM2 inhibitors and BET inhibitors for the treatment in NB.
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1 |  INTRODUCTION

Neuroblastoma (NB) is a cancer of the sympathetic nervous 
system that almost exclusively presents itself in children 
and accounts for roughly 15% of all pediatric cancer related 
deaths.1,2 Patients with NB have a 5-year survival rate of 74%, 
however, this number changes significantly depending on the 
classification of disease.1 For patients with low-risk NB, sur-
gery is the up-front treatment option, with 5-year event-free 
survival rates being greater than 85%.1-5 In contrast, children 
with high-risk disease respond to treatment poorly, as evi-
denced by the 5-year event-free survival rates being below 
50%.1 High-risk NB is often characterized by amplification 
of the oncogene MYCN, which accounts for approximately 
30%-40% of all high-risk NB cases.6 Another MYC family 
member, C-MYC, has also been shown to be an indicator of 
poor prognosis in NB and is aberrantly expressed in 10%-
11% of high-risk NB cases.7,8 Due to the poor outcome of 
high-risk NB patients, new treatment options are needed for 
this cohort.

Bromodomain and Extra-terminal domain (BET) fam-
ily proteins, including BRD2, BRD3 and BRD4, recognize 
acetylated lysine residues on histones, which is often indic-
ative of an open chromatin structure and active transcrip-
tion.9-11 After recognition of acetylated lysine residues BET 
proteins recruit transcription factors which ultimately in-
duce gene transcription.10,11 BET proteins have been shown 
to promote the function of super enhancers which are often 
found upstream of cell-specific oncogenes, including MYCN 
in NB.12 Previous studies have demonstrated that inhibiting 
BET proteins results in lower protein expression levels of 
both MYCN and C-MYC, which lead to a decrease in cell 
viability and increase in cell cycle arrest.13,14 Specifically, the 
BET inhibitor OTX015 has shown great efficacy in binding 
to and competitively inhibiting BRD2, BRD3, and BRD4, 
leading to neuroblastoma cell death in-vitro and decreased 
tumor volume in vivo.15,16 Since BET inhibitors exhibit their 
effects through super enhancer inhibition there are global 
epigenetic changes associated that are associated with this 
treatment. Specifically in NB cells, evidence shows that MYC 
family genes are significantly affected with BET inhibition, 
suggesting this mechanism may be at least partly responsible 
for the efficacy of these compounds in this disease.16 This 
previous work suggests that a reduction in MYC family pro-
tein expression, via the inhibition of BET family proteins, 
could be a viable option for treating high-risk NB patients 
with high expression of these oncogenes.

Many adult cancers are driven by a mutation of the key 
tumor suppressor gene TP53, however, this gene is only mu-
tated in roughly 2% of initial NB tumors.17 Initially, diag-
nosed NB tumors typically respond to chemotherapy but then 
stop responding when the patient relapses.17 In relapsed neu-
roblastoma the tumor suppressor protein p53 has been shown 

to be non-functional in about 50% of patients but only mu-
tated in 15% of cases.18 This suggests that p53 inactivation 
plays a major role in the ability to treat NB with chemothera-
peutics. Mouse double minute 2 homolog (MDM2) facilitates 
p53 protein degradation by the proteasome in addition to se-
questration of p53 within the cytoplasm, which renders the 
protein functionally inactive.19 Additionally, p53 induces the 
expression of MDM2 in an auto-regulatory negative feedback 
loop.18-20 Dysregulation of MDM2 is common in NB and is 
known to play a role in suppressing p53 activity, further im-
plicating p53 dysregulation in relapsed NB disease.20 Recent 
studies have demonstrated that the use of MDM2 inhibitors 
to interrupt the interaction of MDM2 with p53 is a viable ex-
perimental approach, leading to increases in cell cycle arrest 
and cell death.21,22

The literature demonstrates that MDM2 can directly in-
teract with the MYC family members MYCN and C-MYC 
to stabilize one another and contribute to NB disease pro-
gression.23,24 Experimentally, the most sensitive NB cells to 
MDM2 inhibition have been shown to have MYCN ampli-
fication, suggesting that MYCN may play a prominent role 
in the MDM2/p53 axis.21,25,26 Additionally, activation of p53 
in the presence of abundant MYCN leads to nuclear co-lo-
calization of the two proteins which alters the p53 stress re-
sponse, further intertwining these pathways in NB.27 Taken 
together, MDM2 dysregulation in NB and the role of MYC 
family proteins in high risk disease has led us to hypothesize 
that targeting both the MDM2 and MYC family pathways si-
multaneously may result in a synergistic increase in cytotox-
icity in NB models, and present a possible novel therapeutic 
option.

2 |  MATERIALS & METHODS

2.1 | Drugs

The MDM2 inhibitor CGM097 was donated by Novartis 
(Basel, Switzerland). The BET inhibitor OTX015 was pur-
chased from ApexBio (A3692, Boston, MA). Both drugs 
were diluted to a stock concentration of 10 mM in DMSO. 
Stock of both drugs was sub-aliquoted into small single-use 
volumes to prevent freeze-thaw cycles and were appropri-
ately stored at −20°C. Drugs were diluted in pre-warmed 
media to their desired concentration immediately prior to use.

2.2 | RNA expression profiling

5  ×  104 cells were harvested and centrifuged at 300  g for 
5 minutes to pellet the cells. Cells were washed with 500 µL 
PBS (10010-049, Thermo Fisher Scientific, Waltham, MA) 
and centrifuged at 300 g. Cells were washed with 500 µL of 
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PBS again with the addition of 1 µL of SuperaseIN RNase in-
hibitor (AM2694, Thermo Fisher Scientific) and centrifuged 
at 500 g. This process was repeated once. Cells were then 
washed with PBS a final time with a volume of 250 µL with 
the addition of 2 µL of SuperaseIN RNase inhibitor and cen-
trifuged at 500 g. Samples were frozen and stored at −80°C 
until they were shipped to the Clinical Research Laboratory 
(Lenexa, KS) where the Affymetrix GeneChip U133 Plus 2.0 
genome wide expression cDNA microarray was used for the 
quantification of RNA expression. Affymetrix arrays were 
processed using the “affy” Bioconductor package (Release 
2.13) through R (v3.0).28

2.3 | Cell culture

The following neuroblastoma cell lines were used in the 
preparation of this manuscript: SMS-KCNR (donated by Dr 
John Maris in 2004, The Children's Hospital of Philadelphia, 
PA, available by name from Childhood Cancer Repository, 
Lubbock, TX), SH-SY5Y (CRL-226, ATCC, Manassas, 
VA), BE(2)-C (CRL-2268, ATCC), and CHLA-90 (donated 
by Dr Patrick Reynolds in 2006, The Children's Hospital of 
Los Angeles, CA, available by name from Childhood Cancer 
Repository, Lubbock, TX). SMS-KCNR and SH-SY5Y cell 
lines were used in this manuscript due to their wild-type p53 
and high expression of MYC genes (Figure 1). BE(2)-C and 
CHLA-90 cell lines were used in this manuscript due to their 
mutant p53 and high expression of MYC genes (Figure 1). 
All cell lines were cultured under the same conditions: RPMI 
1640 media (11875-119, Thermo Fisher Scientific, Waltham, 
MA) supplemented with 10% fetal bovine serum (A3160502, 
Thermo Fisher Scientific) and 1% penicillin-streptomycin 
(15140163, Thermo Fisher Scientific). All experiments were 
conducted on cell populations with a minimum of 85% viable 

cells as determined by Trypan Blue (SV3008401, Thermo 
Fisher Scientific) counts immediately prior to plating. When 
harvested for experiments all cells were centrifuged at 300 g 
unless otherwise specified. All cell lines were kept in an incu-
bator at 37°C with 5% CO2. All cell lines were certified my-
coplasma free and STR authenticated (IDEXX Laboratories 
Inc, Westbrook, ME).

2.4 | Cell viability

Cells were plated in 96-well clear bottom, black walled tissue 
culture plates (3904, Corning, Kennebunk, ME) and allowed 
to attach overnight in the incubating conditions specified 
above. Cells were treated with increasing concentrations of 
CGM097 or OTX015 and incubated for 48 hours. After incu-
bation, media was removed from the cells and replaced with 
2 µM/mL Calcein AM (C3100MP, Thermo Fisher Scientific) 
in pre-warmed PBS. Plates were subsequently incubated at 
37°C for 30 minutes. Following incubation, fluorescence was 
quantified from each well of the plate at 480ex/520em with 
the Synergy HTX Multi-Mode Reader (BioTek Instruments, 
Winooski, VT). All data analyzed was normalized to vehicle 
control. Vehicle for all cell viability experiments was media 
supplemented with 0.7% DMSO. EC50 values were calcu-
lated using a four-parameter variable-slope dose-response 
curve through the GraphPad Prism v.5 software (GraphPad 
Software Inc, La Jolla, CA).

2.5 | Ray design

Drug combination studies were performed to evaluate syn-
ergism between CGM097 and OTX015 in the treatment of 
NB cells. Cells were plated in three 96-well clear bottom, 
black-walled plates (3904, Corning) per experiment for three 
technical replicates per dose. Dosing schemes for both drugs 
were calculated around each single-agent EC50 value for 
each cell line with consistent proportional doses above and 
below the EC50 values. From this, six dose-response curves 
(referred to as rays) were created with two curves being re-
served for single-agent alone (Rays 1 and 6). The other four 
dose response curves consisted of statistically determined 
dose proportions of both drugs combined together (Rays 
2-5). Cells were drugged with single-agent or combinations 
of both drugs and allowed to incubate for 48 hours. After in-
cubation the standard cell viability protocol and EC50 value 
calculation detailed above were performed. The EC50 val-
ues were calculated twice per dose response curve to obtain 
EC50 values for each agent with their corresponding doses. 
The EC50 values for each dose response curve were then 
plotted with the single-agent EC50 values being the x- and 
y- intercepts for our line of Loewe additivity. For statistical 

F I G U R E  1  Neuroblastoma established cell line gene expression. 
Gene expression data for genes of interest in all cell lines used 
throughout this manuscript. Gene expression data are based upon 
MAS5 scores
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analysis, all observations with the component doses at a fixed 
ray were used to fit dose-response curves using a logistic re-
gression model in Chou and Talalay (1984) given by

and

where E denotes dose producing effect, and d1 and d2 denote the 
combination doses for each drug. Then, for a fixed effect EC50, 
the interaction index was estimated by.
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.29 Under the normality assumption on re-

gression parameters we computed the bootstrap standard devia-
tions of the estimate of interaction index based on 500 bootstrap 
samples and constructed the confidence intervals for interaction 
index.30 According to the Loewe additivity model, if the inter-
action index is less than 1 and the upper bound 95% confidence 
interval (CI) excludes 1 then the combination dose is synergis-
tic. If the 95% CI for the interaction index includes 1 then the 
combination dose is additive.31

2.6 | Western blot analysis

Cells were plated in six-well tissue culture plates (3516, 
Corning) and allowed to attach overnight in the incubat-
ing conditions specified above. Cells were left untreated or 
treated with vehicle, (0.05% DMSO), 200  nM CGM097, 
5 µM OTX015, or a combination of both drugs at their respec-
tive doses. After 4 hours of incubation with the drug, media 
was removed, plates were put on ice, and cells were washed 
with cold PBS (10010049, Thermo Fisher Scientific). PBS 
was removed and RIPA Lysis Buffer (89901, Thermo Fisher 
Scientific) with protease inhibitor (88665, Thermo Fisher) 
was added dropwise to each well, making sure to cover the 
entire surface area of the well. Plates were incubated on ice 
for 15 minutes. Cell lysate was then collected and immedi-
ately frozen at −80°C. Protein content within each sample 
was quantified with a Bradford assay using the Protein Assay 
Dye Reagent Concentrate (5000006, Bio-Rad, Hercules, 

CA). A total of three separate rounds of whole cell lysate 
were collected from each cell line. Sample was diluted in 6× 
Laemmli SDS buffer (J61337, Alfa Aesar, Haverhill, MA) 
and equal amounts of protein (30 µg) for each sample was 
added to each well of a 12% SDS polyacrylamide gel, utiliz-
ing two gels per round of lysate. Samples were then electro-
phoresed at 100 V for 1.5 hours. Samples were then semi-dry 
transferred to a 0.2 µm supported nitrocellulose membrane 
(1620096, Bio-Rad) using the Trans-Blot Turbo Transfer 
System (1704150, Bio-Rad). Membranes were blocked in 
Tris-Buffered Saline (1706435, Bio-Rad) with 0.1% Tween 
20 (1 706 531, Bio-Rad) (TBST) and 5% non-fat dry milk 
for 1  hour at room temperature. All primary antibodies 
were diluted 1:1000 in 5% milk in TBST and incubated on 
membranes overnight. Membranes were then washed with 
TBST 3 times for 5 min/wash. Secondary antibody diluted 
1:2000 in 5% milk in TBST was then added to membranes 
and incubated for 1 hour at room temperature. Membranes 
were again washed for three times for 5 min/wash. Clarity 
Western ECL Substrate (1705061, Bio-Rad) was applied 
to the membranes for 5 minutes. Membranes were then im-
aged using the ChemiDoc XRS System with Image Lab 
Software v5.2.1 (1708265, Bio-Rad). Primary antibodies 
include MDM2 (86934), c-MYC (9402), N-Myc (9405), 
p53 (2527), p21 Waf1/Cip1 (2947), and β-Actin (4967). 
Anti-rabbit IgG, HRP-linked (7074) secondary antibody was 
used. All antibodies were purchased from Cell Signaling 
Technology (Danvers, MA). Individual bands were quanti-
fied using the Image Lab Software v5.2.1 (Bio-Rad). Bands 
were background reduced, normalized to loading control 
(β-Actin to each respective blot) and then normalized to the 
untreated control. After probing for each protein of interest 
blots were stripped by Restore Plus Western Blot Stripping 
Buffer (46430, Thermo Fisher Scientific), as per the manu-
facturer's protocol. Statistical significance between groups 
was determined by a one-way ANOVA followed by Tukey's 
multiple comparison test using GraphPad Prism v.5 software 
(GraphPad Software Inc). Bands with no expression in un-
treated control were normalized to background.

2.7 | Cell cycle analysis

Cells were plated in six-well plates tissue culture plates 
(3516, Corning) and allowed to adhere overnight. Cells were 
treated with Vehicle (0.05% DMSO), CGM097 (200  nM), 
OTX015 (5 µM), or a combination of both drugs at their re-
spective doses. Twenty-four hours after treatment, cells were 
harvested, fixed/permeablized, and labeled with FxCycle 
PI/RNAse Staining Solution (F10797, Thermo Fisher 
Scientific), as per the manufacturer's protocol. After labeling, 
cell cycle was analyzed by measuring DNA content, using 
a ZE5 flow cytometer (Software v2.3.03.0, Bio-Rad). After 
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analysis on the flow cytometer, FCS files were exported 
and analyzed using FlowJo software v10.5.3 (FlowJo LLC, 
Ashland, OR). G1 cell cycle results were tested for statistical 
significance with a one-way ANOVA followed by Tukey's 
multiple comparison test using GraphPad Prism v.5 software 
(GraphPad Software Inc). The gating strategy used in the cell 
cycle analysis is presented in Figure S2.

2.8 | IncuCyte imaging assay

Cells were plated in 96-well clear bottom, blacked walled 
tissue culture plates (3904, Corning) and allowed to attach 
overnight in the incubating conditions specified above. 
Cells were treated with vehicle (0.05% DMSO), 200  nM 
CGM097, 5  µM OTX015, or a combination of both drugs 
at their respective doses. All treatment groups were also 
treated with IncuCyte Caspase-3/7 Green Apoptosis Assay 
Reagent (4440, Essen Bioscience, Ann Arbor, Michigan) di-
luted to a final concentration of 5 µM. Plates were placed in 
the IncuCyte ZOOM (Essen Bioscience) and 9 images were 
taken with a 20× objective in every well, every 4 hours for 
48 hours. Using the IncuCyte ZOOM 2016B software (Essen 
Bioscience) a fluorescence threshold was set on representa-
tive images and then applied to all images within the experi-
ment allowing for unbiased quantification of fluorescence 
across all treatment groups and time points. Statistical sig-
nificance between groups was calculated using a repeated 
measures ANOVA followed by Tukey's multiple comparison 
test using GraphPad Prism v.5 software (GraphPad Software 
Inc).

2.9 | In-vivo studies

Animal studies were carried out in 6-week-old athymic female 
NU(NCr)-Foxn1nu mice (Van Andel Research Institute, Grand 
Rapids, MI). SMS-KCNR cells were resuspended in Matrigel 
(354 234, Corning) at a concentration of 20 × 106 cells/mL 
and 100 µL was injected subcutaneously into the right flank of 
40 mice (2 × 106 cells/mouse). Tumors were allowed to estab-
lish for 7 days post-injection. Tumors were measured with a 
caliper to calculate tumor volume and mice were randomized 

into four groups (10 mice/group) with similar tumor volume 
averages. Mice were treated with either vehicle (10% DMSO: 
90% polyethylene glycol 300), 70  mg/kg CGM097, 50  mg/
kg OTX015, or a combination of both drugs at their respec-
tive doses. Drug was administered by oral gavage daily for 
28 days. Mouse tumors were measured twice per week until 
the tumors reached 2000 mm3 at which point the tumors were 
measured three times per week. Mice were humanely eutha-
nized by CO2 asphyxiation and cervical dislocation as a sec-
ondary assurance of death once tumors reached the maximum 
volume of 3000 mm3. Mice were weighed daily while on drug 
treatment and once weekly once treatment was stopped. If tu-
mors ulcerated before reaching the maximum tumor volume 
they were censored from survival analysis. The experiment 
was conducted two independent times. Statistical significance 
in tumor volume between treatment groups was determined 
by the Friedman test followed by Dunn's multiple comparison 
test. Kaplan-Meier plots were analyzed by the log-rank test 
with the overall p-value and individual hazard ratios between 
treatment groups reported. Statistical tests were conducted 
using GraphPad Prism v.5 software (GraphPad Software 
Inc) All study animals were single-housed in Optimice cages 
(C79100PFF, Animal Care Systems, Centennial, CO), with 
1/8” corn cob bedding, irradiated bed nests, and diamond 
twists with diet (8940, Envigo, Huntingdon, United Kingdom) 
and reverse osmosis water offered ad libitum. Mice were 
cared for in accordance with the Guide for the Care of and 
Use of Laboratory Animals adopted by the National Institutes 
of Health and Michigan State University Institutional Animal 
Care and Use Committee guidelines (IACUC Approval No. 
XXXXX).

2.10 | Statistical analysis

All experiments were completed as three biological repli-
cates with three technical replicates each, excluding the in 
vivo studies which were completed two individual times with 
ten mice per group. Individual statistical tests for each exper-
iment can be found in the materials and methods and figure 
legends where applicable. All statistical tests were conducted 
with an α  =  0.05. All data reported in this manuscript are 
represented as Mean ± Standard Deviation.

F I G U R E  2  EC50 values and ray design combination assays for CGM097 and OTX015 after 48 hours of treatment. A, B, CalceinAM cell 
viability assay was utilized on NB cell lines treated with increasing concentrations of CGM097 and OTX015 for 48 hours to determine EC50. 
C, Ray designs combining different ratios of CGM097 and OTX015 were utilized to determine potential drug synergism after 48 hours of drug 
treatment. Graphs are representative of three independent experiments. Numbers 1-6 on each graph represent ray numbers which correspond to the 
interaction index tables. Numbers 1 and 6 are reserved for the single-agent EC50 values while numbers 2-5 represent the combination EC50 values. 
Three biological replicates were conducted with three technical replicates per biological replicate. The tables identify those with a synergistic effect 
based upon interaction indices and 95% confidence intervals below each graph
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3 |  RESULTS

3.1 | CGM097 and OTX015 combination 
treatment results in a synergistic increase in 
cell death

The purpose of the present study was to determine if the 
MDM2 inhibitor CGM097 and BET inhibitor OTX015 
would, in combination, result in a synergistic increase in NB 
cell death. Toward this end, EC50 values were determined 
using the Calcein AM fluorescent assay after 48  hours of 
treatment. NB cells with wild-type p53 and high expression 
of MYC family oncogenes (SMS-KCNR and SH-SY5Y) had 
EC50 values ranging from 0.384-0.396 µM and NB cells with 
mutated p53 and high expression of MYC family oncogenes 
(BE(2)-C and CHLA90) had EC50 values ranging from 
10.86-13.17 µM, when treated with CGM097 (Figures 1 and 
2A). Similarly, the NB cell lines used in this manuscript had 
EC50 values ranging from 17.12 to 48.20 µM when treated 
with OTX015 (Figure 2B).

Once EC50 values were established for all cell lines, ray 
design dosing schemes were statistically generated to deter-
mine if combining these drugs synergistically kills NB cells. 
The EC50 values for each ray were plotted on graphs with 
the x-axis representing the CGM097 EC50 values and the 
y-axis representing the OTX015 EC50 values (Figure  2C). 
A trend line was drawn from the single-agent EC50 values 
to represent the line of Loewe additivity. From the dose-re-
sponse curves interaction indices and their 95% confidence 
intervals were calculated to statistically determine if these 
drugs are acting synergistically across the different treatment 
rays. The EC50 values from each treatment ray consistently 
fall below the line of Loewe additivity for SMS-KCNR and 
SH-SY5Y cells, with only one interaction index for one of the 
SMS-KCNR rays not meeting the requirements to be deemed 
statistically synergistic (Figure 2C). This would suggest that 
CGM097 and OTX015 synergistically decrease viability in 
these cell lines. While some EC50 values fall below the line 
of Loewe additivity, there was only one treatment ray with 
an interaction index that was deemed statistically synergistic 
between BE(2)-C and CHLA-90, suggesting that these cell 
lines are more resistant to the combination of CGM097 and 
OTX015 (Figure 2C).

3.2 | CGM097 and OTX015 increase p53 
expression and decrease MYC family proteins, 
respectively

Protein expression for targets of interest was analyzed via 
western blots after NB cells were treated with CGM097 and 
OTX015 for 4  hours. MDM2 protein expression was sig-
nificantly increased when SMS-KCNR and SH-SY5Y cells 
were treated with CGM097, however, when the same lines 
were treated with OTX015 alone, MDM2 expression was 
almost completely abolished (Figure 3). In contrast, MDM2 
protein expression was not increased to the same extent 
with CGM097 treatment in the mutant p53 lines BE(2)-C 
and CHLA-90, but MDM2 expression did significantly 
decrease when treated with OTX015 or the combination 
in BE(2)-C cells. (Figure  3). MYCN and C-MYC protein 
expression similarly decreased with OTX015 or combina-
tion treatment, in SMS-KCNR and SH-SY5Y, respectively 
(Figure  3). Interestingly, combination treatment induced 
a significant increase in p53 protein expression in SMS-
KCNR cells compared to control, while the increase in p53 
with single-agent CGM097 was not significant (Figure 3). 
Conversely, combination treatment did not induce a signifi-
cant increase in p53 protein expression in SH-SY5Y cells 
compared to control, however, the single-agent CGM097 
treated cells did experience a significant increase in p53 ex-
pression (Figure 3). p21 expression increased with CGM097 
treatment in both wild-type p53 lines, SMS-KNCR and SH-
SY5Y (Figure  3). CGM097, OTX015, nor the combina-
tion treatment had a significant effect on the expression of 
p53, p21, C-MYC or MYCN in BE(2)-C or CHLA-90 cells 
(Figure 3). Uncropped western blots for the bands used in 
Figure 3 are presented in Figure S1.

3.3 | OTX015 alone and in combination 
causes a G1 arrest in NB

Induction of the p53-p21 pathway can lead to a G1 cell cycle 
arrest in mammalian cells.20 Given the induction of both p53 
and p21 in SMS-KCNR and SH-SY5Y cells at early time 
points with CGM097 treatment, we next analyzed NB cell 
lines for cell cycle arrest using flow cytometry after 24 hours 

F I G U R E  3  Western blot analysis shows increase in p53 protein expression and decrease in MYC family protein expression. A, SMS-KCNR, 
SH-SY5Y, BE(2)-C, and CHLA-90 cells were untreated, treated with vehicle, 200 nM CGM097, 5 µM OTX015, or a combination of both drugs 
and analyzed via western blot. Two blots were used per replicate due to conflicting molecular weights amongst targets. The letters between 
blots indicate which targets correspond to which β-Actin band. B, Individual bands from three biological replicates were background reduced, 
normalized to their own β-Actin control and then normalized to UT control. Data in graphs are represented as Mean ± SD. Red circles represent 
the result from each biological replicate performed. Data were analyzed by a one-way ANOVA followed by Tukey's multiple comparison test. Blot 
images were cropped for clarity. n.d., Not detected, UT, Untreated, VH, Vehicle, and X = Drug not given in this treatment group
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of drug treatment. SMS-KCNR and SH-SY5Y cells, ex-
pressing a wild-type p53, demonstrated a significant G1 
cell cycle arrest with single-agent OTX015 increasing the 
number of cells in G1 by 17.3% and 9.2%, respectively, and 
combination treatment increasing the number of cells in 
G1 by 16.3% and 8.3%, respectively, compared to vehicle 
(Figure  4). Interestingly, single-agent CGM097 treatment 
did not induce a significant G1 arrest in SMS-KCNR or SH-
SY5Y cells, only increasing the number of cells in G1 by 
3.9% and 6.1%, respectively, compared to vehicle (Figure 4). 
Similarly, BE(2)-C and CHLA-90 cells, harboring non-func-
tional p53 proteins, only saw a significant increase in G1 
cell cycle arrest when treated with OTX015, increasing the 
number of cells in G1 by 36% and 14.1%, respectively, and 
the combination treatment, increasing the number of cells in 
G1 by 35.6% and 16.3%, respectively, compared to vehicle 
(Figure 4).

3.4 | CGM097 and OTX015 combination 
treatment results in a greater induction of 
caspase-3/7 activity

Activation of p53 is known to facilitate the induction of apop-
tosis, which is carried out by a cascade of caspase proteins.20 
Therefore, we next directly measured caspase protein activ-
ity, using the IncuCyte ZOOM imaging system. Functional 
caspase activity was kinetically monitored as a measure of 
the induction of apoptosis in NB cell lines after treatment 
with single-agent or a combination of CGM097 and OTX015. 
When treated with a combination of both drugs, SMS-KCNR 
and SH-SY5Y exhibited pronounced increases in activated 
caspase-3/7, as well as a quicker induction of caspase activity, 
compared to those cell lines treated with single-agent alone 
(Figure 5). In most cell lines caspase 3/7 activity reached its 
maximum threshold at 32 hours, at which point the combina-
tion treatment had roughly a 1.8-fold increase in caspase-3/7 
compared to single-agent treatment in SMS-KCNR and 
SH-SY5Y (Figure 5B). In contrast, BE(2)-C and CHLA-90 
were shown to have no statistical difference in the level of 
caspase-3/7 activation when treated with OTX015 alone or 
in combination with CGM097 (Figure  5B,C). The combi-
nation and OTX015 groups had roughly a 3.3- and 2.3-fold 
increase in caspase-3/7 expression compared to single-agent 

CGM097 treatment in BE(2)-C and CHLA-90, respectively, 
after 32 hours of treatment (Figure 5B).

3.5 | Treatment of NB xenograft mice with 
CGM097 and OTX015 in combination results 
in a significant delay in tumor growth and a 
significant increase in prolonging survival

Our in vitro data led us to examine whether the combi-
nation of OTX015 and CGM097 is a viable co-therapy 
in-vivo. Toward this end, we utilized MYCN-amplified 
SMS-KCNR cells to model high-risk disease that involves 
both increased MYC family expression and wild-type p53 
expression. SMS-KCNR cells were subsequently injected 
into the right flank of nude mice. At the time of drug with-
drawal (28  days after first treatment) the mice receiving 
the combination of CGM097 and OTX015 had an ap-
proximately 3.5 and 2.5 fold reduction in tumor volume 
compared to mice receiving vehicle or single-agent alone, 
respectively (Figure  6A). The combination of drugs was 
also more effective in prolonging survival of the mice in 
these studies compared to single-agent alone or vehicle 
(Figure 6B,C). Furthermore, there were no signs of weight 
loss or other toxicities in any treatment regimen given to 
the mice in these experiments (data not shown).

4 |  DISCUSSION

This study demonstrates that the combination of the MDM2 
inhibitor CGM097 and the BET inhibitor OTX015 has the 
potential to be synergistically cytotoxic to NB cells express-
ing a wild-type p53 protein. This is an important finding 
as CGM097 and OTX015 target the MDM2 and C-MYC/
MYCN pathways respectively, and these pathways result in 
an unfavorable prognosis in NB when they are highly ac-
tive.6,32 Some groups have utilized other BET inhibitors in 
NB, and it has been shown that the effects of BET inhibition 
are closely mimicked by shRNA knock down of MYCN, sug-
gesting that this may be the mechanism by which OTX015 is 
cytotoxic to NB cells.13 Together, our data further implicate 
MDM2, MYC, and MYCN as viable drug targets in multiple 
NB cell lines.

F I G U R E  4  OTX015 alone and in combination induces G1 arrest in NB cells. A, Histogram plots reporting cell cycle analysis for SH-SY5Y, 
BE(2)-C, and CHLA-90 cells after treatment with vehicle (VH), 200 nM CGM097, 5 µM OTX015, or a combination of both drugs. B, Graphic 
representation of the percentage of cells in the G1 phase of the cell cycle with treatment. Red circles represent the average from each biological 
replicate. C, Table displaying the complete cell cycle analysis for all cell lines. Cell cycle histograms are representative of three independent 
experiments. Three biological replicates were conducted with three technical replicates per biological replicate. Statistical comparisons were made 
only on G1 data. Data in graphs are represented as Mean ± SD from three independent experiments and the table lists the mean values of cell cycle 
percentage from all three independent experiments. Data were analyzed by a one-way ANOVA followed by Tukey's multiple comparison test
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Our data demonstrate that NB cells with a mutated p53 
(CHLA90 and BE(2)-C) are resistant to the MDM2 inhib-
itor CGM097, relative to wild-type p53 cell lines (SMS-
KCNR and SH-SY5Y), (Figure 2). Although a few EC50 
values are below the line of Loewe additivity in the ray de-
sign analysis for BE(2)-C and CHLA-90, these are not con-
sidered statistically synergistic according to our analysis 
(Figure 2C). Additionally, the concentration of drug neces-
sary to achieve synergy at those data points is substantially 
larger than those observed in SMS-KCNR and SH-SY5Y 
cell lines, which express a wild-type p53. It is also plausi-
ble that the one statistically significant EC50 value in the 
CHLA-90 cell line may be due to interactions of MDM2 
with proteins other than p53, which has been reported.33 
Conversely, SMS-KCNR and SH-SY5Y cells expressing a 
wild-type p53 displayed a synergistic increase in cell death 
when treated with the combination of drugs (Figure 2C), 
suggesting that this observation may be at least in part due 
to p53 signaling.

Previous work has shown that NB cells with MYCN am-
plification are more sensitive to MDM2 inhibitors, poten-
tially due to the known MDM2-MYCN-p53 interaction.16 
Here we demonstrate that SH-SY5Y, a cell line overex-
pressing C-MYC, but with no MYCN expression, is sensi-
tive to CGM097, suggesting that MYCN status may not be 
the only indicator of sensitivity of NB cells with wild-type 
p53 to MDM2 inhibition (Figure 2A,C). It is worth noting 
that C-MYC is not amplified in SH-SY5Y cells but rather 
it is overexpressed due to a super-enhancer translocation 
downstream of the C-MYC transcriptional start site.34

p53 protein expression was significantly increased in the 
combination treatment in SMS-KCNR compared to control, 
but not in SH-SY5Y, the other p53 wild-type cell line used 
in this manuscript (Figure 3B). This was surprising due to 
the similar apoptotic responses demonstrated in our IncuCyte 
experiments by both SMS-KCNR and SH-SY5Y cells when 
treated with the combination of CGM097 and OTX015 
(Figure 5). Though the lack of p53 induction in combination 
treated SH-SY5Y cells compared to single-agent CGM097 
treated cells is surprising, the level of p53 expression in the 
combination treated cells may be adequate to mediate its 
downstream effects. In single-agent CGM097 treated SH-
SY5Y cells, the overexpression of MYC family proteins may 
alter the p53 response, as has been previously reported.27 
MDM2 protein expression increased with CGM097 treat-
ment in SMS-KCNR and SH-SY5Y, which is not entirely 

unexpected as increased p53 expression induces MDM2 in a 
negative feedback loop, which has been observed in the liter-
ature.18-20 This is further evidenced by the failure of CGM097 
to elicit the same increase in MDM2 protein in the p53 mu-
tant cells (Figure 3).18-21 Additionally, single-agent OTX015 
treatment decreased the protein expression of MDM2 more 
than the combination treatment without a subsequent in-
crease in p53 expression (Figure 3). This was unexpected as 
one would anticipate a decrease in MDM2 protein expression 
to correlate with an increase in p53 expression, as this follows 
the canonical pathway of p53 regulation. However, our RNA 
expression data demonstrate that MDM2 transcript is present 
at extremely high levels in these cell lines (Figure 1). Since 
basal MDM2 expression is at such high levels it is reasonable 
to hypothesize that there is still enough of the MDM2 protein 
after OTX015 treatment to maintain its inhibitory effect on 
p53 (Figures 1 & 3). Additional mechanistic studies will need 
to be performed to elucidate the exact means by which this 
combination is synergistic, as the interactions between these 
drugs may be more complicated than the mechanism we pro-
pose (Figure 7).

One functional endpoint of p53 activity is cell cycle ar-
rest, often prior to the induction of apoptosis. Interestingly, 
only treatment with OTX015 or combination in SMS-
KCNR and SH-SY5Y demonstrated a pronounced arrest in 
the transition from G1 to S phase in these cells compared 
to vehicle. This suggests that OTX015 can induce a cyto-
static effect, while the p53 response in CGM097 primar-
ily induces cell death in NB cells (Figures 4 and 5). It is 
reasonable to suggest that the downregulation of C-MYC/
MYCN may be responsible for the G1 arrest since MYC 
family proteins are potent mitogens and there was no in-
duction of p21 or p53 with OTX015 treatment in the p53 
wild-type cell lines.35,36 While p21 expression is generally 
associated with cell cycle arrest there is evidence of p21 
induction leading to apoptosis in both p53-dependent and 
-independent mechanisms.37 This could explain the lack of 
cell cycle arrest with CGM097 treatment despite the in-
crease in p21 expression (Figures 3 and 5). Additionally, 
our analysis of cell cycle demonstrates a lack of cells in 
Sub G1, suggesting no decrease in viability, however, this 
experiment was conducted after 24  hours of drug treat-
ment. While our IncuCyte data does suggest this is enough 
time to induce caspase-3/7, it is potentially not enough time 
for the cells to complete the process of apoptosis and cleave 
genomic DNA (Figures 4 and 5).

F I G U R E  5  IncuCyte ZOOM analysis of caspase-3/7 activity with single-agent or combination treatment over time. A, Representative images 
of caspase-3/7 induction at 48 hours. Images were taken with a 20× objective. B, Graphic representation of the amount of caspase-3/7 induction 
per well with vehicle (VH), single-agent (200 nM CGM097, 5 µM OTX015) or combination treatment over time. Three biological replicates 
were conducted with three technical replicates per biological replicate. Data are represented as Mean ± SD. C, Data were analyzed by a repeated 
measure ANOVA followed by Tukey's multiple comparison test. * = statistical significance vs VH, † = statistical significance vs CGM097, and # 
= statistical significance vs OTX015. ns, not significant
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BE(2)-C and CHLA-90 cells demonstrated a G1 cell 
cycle arrest and induction in apoptosis but only when 
treated with the BET inhibitor OTX015, and this effect was 
not altered by the addition of CGM097 (Figures 4 and 5). 
This effect was expected as these cells harbor a mutated 
p53 and are resistant to CGM097 at the concentrations uti-
lized in this study. The G1 arrest in these cells could be due 
to the increase in p21 protein expression which must be 
induced by p53-independent mechanisms, as demonstrated 
in other models (Figure 3).38 This p21 response in BE(2)-C 
and CHLA-90 would be in contrast to the p21 response 
we propose in SMS-KCNR and SH-SY5Y, which could be 
explained by the different mutation status of p53 in these 
cell lines (Figure 1). It is worth noting that while OTX015 
and combination treatment did increase the protein expres-
sion of p21, this increase was not statistically significant 
(Figure  3B). Like CGM097, Be(2)-C and CHLA-90 are 
similarly more resistant to OTX015 when compared to SH-
SY5Y and SMS-KCNR (Figure 2B). Although unexpected, 
this may be due to an increase in p21, which previous stud-
ies have shown to act as a suppressor of apoptosis in the ab-
sence of p53.39 Notably, the G1 arrest is more pronounced 
in SMS-KCNR and BE(2)-C compared to SH-SY5Y and 
CHLA-90 (Figure 4). This is most likely due to the high 

percentage of SH-SY5Y and CHLA-90 cells in the G1 
phase at baseline compared to SMS-KCNR and BE(2)-C, 
which divide more rapidly (Figure 4).

Using nude mice bearing SMS-KCNR xenografts, our in 
vivo approach further demonstrated that combination treat-
ment with CGM097 and OTX015 potentiate an anti-tumor 
effect. The mice receiving combination treatment not only 
had significantly smaller tumor volumes over the course of 
the studies but also had a pronounced increase in time-to-
event (Figure 6A,B). These data demonstrate that the com-
bination of the two drugs utilized in this study both slows 
tumor growth and prolongs life in vivo. Additionally, the 
mice receiving single-agent or combination treatment experi-
enced no adverse events or weight loss compared to the con-
trol group (data not shown). This suggests that the maximum 
tolerated doses for these drugs were not met in these stud-
ies, providing opportunity for a larger treatment effect with 
higher doses of these compounds. Even with the success of 
the combination in vivo, all the mice in the study eventually 
met the maximum tumor volume and had to be euthanized 
which could be due to using a sub-maximal dose and remov-
ing the drug after 28 days of treatment.

The goal of the present study was to determine if the 
combination of the MDM2 inhibitor CGM097 and the BET 

F I G U R E  6  Combination treatment significantly reduces tumor volume and increases time-to-event. SMS-KCNR xenograft mice were treated 
with vehicle (VH), 70 mg/kg CGM097, 50 mg/kg OTX015, or a combination of both drugs every day for 28 days. A, Tumor volume over time 
graph for SMS-KCNR xenograft mice treated with vehicle, 70 mg/kg CGM097, 50 mg/kg OTX015, or a combination of both drugs. Data are 
represented as Mean ± SD. Data were analyzed by the Friedman test followed by Dunn's multiple comparison test. B, Kaplan-Meier time-to-event 
graph for the mice corresponding to the tumor volume graph. Arrows represent end of treatment. C, Kaplan-Meier plots were analyzed by a log-
rank test. The significance of the overall test was P < .0001 and the individual hazard ratios for each treatment group with their 95% confidence 
intervals are displayed. The experiment was conducted twice with 10 mice per group in each experiment
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inhibitor OTX015 could synergistically induce cell death in 
NB cell lines. Our data demonstrate that this drug combi-
nation is effective in NB cells with a functional p53. These 
data further support the importance of the roles that C-MYC/
MYCN and MDM2/p53 pathways play in NB. This com-
bination of drugs may offer a new therapeutic approach to 
the treatment of NB patients, especially in high-risk patients 
where MYC family oncogenes have been shown to have a 
greater role in disease. Although the current data suggest 
that the hypothesized mechanism may play at least a partial 
role in the described endpoints, it is largely limited by a need 
for further mechanistic studies. As such, additional experi-
ments are needed to be to determine the mechanism by which 
CGM097 and OTX015 treatment results in synergistic cell 
death and prolonged survival in the models presented.
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