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Abstract

Venetoclax is a small molecule inhibitor of the pro-survival protein BCL-2 that has gained market 

approval in BCL-2 dependent hematological cancers such as chronic lymphocytic leukemia (CLL) 

and acute myeloid leukemia (AML). Neuroblastoma (NB) is a heterogenous pediatric cancer 

with a five-year survival rate of less than 50% for high-risk patients, which include nearly 

all cases with amplified MYCN. We have previously demonstrated that venetoclax is active 

in MYCN-amplified NB but has limited single-agent activity in most models, presumably the 

result of other pro-survival BCL-2 family protein expression or insufficient pro-death protein 

mobilization. As the relative tolerability of venetoclax makes it amenable to co-dosing with other 

therapies, we evaluated the sensitivity of MYCN-amplified NB models to rational combinations 

of venetoclax with agents that have both mechanistic complementarity as well as active clinical 

programs. First, MDM2 inhibitor NVP-CGM097 induces an increase in the pro-death BH3-only 

protein NOXA to sensitize p53-wild-type, MYCN-amplified NBs to venetoclax. Second, the 
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MCL1 inhibitor S63845 sensitizes MYCN-amplified NB through direct neutralization of MCL-1, 

which induces marked synergistic cell killing when combined with BCL-2 inhibition. Lastly, the 

standard of care drug cocktail cyclophosphamide and topotecan reduces the apoptotic threshold 

of NB, thus setting the stage for robust combination efficacy with venetoclax. In all cases, these 

rational combinations translated to in vivo tumor regressions in MYCN-amplified PDX models. 

Venetoclax is currently being evaluated in pediatric patients in the clinic, including those with 

neuroblastoma (NCT03236857). While establishment of safety is still ongoing in this population, 

the data disclosed herein indicate rational and clinically actionable combination strategies that 

could potentiate the activity of venetoclax in MYCN-amplified NB patients.
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Introduction

MYCN-amplified neuroblastoma (NB) is often fatal and comprises roughly one quarter 

of all NBs (1). Outcomes for patients with MYCN-amplified tumors continue to be poor 

despite recent immunotherapy advances with the anti-GD2 antibody dinutuximab (2). 

Chemotherapy, including topotecan and cyclophosphamide, is the standard of care first-line 

treatment (3). However, relapse for MYCN-amplified NBs are common, and outside of a 

subset of tumors with ALK mutations (4), kinase inhibitor-sensitizing alterations are rare, 

underlining the need for new therapeutic approaches (5, 6). We along with others have 

demonstrated that while MYCN is a potent oncogene in NB (7), its propensity to prime cells 

for apoptosis creates treatment opportunities unique to this subset of the disease (8-11).

The BCL-2 inhibitor venetoclax is FDA-approved in chronic lymphocytic leukemia (CLL) 

(12) and AML, and has demonstrated impressive clinical activity in other blood cancers 

such as multiple myeloma (13). The relative tolerability of venetoclax makes it an attractive 

target for combination therapies, where it is currently being explored in a number of clinical 

trials (14, 15). Indeed, combination of venetoclax with either the BTK inhibitor ibrutinib 

(17) or the anti-CD20 antibody obinutuzumab (18) have demonstrated potent efficacy and 

tolerability in CLL (16), including elderly patients with co-existing health conditions (17). 

In the pediatric population, venetoclax is currently being evaluated in phase I trials, which 

include both blood cancers and NB (NCT03236857). While unexpected toxicities in the 

pediatric population cannot be ruled out, venetoclax will likely be tolerable to use in diverse 

combination therapy strategies in the NB setting.

The BCL-2 family of proteins governs intrinsic apoptosis largely at the mitochondria. Here, 

a balance of pro-survival (e.g., BCL-2, BCL-xL and MCL-1), and pro-death proteins interact 

to influence cellular outcome (18). The latter subset of proteins are subdivided into two 

groups; the BH3-only pro-death members (e.g., BIM, NOXA, PUMA), and the terminal 

effector molecules (BAK and BAX) which disrupt mitochondrial pores when activated 

(18). Hogarty and colleagues first demonstrated that models of NB have a dependence on 

the pro-survival BCL-2 family proteins, thus presenting a potential vulnerability to small 
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molecule inhibitors targeting BCL-2, BCL-xL, or MCL-1 (8, 19-23). For instance, in an 

unbiased drug screen of the dual BCL-2/BCL-xL inhibitor navitoclax against ~800 solid 

tumor cell lines, we found MYCN-amplified NB collectively made up the most sensitive 

subset (8). Importantly, in a follow-up screen with venetoclax, we found a similar response 

profile, with over 30% of MYCN-amplified NB demonstrating single-agent sensitivity; (24). 

This sensitivity to venetoclax is realized, at least in part, because amplified MYCN binds 

to and upregulates PMAIP1 (NOXA), a BH3-only protein and venetoclax sensitizer (8). 

However, the majority of MYCN-amplified NBs still require additional therapy to unleash 

the potential of venetoclax to kill these tumors.

We have previously demonstrated that certain agents enhance venetoclax activity in models 

of MYCN-amplified NBs (8, 23), however, these agents are either not in active clinical trials 

or do not show sufficient anti-tumor efficacy in NB (25). We were therefore interested in 

identifying more clinically viable combinations that could rationally modulate the BCL-2 

family of proteins in MYCN-amplified NB, thus decreasing the apoptotic threshold to 

venetoclax and providing a potential and novel treatment option in this patient population.

Materials and Methods

Cell lines

The neuroblastoma cell lines IMR5, SIMA, SMS-SAN, LAN-5, NB-1643, SK-N-AS, 

SK-N-BE(2), SK-N-DZ, SK-N-SH, 293T, and KELLY were from the Molecular Center 

Therapeutics Laboratory at Massachusetts General Hospital, which performs routine testing 

of cell lines by single-nucleotide polymorphism and short tandem repeat analysis. The 

NB-EBc1 and SK-N-FI cell lines were provided by the Children’s Hospital of Pennsylvania 

(Y. Mossé). COG-N-415, COG-N-496, COG-N-561, CHLA-20, CHLA-90, CHLA-119, 

CHLA-297 and CHLA-172 were obtained from the Children’s Oncology Group (COG) Cell 

Culture and Xenograft Repository. MRC-5 was obtained from the Japanese Cell Research 

Bank (Osaka, Japan). HCE-T was obtained from RIKEN BioResource Center (Tsukuba, 

Japan). The NB-EBc1 and 293T cell lines were cultured in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The SK-N-AS, SK-

N-BE(2), SK-N-SH, SK-N-DZ, IMR-5, HCE-T, and SK-N-FI cell lines were cultured in 

DMEM/F12 (50:50) supplemented with 10% FBS. The SIMA, KELLY, NB-1643, LAN-5, 

and SMS-SAN cell lines were cultured in RPMI 1640 supplemented with 10% FBS. The 

CHLA-20, CHLA-90, CHLA-119, CHLA-297, and CHLA-172 cell lines were cultured in 

DMEM supplemented with 20% FBS and 1× insulin-transferrin-selenium (ITS; Thermo 

Fisher Scientific, catalog #41400045). The COG-N-415, COG-N-561, and COG-N-496 cell 

lines were cultured in Iscove’s modified Dulbecco’s medium supplemented with 20% FBS 

and 1× ITS.

Drugs

Venetoclax was provided by AbbVie. NVP-CGM097 and S63845 were provided by 

ChemieTek. Cyclophosphamide and topotecan were from Sigma-Aldrich.
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Western blotting

Cells were lysed with lysis buffer (20mM Tris, 150mM NaCl, 1% NP-40, 1 mM EDTA, 

1mM EGTA, 10% glycerol, and protease and phosphatase inhibitors), incubated on ice 

for 10 min and centrifuged at 10,500 rpm for 10 min at 4 °C. Equal amounts of the 

detergent-soluble lysates were resolved using the NuPAGE® Novex® Midi Gel system 

on 4% to 12% Bis-Tris Gels (Invitrogen), transferred to PVDF membranes (PerkinElmer) 

in between 6 pieces of Whatman paper (Fisher Scientific) set in transfer buffer from 

Bio-Rad Laboratories with 20% methanol, and following transfer and blocking in 5% 

non-fat milk in PBS, probed overnight with the antibodies listed below. Chemiluminescence 

was detected with the Syngene G: Box camera (Synoptics). Antibodies were used at a 

dilution of 1:1000 in 5% BSA-TBST are as follows: from Cell Signaling Technologies, 

PUMA (catalog #4976S), NOXA (catalog #14766S), cleaved caspase-3 (catalog #9661), p53 

(catalog #2527S), cleaved PARP (catalog #5625); from Santa Cruz Biotechnology, GAPDH 

(catalog #sc-32233).

Cell viability

Neuroblastoma cells were seeded in quadruplicate in 96-well microtiter plates at a 

concentration of 4 × 103 cells per well in 180 μl of growth medium and after 24h, cells 

were treated with drug for 16h or cells were seeded at a concentration of 2 × 103 cells per 

well and after 24h, cells were treated with drug for 72h. Cell viability was measured by the 

CellTiter-Glo protocol per the manufacturer (Promega).

Bliss Independence Model

We utilized a Bliss independence model to determine whether there was synergy between 

the drugs investigated. The Bliss expectation was calculated as: (A+B) A*B, where A is 

the fractional growth inhibition induced by drug 1, and B is the fractional growth inhibition 

induced by drug 2, in the respected drug combinations. The Bliss excess is demonstrated 

for each datum as the difference between the Bliss expectation and the observed growth 

inhibition induced by each combination (26, 27). The total Bliss sum was calculated by the 

summation of the bliss scores at the drug concentrations shown.

Crystal violet

Cells were seeded at 5 × 104 cells per well in a six-well dish and treated the following day 

with drug. Five or six days later, when untreated cells reached confluency, cells were stained 

with 0.1% crystal violet (Sigma-Aldrich).

FACS apoptosis

Cells were seeded at 1 × 105 cells per well in a six-well plate. After 24h post seeding, 

cells were treated with drug for 16h. Cells were stained with propidium iodide and annexin 

V–Cy5 (BD Biosciences) and assayed on a Guava easyCyte flow cytometer (Millipore 

Sigma). Analysis was performed using FlowJo by separating the measured cells into four 

quadrants, and cells within annexin V–positive and annexin V/propidium iodide–double 

positive quadrants were counted as apoptotic.
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Statistical analyses

Biological triplicates were used unless explicitly stated otherwise. Statistical analyses 

were performed using one-way analysis of variance (ANOVA). Results were considered 

significant when P < 0.05.

Xenograft and patient-derived xenograft models

COG-N-561x and COG-N-415x PDX models from Children’s Oncology Group (COG) Cell 

Culture and Xenograft Repository were injected into female NOD-SCID-gamma (NSG) 

mice at 5 × 105 cells per mouse using a 1:1 ratio of cells/Matrigel (Corning, catalog 

#354248). These mice were randomized when they reached an average tumor size of 170 

mm3, with cohorts being five controls, five NVP-CGM097 treated, five venetoclax treated 

and five combination treated. NVP-CGM097 (50mg/kg) and venetoclax (100 mg/kg) were 

delivered by oral gavage (100 μl; 60% PHOSAL 50PG, 30% PEG-400, 10% ethanol) 5 

days/week. The COG-N-415x PDX model was also injected into female NSG mice at 4.5 

× 105 cells per flank, with both flanks being injected, using a 1:1 ratio of cells/Matrigel. 

Mice were randomized when they reached an average tumor size of 180 mm3, with cohorts 

being four controls, four S63845 treated, four venetoclax treated, and four combination 

treated. S63845 (25mg/kg) was delivered via tail vein injection (100ul; 25mM HCl, 20% 

2-hydroxy propyl-β-cyclo dextrin) 2 days/week, and venetoclax (100mg/kg) was delivered 

by oral gavage (200 μl; 60% PHOSAL 50PG, 30% PEG-400, 10% ethanol) 5 days/week. 

All animal experiments were approved by the Virginia Commonwealth University (VCU) 

Institutional Animal Care and Use Committee (protocol #AD10001048).

COG-N-453x and COG-N-424x PDX models and NB-1643CRX xenograft model were 

implanted subcutaneously into the right flank of female CB17 SCID mice. When the tumors 

reached an average size of 200mm3, the mice were randomized with cohorts being ten 

vehicles treated, ten chemotherapy (cyclophosphamide plus topotecan, cyclo/topo) treated, 

ten venetoclax treated, and ten combination treated. Vehicle mice received the solvent for all 

drugs according to their respective drug routes and schedules. Venetoclax (100 mg/kg) was 

delivered by oral gavage (60% PHOSAL 50PG, 30% PEG-400, 10% ethanol) 7 days/week. 

Topotecan (0.5 mg/kg) and cyclophosphamide (20 mg/kg) were delivered by intraperitoneal 

injection according to the following schedule: 5 days on treatment, 16 days off treatment, 

cycle resumed on day 21. Mice were weighed and tumors were measured, using a digital 

caliper, twice a week during the treatment period. All animal studies were approved by The 

Children’s Hospital of Philadelphia IACUC (protocol # 2012-5-643).

Lentivirus production

The lentiviral short-hairpin RNA (shRNA)-expressing constructs NOXA and PUMA were 

purchased from Sigma. The constructs were transfected into 293T packaging cells along 

with the packaging plasmids pMD2.G and psPAX2 (Addgene) and the lentivirus-containing 

supernatants were used to transduce the NB cells IMR5, SIMA, and SMS-SAN. The pMXs-

hu-N-Myc (28) was from Shinya Yamanaka (Addgene plasmid #50772), which was cloned 

into the pLENTI backbone to form pLENTI-MYCN.
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siRNA

NOXA siRNA (cat. #L-005275-00-0005) and scramble (siSCR) control siRNA 

(cat. #D-001810-10-20) were purchased from Dharmacon. Lipofectamine RNAiMAX 

Transfection Reagent (ThermoFisher Scientific) was used to produce the knockdown cells 

with 50 nmol/L of siRNAs, following the manufacturer's protocol.

Results

MDM2 inhibitors increase the BH3-only pro-death protein NOXA and potentiate venetoclax 
cell killing in MYCN-amplified NB

NB tumors, even in the relapsed population, are wild-type for p53 in >90% of cases (5, 

6). MDM2 is a direct transcriptional target of MYCN (29), and MDM2 inhibition has 

been demonstrated to increase the expression of p53 targets in MDM2 expressing cancers, 

including the BH3-only proteins NOXA and PUMA (30). We hypothesized that MDM2 

inhibition (with NVP-CGM097) would synergize with venetoclax in MYCN-amplified, p53-

wild-type NB, through increased NOXA and/or PUMA expression. To test this hypothesis, 

we first evaluated the ability of NVP-CGM097 to sensitize NBs to venetoclax. To do 

this, we used the Bliss synergy (excess over the bliss) scores. The Bliss score is the 

difference between the calculated inhibition value if the two agents act independently and 

the observed combined inhibition values. Positive Bliss scores indicate synergy. We first 

performed viability assays over 16h; consistent with the sensitivity of MYCN-amplified NBs 

to venetoclax (8, 31), the combination showed synergistic killing of MYCN-amplified/p53-

wild-type NB cell lines compared to the other genotypes (MYCN-WT/p53-WT, MYCN-

WT/p53-mutant, MYCN-amp/p53 mutant) (Figs. 1A-B and Sup. Fig. 1). As expected, the 

efficacy of MDM2 inhibition was ablated in p53 mutant NB, regardless of MYCN status 

(Fig. 1A and Sup. Fig. 1). The kinetics of cell death were rapid, where just 16h of drug 

exposure was sufficient for the combination to induce >50% apoptosis in three of the 

four MYCN-amplified p53-wild-type cell lines investigated (Fig. 1C). We next confirmed 

apoptosis as a key mechanism of enhanced sensitivity to venetoclax in the MYCN-amplified 

NBs (Fig. 1D). Demonstrating causality of amplified MYCN, we found expression of 

exogenous MYCN in the RPE.1 neural crest cell line resulted in increased apoptosis and 

decreased cell viability to the NVP-CGM097/venetoclax combination compared to GFP 

expressing RPE.1 control cells (32) (Fig. 1E). Overall, these data demonstrate that NVP-

CGM097 enhances the apoptotic potential of MYCN-amplified NB, and that amplified 

MYCN plays a causal role in the efficacy of venetoclax plus NVP-CGM097 (8, 31).

We next sought to determine the mechanistic basis for sensitization. We found that 

the p53 targets PUMA and NOXA were increased following NVP-CGM097 treatment, 

indicating activation of the p53 apoptotic pathway (8, 19, 23, 33, 34) (Fig. 2A). We 

next asked whether the induction of PUMA and NOXA was important for NVP-CGM097 

potentiation of venetoclax activity. Interestingly, while knockdown of PUMA had little to 

no effect on combination efficacy, knockdown of NOXA led to a four-fold decrease in 

the combination activity across two MYCN-amplified NB models (Figs. 2B-F), which led 

to a decrease in the cleavage of PARP (Fig. 2G, Fig. 2H). These data demonstrate that 

NOXA mediates the efficacy of MDM2 inhibitor/venetoclax combination (Figs. 2B-H). 

Dalton et al. Page 6

Mol Cancer Ther. Author manuscript; available in PMC 2023 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While our data demonstrate an increased sensitivity of MYCN-amplified/p53-wild-type NB 

to the venetoclax-based combination, we wanted to further evaluate the potential therapeutic 

window. Thus, we treated three normal-tissue derived cells (all with wild-type p53) with 

the combination for 72h. Despite activity of NVP-CGM097 in the MRC-5 fibroblast cells 

derived from lung (34), no synergistic activity of the two drugs together was observed in 

any of the three normal-tissue derived cells tested (Fig. 2I). Altogether, these data imply 

MDM2i/venetoclax may have a therapeutic window in MYCN-amplified NB.

MDM2 inhibitors combine with venetoclax to inhibit tumor growth in MYCN-amplified NB 
PDX models

We next evaluated whether NVP-CGM097 could sensitize MYCN-amplified patient-derived 

xenograft (PDX) models to venetoclax. We chose two MYCN-amplified NB PDX models 

which had corresponding ex vivo cell cultures: the COG-N-561x and the COG-N-415x, 

the latter of which was established from a patient following chemotherapy relapse (32). 

Evaluation of the cell cultures of these two models demonstrated a strong ability of 1μM of 

NVP-CGM-097 to sensitize to venetoclax (Fig. 3A) and synergistic activity across several 

doses of each drug (Fig. 3B).

As the combination of MDM2 inhibition and venetoclax has reached clinical testing (e.g. 

NCT04029688), we sought to investigate activity of the combination in vivo. Mice were 

treated with 50mg/kg of NVP-CGM097, 100 mg/kg of venetoclax, or both on a schedule 

of 5 days/week for two weeks. Consistent with our previous studies (8, 23), venetoclax had 

limited single agent activity in vivo in both the COG-N-415x and COG-N-561x models 

(Figs. 3C-F). Similarly, single-agent NVP-CGM097 had only a modest effect in slowing the 

growth of the tumors; in contrast, the combination was sufficient to shrink tumors in both 

models (Figs. 3C-F). In particular, the COG-N-561x tumors remained dormant for nearly 

two weeks without any regrowth following cessation of therapy (Figs. 3C-D). Analyses 

of the signaling changes in the COG-N-561 ex vivo cells demonstrated cleavage of PARP 

with corresponding NOXA upregulation (Sup. Fig. 2A). Together, these data indicate that 

NVP-CGM097 sensitizes venetoclax in PDX models of MYCN-amplified NB and overall, 

presents a compelling combination therapy strategy in this subset of NB.

Standard induction chemotherapy cyclophosphamide and topotecan sensitizes MYCN-
amplified neuroblastoma to venetoclax

Various chemotherapy regimens have been shown to potentiate the activity of venetoclax 

by lowering of the apoptotic threshold, with cancers closer to this threshold being 

most sensitive to the corresponding combinations (35). To extend this observation to 

models of NB, we tested standard of care chemotherapies in the presence of venetoclax. 

Cyclophosphamide (DNA crosslinker) and topotecan (DNA intercalator) are components of 

induction chemotherapy and combine to target the ability and fidelity of DNA replication. 

Viability assays conducted attested to the combination having the greatest synergistic 

activity in MYCN-amplified NB cell lines (Fig. 4A and Sup. Fig. 3). Additionally, the 

combination of cyclophosphamide, topotecan (cyclo/topo) and venetoclax induced marked 

cell death at early time points post treatment where cell death was not evident by either 

the chemotherapy cocktail or venetoclax administered alone (Fig. 4B). The knockdown of 

Dalton et al. Page 7

Mol Cancer Ther. Author manuscript; available in PMC 2023 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04029688


NOXA in the IMR5 and SIMA cell lines was shown to protect the cells from the loss of cell 

viability (Fig. 4C) and apoptosis (Fig. 4D).

We next evaluated the chemotherapy combination with venetoclax in vivo. We observed 

increased efficacy of cyclo/topo plus venetoclax in three models: two MYCN-amplified 

PDX models, COG-N-453x and COG-N-424x, and the MYCN-amplified, ALK mutant 

NB-1643CRX xenograft model that developed resistance to crizotinib upon continuous in 
vivo treatment (36). As anticipated from previous studies (8, 23), venetoclax had limited 

activity as a single therapy (Fig. 4E). Interestingly, this included the NB-1643CRX model; 

the parent line from which it is derived (NB-1643) has an ALK sensitizing mutation 

(R1275Q) and is one of the limited MYCN-amplified NB models that has marked sensitivity 

to venetoclax in vivo as a monotherapy (8). Therefore, the resistance of NB1643CRX 

suggests cross-resistance to venetoclax was developed in this model.

The cyclo/topo cocktail showed robust initial activity across all three models, however 

regrowth occurred during treatment in both the COG-N-453x and COG-N-424x models. 

In each case the addition of venetoclax was sufficient to suppress this regrowth, which 

continued throughout the treatment period. The chemotherapy cocktail showed marked 

regression in the NB-1643CRX model that continues throughout treatment, with regrowth 

occurring rapidly upon cessation of therapy. The combination of venetoclax extended the 

tumor regression for several weeks even after the treatment was stopped (Fig. 4E).

Moreover, despite an initial weight loss, mice in the combination group regained weight 

over the course of the study and did not show other overt signs of toxicity, suggestive 

of tolerability in patients (Sup. Fig. 4A). These data demonstrate in vivo activity, and 

suggest that the combination of cyclo/topo and venetoclax is markedly effective in crizotinib 

resistant NB.

MCL1 inhibition sensitizes MYCN-amplified neuroblastoma to venetoclax

Additional anti-apoptotic BCL-2 family members BCL-xL and MCL-1 are primarily 

responsible for resistance to venetoclax, through sequestering of pro-apoptotic BCL-2 

family members (37-40). We previously reported that BCL-xL levels are low in NB (8), thus 

suggesting that MCL-1 can protect NB models from BCL-2 inhibition. While upregulation 

of the endogenous MCL-1 inhibitor NOXA via MDM2 inhibition sensitizes NB cells to 

venetoclax (Figs. 1 and 2), direct targeting of MCL-1 with recently developed BH3 mimetics 

provides an alternative strategy for neutralizing this key pro-survival protein. To this end, 

we treated a series of MYCN-amplified NB cell lines and PDX cell cultures with increasing 

concentrations of the MCL-1 BH3 mimetic S63845 (41) in the presence or absence of 1μM 

venetoclax (Fig. 5A). These data demonstrated a considerable synergy across multiple doses 

of S63845 in these models (Fig. 5A). Western blot analyses indicated synergistic cell death 

in the combination consistent with their on-target activity (Fig. 5B). Again, knockdown 

of NOXA led to protection from the combination treatment in terms of both decreased 

cell viability (Fig. 5C) and cell death (Fig. 5D). In longer (~1 week) assays, with the 

exception of the NB-1643 cells, which were exquisitely sensitive to venetoclax alone (8), the 

combination was markedly more effective than monotherapy treatments and led to near total 

loss of cells together (Fig. 6A).
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Lastly, we evaluated the efficacy of this combination in a MYCN-amplified PDX (COG-

N-415x) model established from a patient following progression of disease/chemotherapy 

failure (Fig. 6B). Administration of venetoclax (100mg/kg/qd) (24) again had some tumor 

growth inhibition activity (as in Fig. 3D), and we also found S63845 monotherapy 

(25mg/kg, 2/week) (41) resulted in moderate tumor growth control as well, in some but 

not all tumors within each cohort. In contrast, the combination of venetoclax and S63845 

controlled the tumor growth of each of the seven tumors, with four of the seven tumors 

showing clear regression (Fig. 6C).

Discussion

We (8, 23) and others (19) have previously demonstrated that the FDA-approved venetoclax 

has increased activity in MYCN-amplified NB. More recently, our HTS of ~800 solid 

tumor cell lines sheds light on the unique sensitivity of MYCN-amplified NB to venetoclax 

among solid tumors: venetoclax single-agent activity was confined to a subset of high 

BCL-2 SCLCs and a subset of MYCN-amplified NB (24). However, insofar as preclinical 

studies provide a good indication, it appears likely the vast majority of MYCN-amplified 

NB will need rational venetoclax-based combination therapies for clinical responses. We 

have parlayed the dependency on BCL-2 through MYCN-driven NOXA expression in 

MYCN-amplified NB to find combination therapies that complimentarily modulate BCL-2 

family proteins for a greater therapeutic effect. We have uncovered multiple therapies that 

are applicable to MYCN-amplified NB patients immediately, as one combining partner 

(cyclo/topo) is part of current standard therapy, and a second (MDM2i) and a third 

combining partner (MCL1i) are in clinical trials in combination with venetoclax in several 

hematological indications (e.g. NCT03940352, NCT02670044 and NCT03797261).

In NB, the MDM2 inhibitor DS-3032b has single-agent activity in p53-wild-type NB cell 

lines in vitro, including those amplified for MYCN (42); additionally, NVP-CGM097, a 

structurally similar compound to HDM201 that is currently being evaluated in clinical 

trials, has been demonstrated to have single-agent activity in p53-wild-type NB in vitro 
yet minimal single-agent activity in vivo (43). MDM2 inhibitors have been previously 

demonstrated to possess single-agent preclinical activity in p53-wild-type neuroblastoma 

(44-48), which represent over 90% of cases even in the relapsed setting (5). In addition, 

the MDM2 inhibitor Idasanutlin (Genetech) is being combined with venetoclax in early 

phase trials for relapsed or refractory AML, and has demonstrated both tolerability 

and encouraging preliminary activity with an ORR approaching 40% (Clinical trial 

NCT02670044). Others have demonstrated the ability of venetoclax and MDM2 to 

demonstrate activity in vitro in the MYCN-amplified, p53-wild-type NB cell lines LAN5 

and SMS-KCNR; the authors also observed upregulation of BBC3 (PUMA) by Western blot 

(45).

In our study, we found the combination of NVP-CGM097 and venetoclax was highly 

effective in MYCN-amplified, p53-wild-type NB. We found that the transcriptional increase 

of BBC3 (PUMA) and PMAIP1 (NOXA) occurred early after the activation of p53 (Fig. 

2A), indicating a rapid response to MDM2 inhibition with NVP-CGM097.
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The sensitivity of the MYCN-amplified NB group is likely rooted in a number of reasons. 

First, from the perspective of BCL-2 inhibition, we had previously demonstrated MYCN is 

an important modulator of venetoclax-sensitivity in NB through upregulation of PMAIP1 
(NOXA) transcription (8). In addition, our recent publication of an unbiased cancer cell 

line screen with venetoclax, consisting of ~800 solid tumor cell lines (24), further verified 

that venetoclax demonstrated single-agent activity only in a subset of MYCN-amplified NB 

and a subset of high BCL-2 SCLC cancer cell lines. It should be noted that venetoclax 

demonstrated activity in one MYCN-wild-type cell line in the screen, however this cell line 

is MYC-amplified, which also leads to binding to PMAIP1 and upregulation (49). Indeed, 

we found knockdown of NOXA, but not PUMA, was sufficient to significantly mitigate the 

response of MYCN-amplified NB to each combination therapy (Figs. 2B-2H, 4C and 4D, 

5C and 5D)

Second, from the perspective of MDM2 inhibition, there is a well formed, albeit incomplete, 

characterization of an intimate relationship between MYCN and MDM2-p53 in NB. Shokat 

and colleagues elegantly demonstrated that haploinsufficient MDM2 substantially increases 

tumor latency period and prolongs survival directly in genetically engineered mouse models 

(GEMMs) of MYCN-amplified NB (50). In fact, MYCN binds to the p53 promoter to 

increase p53 transcripts, and consequentially, upregulates targets such as PUMA (51). 

Additionally, MYCN binds to the MDM2 promoter to increase mdm2 transcripts (29), 

which contributes to p53 inhibition. Moreover, when amplified MYCN co-localizes with 

p53, altering the response of certain p53 targets and expanding the target genes p53 binds 

to, demonstrating an additional level of complexity of p53 function in MYCN-amplified 

NB (52), which may lead to enhanced anti-NB activity in certain contexts (e.g. BCL-2 

inhibition). Our data is in line with a report studying the prototype MDM2 inhibitor nutlin 

in NB, where the authors demonstrated sensitivity of MYCN-amplified NBs to MDM2 

inhibitors (44). In all, MDM2 inhibition induces a strong p53 response that increases both 

PUMA and NOXA, and the NOXA increase is important for sensitivity (Fig. 2B-2H). While 

there may be some activity in any cells that have wild-type p53, we believe the data in this 

paper demonstrates MYCN-amplified NB should be high on the list of cancers that may 

indeed possess a therapeutic window for the combination of MDM2i and venetoclax.

Expanding on a previous report that targeting MCL-1 in combination with venetoclax is 

effective in some neuroblastoma models in vitro (19) we demonstrate the MCL-1 BH3 

mimetic S63845 sensitizes MYCN-amplified NB to venetoclax in a PDX model of MYCN-

amplified neuroblastoma. Preferential activity in MYCN-amplified is still preserved for 

this chemotherapy-based combination due to the increased sensitivity of these cancers 

to venetoclax. As with MDM2 inhibitors and venetoclax, clinical trials are exploring 

the combination of BCL-2 and MCL-1 BH3 mimetics in hematological cancers (e.g. 

NCT03797261). It should be noted, to the best of our knowledge, it is unknown what the 

mouse equivalent of the achievable doses of NVP-CGM097 or S63845 are in patients, and 

thus, the degree of activity we note may not be achievable.

In addition, we also demonstrated that cyclo/topo leads to sensitization of NBs to 

venetoclax. These data are in line with findings from Goldsmith and colleagues, who 

demonstrated venetoclax could sensitize twice weekly cyclophosphamide to NB-1643 
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xenografts (34), resulting in full tumor regressions. We used a clinically parallel schedule 

to study cyclo/topo in the NB-1643CRX model, which developed resistance to the ALK 

inhibitor crizotinib upon continuous in vivo treatment; impressively, this model remained 

sensitive to the combination of venetoclax and cyclo/topo (Fig. 4E). What is likely 

underlying the sensitivity of the cyclo/topo/venetoclax triple combination is that venetoclax 

reduces the apoptotic threshold in these cancers to chemotherapy. This is demonstrably 

important, as Letai and colleagues have demonstrated that the apoptotic threshold is directly 

correlated with efficacy of chemotherapy; that is, the lower the apoptotic threshold, the 

better the patient response (35, 53).

This study highlights a true Achilles heel in MYCN-amplified NB, the intricate need 

to suppress apoptosis for MYCN to exert oncogenic function. As MYCN amplification 

perseveres through chemotherapy (5), we demonstrate that clinically actionable drug 

combinations can effectively kill NB with amplified levels of MYCN, and shrink tumors 

in multiple PDX models, thus offering treatment strategies that may be effective in this 

challenging pediatric cancer subtype.
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Figure 1. NVP-CGM097 synergizes with venetoclax in MYCN-amplified neuroblastomas.
(A) Plot of maximum bliss synergy scores up to 1μM from 16h cell viability assays using the 

combination of NVP-CGM097 and venetoclax. (B) Cell viability assay with the indicated 

MYCN-amplified, p53-wild-type cell lines treated for 16h with NVP-CGM097, venetoclax, 

or the combination at indicated concentrations with bliss synergy scores shown. (C) Cells 

treated for 16h with 1μM NVP-CGM097, venetoclax, or the combination of both drugs 

were stained for Annexin V/Propidium iodide, and the Annexin V positive, and Annexin 

V/Propidium iodide–double positive quadrants were counted as apoptotic. (D) Western blot 

of the cell lines from (C) treated with 1μM of the indicated drug for 8h and probed with the 

indicated antibodies. (E) Cell viability assay of the RPE.1 cells expressing GFP or MYCN 

treated for 16h with 10 μM of NVP-CGM097, venetoclax, or the combination of both.
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Figure 2. Activation of the p53 targets, the BH3-only PUMA and NOXA, following NVP-
CGM097 therapy.
(A) Western blot of MYCN-amplified, p53-wild-type cell lines treated with 1μM of the 

indicated drug for 8h and probed with the indicated antibodies. (B) IC50 of MYCN-

amplified, p53-wild-type cell lines transduced with shPUMA, shNOXA, or shSCR, and 

treated for 8h with the combination of NVP-CGM097 and venetoclax. (C) Western blot of 

the cell lines from (B) probed with the indicated antibodies. (D and E) MYCN-amplified, 

p53-wild-type cell lines were transduced with shSCR, shPUMA, or shNOXA virus and 

(D) assayed following 16h of the indicated treatment or (E) Western blotted following the 

indicated drug treatments for 8h and probed with the indicated antibodies. (F, G and H) 

MYCN-amplified, p53-wild-type cell lines were transfected with siRNA targeting NOXA 

or siSCR (F) and (G) assayed following 16h of the indicated treatment or (H) Western 

blotted following treatment with the indicated drug for 8h and probed with the indicated 

antibodies. (I) Cell viability assay of normal-tissue derived cell lines treated for 72h with 

NVP-CGM097, venetoclax, or the combination of the drugs at the indicated concentrations.

Dalton et al. Page 17

Mol Cancer Ther. Author manuscript; available in PMC 2023 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. NVP-CGM097 and venetoclax effective in vivo.
(A) Cell viability assays were performed with MYCN-amplified NB ex vivo cell lines 

corresponding to PDX models treated for 72h with increasing NVP-CGM097, increasing 

venetoclax, or increasing venetoclax in combination with 1μM NVP-CGM097. (B) Cell 

viability assays were performed with MYCN-amplified NB ex vivo cell lines corresponding 

to PDX models treated for 16h with NVP-CGM097, venetoclax, or the combination at 

the indicated concentrations with bliss synergy scores shown. Red indicates synergy, blue 

indicates antagonism. (C) The COG-N-561x PDX model was treated with NVP-CGM097, 

venetoclax, or the combination of both drugs 5 days/week for two weeks and tumor size 

was monitored for 35 days. (D) Percent change of tumor volume on the day treatment 

ended for the COG-N-561x PDX model. (E) The COG-N-415x PDX model was treated with 

NVP-CGM097, venetoclax, or the combination of both drugs 5 days/week for two weeks 

and tumor size was monitored for 20 days. (F) Percent change of tumor volume on the day 

treatment ended for the COG-N-415x PDX model.
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Figure 4. Chemotherapy and venetoclax combine to control neuroblastoma tumor growth.
(A) Plot of maximum bliss synergy scores up to 1μM from 72h cell viability assays using 

the combination of chemotherapy (cyclo/topo), and venetoclax. (B) Western blot of MYCN-

amplified cell lines treated for 48h with 1μM of venetoclax, 1μM of cyclophosphamide and 

10nM of topotecan, or a combination of both conditions. Antibodies used to detect proteins 

are indicated. (C and D) MYCN-amplified cell lines were transduced with scramble control 

or shNOXA virus and (C) viability assays were performed with the indicated drugs for 

72h, or (D), Western blotted following 48h of treatment with 1μM of venetoclax, 1μM of 

cyclo and 10nM of topotecan and probed with the indicated antibodies. (E) The indicated 

PDX models or the NB-1643CRX (crizotinib resistant) xenograft model were treated with 

chemotherapy, venetoclax, or a combination of both treatments for the indicated timeframes 

(dose stoppage is indicated by an arrow). Tumor size is presented as cm3.
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Figure 5. S63845 and venetoclax combine to decrease cell viability.
(A) Cell viability assays with the MYCN-amplified NB cell lines treated for 72h with 

increasing S63845, venetoclax, or 1μM venetoclax and increasing S63845 at the indicated 

concentrations. (B) Western blot of MYCN-amplified NB cell lines treated with 1μM 

venetoclax, 0.1μM S63845, or the combination of both for 24h with antibodies indicated. (C 

and D) The MYCN-amplified cell lines IMR5 and SIMA were transduced with scramble 

control or shNOXA virus and (C) assayed for viability following treatment with the 

indicated drugs for 72h and (D) Western blotted following the indicated drug treatments 

for 24h and probed with the indicated antibodies.
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Figure 6. S63845 synergizes with venetoclax in MYCN-amplified neuroblastomas.
(A) Crystal violet assay for 5-7 day treatment with 1μM venetoclax, 0.1μM S63845, or the 

combination in MYCN-amplified NB cell lines. (B) The COG-N-415x PDX model was 

treated with S63845, venetoclax, or the combination of both drugs for 27 days. (C) Percent 

of tumor change in COG-N-415x PDX model on day 22 of treatment.
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