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ΔΨm: change in mitochondrial membrane potential 
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This article is protected by copyright. All rights reserved.

mailto:stuart.gallagher@sydney.edu.au
mailto:j.tiffen@centenary.org.au


 3 

CI: combination index 

HDF1314: Human dermal fibroblast 1314 

IHC: Immunohistochemistry 

RPMI: Roswell Park Memorial Institute 

RPPA: Reverse phase protein array 

 

 

Novelty and Impact 

Inducing apoptosis in melanoma has proven difficult due to high expression of multiple anti-

apoptotic proteins. We show combining BET and novel MCL1 inhibitors is highly effective at 

killing many melanoma cell lines by inducing a pro-apoptotic state while also targeting anti-

apoptotic MCL1.  This novel treatment strategy may benefit the large proportion of melanoma 

patients who fail current treatment with targeted therapies and/or immunotherapies.   
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Abstract 

The treatment of melanoma has been markedly improved by the introduction of targeted 

therapies and checkpoint blockade immunotherapy. Unfortunately, resistance to these therapies 

remains a limitation. Novel anti-cancer therapeutics targeting the MCL1 anti-apoptotic protein 

have shown impressive responses in haematological cancers but are yet to be evaluated in 

melanoma. To assess the sensitivity of melanoma to new MCL1 inhibitors, we measured the 

response of 51 melanoma cell lines to the novel MCL1 inhibitor, S63845. Additionally, we 

assessed combination of this drug with inhibitors of the bromodomain and extra-terminal (BET) 

protein family of epigenetic readers, which we postulated would assist MCL1 inhibition by 

downregulating anti-apoptotic targets regulated by NF-kB such as BCLXL, BCL2A1 and 

XIAP, and by upregulating pro-apoptotic proteins including BIM and NOXA. Only 14% of 

melanoma cell lines showed sensitivity to S63845, however, combination of S63845 and I-

BET151 induced highly synergistic apoptotic cell death in all melanoma lines tested and in an 

in vivo xenograft model. Cell death was dependent on caspases and BAX/BAK. Although the 

combination of drugs increased the BH3-only protein, BIM, and downregulated anti-apoptotic 

proteins such as BCL2A1, the importance of these proteins in inducing cell death varied 

between cell-lines. ABT-199 or ABT-263 inhibitors against BCL2 or BCL2 and BCLXL 

respectively, induced further cell death when combined with S63845 and I-BET151. The 

combination of MCL1 and BET inhibition appears to be a promising therapeutic approach for 

metastatic melanoma, and presents opportunities to add further BCL2 family inhibitors to 

overcome treatment resistance.  

This article is protected by copyright. All rights reserved.
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Introduction 

The past few years have seen major advances in treatment of metastatic melanoma based on 

immunotherapy with immune checkpoint blockade1, 2 and drugs that target mutated BRAF 

pathways3, 4. Both approaches, however, have limitations in that over a third of patients do not 

respond to immunotherapy and the majority of patients develop resistance to the targeted 

therapies via a diverse range of mechanisms including MAPK pathway reactivation and 

epigenetic reprogramming5-8. Therapies aimed at killing melanoma failing these first-line 

treatments remain an unmet need. In past studies, therapies aimed at inducing cell death in 

melanoma have been frustrated by its high expression of multiple anti-apoptotic proteins and 

the heterogeneity of this expression both between and within melanoma tumours. 

 

The apoptotic pathway controlling death in melanoma have been well described9. In brief, the 

intrinsic apoptotic pathway is regulated by members of the B-cell lymphoma (BCL)2 protein 

family that can be subdivided into the pro-apoptotic “activator” BCL2 homology domain 3 

(BH3)-only proteins (BIM, BIK, BAD, BID, HRK, BMF, NOXA and PUMA), which interact 

with and inhibit the anti-apoptotic family members (BCL2, BCLXL, BCLW, BCL2A1 and 

MCL1) that in turn functionally repress the pro-apoptotic effectors BAK and BAX. The latter 

initiate apoptosis by mediating cytochrome C release from the mitochondria10. Activation of 

pathways such as MEK/ERK, NF-kB and PI3K/AKT, hold apoptosis in check by shifting the 

balance towards anti-apoptotic proteins by transcriptional and post-translational mechanisms11, 

12. Although there is some redundancy in the function of the anti-apoptotic proteins, a number 

of studies have pointed to the importance of MCL1 in inhibiting apoptosis in melanoma. 

This article is protected by copyright. All rights reserved.
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Previous immunohistochemical (IHC) studies showed that melanoma progression was 

associated with an increase in levels of MCL1 and BCLXL proteins and a reduction in levels 

of BCL213. MCL1 is also critical for survival of melanoma cells undergoing endoplasmic 

reticulum stress14 and confers drug resistance15, 16. 

 

MCL1 is the largest BCL2 family member due to a large N-terminal which contains a number 

of regulatory regions, including sites ubiquitinated by a number of E3 ligases such as MULE, 

which promotes its degradation by proteasomes17. It is bound by practically all BH3-only 

proteins but preferentially binds to NOXA9, 18. The transcription of MCL1 is altered by a range 

of factors and its promotor contains binding sites for NF-kB, STAT3 and cAMP responsive 

element binding protein (CREB)18. MCL1 can be regulated by the MEK/ERK pathway through 

ETS transcription factors19, hence, inhibition of MEK can downregulate MCL120. The MCL1 

promoter is directly repressed by the E2F transcription factor21. 

 

Given the importance of MCL1 in melanoma survival, it has been the target of many attempts 

to develop inhibitors. The initial BH3-only mimetics like ABT-737 and ABT-263 (Navitoclax) 

were unable to inhibit binding of MCL1 to BH3-only proteins. As reviewed elsewhere9, there 

are now 4 new agents (Servier: S63845, Amgen: AMG-176, AstraZeneca: AZD-5991 and 

Boehringer Ingelheim: VU661013) that show potential as inhibitors of MCL1 in pre-clinical 

and early clinical studies22-26. One of these, referred to as S63845, was found to have high 

specificity for MCL1 and to have cytotoxic activity against a number of haematological 

malignancies at dose levels that did not induce toxicity against normal tissues in mice22.  

This article is protected by copyright. All rights reserved.
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In the present studies we have examined the potential effectiveness of S63845 against a large 

panel of melanoma lines. As melanomas are heterogeneous and may express a range of other 

proteins to protect them against MCL1 inhibition, we tested whether combination with an 

inhibitor of bromodomain and extra terminal domain (BET) proteins may increase its 

effectiveness. BET proteins are small family of epigenetic reader proteins that bind acetylated 

histone residues, as well as transcriptional regulators such as pTEFb – thereby connecting the 

histone landscape of a cell to transcription. BET proteins, especially BRD4, are increased in 

melanoma and alter the expression of many genes, including those involved in survival27. 

Inhibitors of this epigenetic reader protein family were selected for two reasons – the first being 

their ability to upregulate pro-apoptotic BIM, which pushes cells towards apoptosis28. Secondly, 

BET inhibitors are known to inhibit NF-kB29, which is one of the known transcription factors 

regulating MCL1, XIAP30, and BCL2A131, 32. Importantly, BET inhibitors were shown to 

downregulate BCL2A1 proteins, which are not inhibited by BCL2, BCLXL and MCL1 

inhibitors33, 34.   

This article is protected by copyright. All rights reserved.
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Materials and Methods 

Cell lines  

The panel of human melanoma cell lines used in the drug screen (Supplementary Table 1) were 

generated by Professor Nicholas Hayward, QIMR Berghofer, Queensland. Cells were cultured 

in Roswell Park Memorial Institute Medium (RPMI) 1640 (Gibco, Thermofisher, North Ryde, 

NSW), supplemented with 10% fetal bovine serum (FBS) (Hyclone, GE Life Sciences, NSW, 

Australia). Human epithelial melanocytes (HEMn-MP) were from Thermofisher (North Ryde, 

NSW) and cultured in medium 254, supplemented with HGMS (Gibco, Thermofisher, North 

Ryde, NSW), while human dermal fibroblast (HDF1314) were from Prof Helen Rizos 

(Macquarie University, NSW, Australia) and cultured in Dulbecco’s modified Eagle medium 

(DMEM) (Gibco, Thermofisher, North Ryde, NSW) supplemented with 10% FBS (AusGeneX, 

Molendinar, QLD). The use of these cell lines was approved by the Sydney Local Health 

District Human Research Ethics Committee and QIMR Berghofer Medical Research Institute 

Human Research Ethics Committee. All human cell lines have been authenticated using STR 

profiling within the last three years and all experiments were performed with mycoplasma-free 

cells. 

 

Antibodies and Reagents 

I-BET151 was purchased from Selleckchem (Houston, TX). S63845, AMG-176 and AZD-

5991 were purchased from MedChemExpress (Monmouth Junction, NJ). The pan-caspase 

inhibitor, Q-VD-OPh (SM Biochemicals, Anaheim, CA), or the proteasome inhibitor, MG132 

(Sigma-Aldrich, Castle Hill, NSW), was added 1 h before other additional treatment. 

This article is protected by copyright. All rights reserved.
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Antibodies used were purchased from Cell Signaling Technology [BIM (2933); caspase-3 

(9668); caspase-8 (9746); caspase-9 (9502); PUMA (4976); BAX (2772)]; Santa Cruz 

Biotechnology [BCL2 (C-2); BAK (G-23); BCLXL (H-5); PARP (F-2); GAPDH (6C5)]; 

Sigma-Aldrich [β-Actin (AC-74)]; Imgenex [NOXA (114C307.1)] and BD [MCL1 

(22/MCL1); XIAP (20/hILP/X)].  

 

Cell drug sensitivity and viability assay 

Cells were seeded into white 96-well plates at 4,000 cells per well and treated the next day with 

7 different concentration of each drug ranging from 20 nM-20 mM, or carrier control. 

Biological duplicates were performed. After 72 h, cell viability was measured using CellTitre-

Glo (Promega, Alexandria, NSW) reagent. Luminescence was detected using POLARstar 

Omega microplate reader (BMG Labtech, Mornington, VIC). Luminescence values were 

normalised to a percentage of controls cells. IC50 was calculated using djvMixedIC50 in R 

Studio.  

 

For other cell viability assays, cells were seeding in 96-well plates and treated with DMSO, 

S63845, I-BET151 or combination of S63845 and I-BET151 at the indicated concentrations 

for 72 h and measured with CellTitre-Glo as above. Synergy of drug interactions was calculated 

using the fixed ratio/combination index (Chou-Talalay) method 35. Combination index (CI) 

was calculated using CalcuSyn software Version 2.1 (Biosoft, Cambridge, UK).  

 

Analysis of cell death and mitochondrial membrane potential 

This article is protected by copyright. All rights reserved.



 10 

Apoptotic cells were quantified using Annexin-V/propidium iodide staining as described by 

the manufacturer (Becton Dickinson, Macquarie Park, NSW). Changes in mitochondrial 

membrane potential (∆Ψm) were measured using the cationic dye, JC-1, according to the 

manufacturer’s instructions (Molecular Probes, Eugene, OR). Flow cytometry was performed 

on a BD FACSCantoII (BD Biosciences, North Ryde, NSW) and analysed using FlowJo 

software (BD Biosciences, North Ryde, NSW). 

Clonogenic Assay 

Cells were seeded at 2,000 cells per well onto 6-well plates and allowed to attach and grow for 

24 h followed by treatment. Cells were kept in culture for another 12 days, replenishing with 

fresh media every three days. On day of harvest, cells were fixed with methanol and stained 

with 0.5% crystal violet. The images were captured with ChemidocMP image system (Bio-Rad, 

Gladesville, NSW) and processed using Fiji software. 

 

Western blotting 

Western blot analysis was carried out as described previously28. Labelled bands were detected 

by Clarity horseradish peroxidase chemiluminescence kit (Bio-Rad, Gladesville, NSW), and 

images were captured with the ChemidocMP image system (Bio-Rad, Gladesville, NSW).  

 

Reverse phase protein array (RPPA) 

Protein lysates were prepared in CLB1 (cell lysis buffer 1) and RPPA was performed by the 

Victorian Centre for Functional Genomics (Australia). Lysates were arrayed on glass slides 

This article is protected by copyright. All rights reserved.
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using a GeSim Nanoplotter, probed with 124 antibodies and quantified using Zeptosens 

ZeptoReader. The results were global rank invariant normalised and log2 transformed. 

 

Lentiviral production and transduction 

Lentiviral vectors pSIH-H1-coGFP, pSIH-H1-coGFP-shMCL1 #1, and pSIH-H1-coGFP-

shMCL1 #2 were produced as described previously36. Lentiviral vectors pSIH-H1-copGFP-

shBIM #1, pSIH-H1-copGFP-shBIM #3, pSIH-H1-copGFP-shNOXA #1, pSIH-H1-copGFP-

shNOXA #3, pSIH-H1-copGFP-shBAX #2, pSIH-H1-copGFP-shBAX #3, pSIH-H1-copGFP-

shBAK #2, pSIH-H1-copGFP-shBAK #3, pSIH-H1-copGFP-shBCL2A1 #1, pSIH-H1-

copGFP-shBCL2A1 #3, pSIH-H1-copGFP-shXIAP #1, and pSIH-H1-copGFP-shXIAP #3 

were constructed in-house (Supplementary Table 2). Vectors were transfected into HEK293T 

packaging cells using the calcium phosphate precipitation method as described previously37. 

Cells were transduced with virus in the presence of polybrene (8µg/ml) (Sigma-Aldrich, Castle 

Hill, NSW) by spinoculation at 800 g, 32°C for 90 min.  

 

Quantitative reverse transcription and real-time PCR (qPCR) 

Total RNA was isolated using RNeasy mini kit (Qiagen, Doncaster, VIC) and reverse 

transcribed into complementary DNA using qScript cDNA Supermix (Quantabio, Beverly, MA) 

following the manufacturer’s instructions. qPCR was performed using the Stratagene 

Mx3005P system (San Diego, CA) with specific gene primers (BCL2A1 forward, 5’-GGC 

AGA AGA TGA CAG ACT GTG AAT TTG GAT ATA TT-3’; BCL2A1 reverse, 5’-CCT 

TTC TGG TCA ACA GTA TTG CTT CAG GAG AGA TAG-3’; 18S forward, 5’-GTA ACC 

This article is protected by copyright. All rights reserved.
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CGT TGA ACC CCA TT-3’; 18S reverse, 5’-CCA TCC AAT CGG TAG TAG CG-3’). The 

following PCR conditions were used: 95°C for 10 min, 40 cycles of 95°C for 15 sec and 60°C 

for 1 min using Power SYBR Green PCR mastermix (Thermo Fisher Scientific, North Ryde, 

NSW).   

 

3D Spheroid cultures 

The 3D melanoma spheroid model mimics in vivo tumour architecture and microenvironment 

and is used for investigating growth, invasion and viability of melanoma cells7. Spheroids were 

prepared by seeding 5,000 cells per well into ultra-low attachment plate and embedded into 

collagen 3 days later. After embedding, media was added on top of the collagen layer 

containing the indicated drugs (final concentration of drugs was 1 µM S63845 and 2 µM I-

BET151). Following 3 days of treatment, spheroids were stained with Calcein AM/Ethidium 

Homodimer-1 and imaged under a Nikon eclipse Ti Microscope (Nikon, Rhodes, NSW) or 

dissociated by collagenase (Sigma-Aldrich, Castle Hill, NSW) digestion and stained with PI 

(Sigma-Aldrich, Castle Hill, NSW) and Annexin V (BD, Macquarie Park, NSW) to measure 

cell death by flow cytometry (BD, Macquarie Park, NSW). Images were processed by Fiji 

software.  

 

In vivo experiments 

All animal experiments were performed in accordance with the Australian Code of Practice for 

the Care and Use of Animals for Scientific Purposes and with approval from the NSW Sydney 

Local Health District Animal Ethics Committee (2019/014). 2x106 of C002M were 

This article is protected by copyright. All rights reserved.
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subcutaneously injected into the right flank of male nod-scid gamma (NSG) mice. Once 

tumours reached to approximately 100 mm3, mice were randomized into four groups of 8-10 

mice per group and each group administered S63845 (30mg/kg, i.v., on days 2 and 5), I-

BET151 (15mg/kg, i.p., qdx5), both drugs or the control solvent carrier (Figure 5f). S63845 

was dissolved in 20% hydroxypropyl β-cyclodextrin in 20mM HCl and I-BET151 in 1% 

methyl cellulose. The palpable size of the tumour was measured by vernier callipers. 

Treatments were continued for 5 days and mice were monitored until ethical endpoint. 

 

Statistical analysis 

Graphs are presented as mean ± SEM and are representative of 2-4 replicates unless otherwise 

stated. Statistical significance between groups was determined in Graphpad Prism 8 using 

ANOVA with Sidak’s multiple comparisons test, unless otherwise indicated. The values of p-

values are indicated as ns = >0.05 (not significant); * <0.05; ** <0.01; *** <0.001. 

  

This article is protected by copyright. All rights reserved.
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Data Availability 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.  

This article is protected by copyright. All rights reserved.
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Results 

Combined S63845 and I-BET151 treatment synergistically kills human melanoma cells   

We measured the sensitivity of a panel of 51 human melanoma cell lines to single-agent 

treatment with the MCL1 inhibitor, S63845. We also assessed sensitivity to the BET inhibitor 

I-BET151, as we hypothesised that BET inhibitors would increase the efficacy of MCL1 

inhibition by targeting a number of other apoptotic proteins. The cell line panel exhibited a 

broad range of sensitivity to the drugs, and using previously published suggested cut-offs for 

drug sensitivity22, 29, 38, only 14% of the cell lines were sensitive to S63845 (IC50<1 µM), and 

39% were sensitive to I-BET151 (IC50<10 µM) (Figure 1a and Supplementary Table 1). The 

IC50 of either inhibitor was not correlated with mutation status (Supplementary Figure 1a) and 

the sensitivity to S63845 did not correlate to sensitivity to I-BET151 (Supplementary Figure 

1b). There was poor correlation between MCL1 mRNA expression from RNA-seq analysis and 

sensitivity to S63845, indicating that MCL1 mRNA expression could not be used as biomarker 

to predict responses (Supplementary Figure 1c). Similarly, there was no correlation between 

BCL2, BCLW, BCLXL and BCL2A1 mRNA expression and sensitivity to S63845 

(Supplementary Figures 1d-g). Nevertheless, our RPPA data showed that there was a positive 

correlation of sensitivity with BCLXL, β-catenin and phosphorylated c-Jun proteins, and 

negative correlation with phosphorylated SHP2 (Supplementary Figures 1h-n). 

 

We investigated the effects of combining these two drugs in 11 melanoma cell lines which had 

a range of sensitivity to I-BET151, from very sensitive to very resistant as shown by the 

asterisks in Figure 1a. Combination index (CI) was calculated using the Chou and Talalay 

This article is protected by copyright. All rights reserved.
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method, where a value of less than 1 indicate synergy35. Despite the heterogeneity in response 

to the single drugs, combining S63845 and I-BET151 was synergistic in all melanoma lines 

tested (CI=0.2-0.8) (Table 1), but not in human fibroblasts. Strong synergy was observed in 

C002M and C065M, with a combination index of 0.2 and 0.3, respectively (Table 1 and 

Supplementary Figures 2a-b).  

 

Three melanoma cell lines were selected from this screen (Table 1) to assess the kinetics of the 

single and combination drug treatment. In agreement with IC50 data Figure 1a, I-BET151 alone 

did not induce significant death in C065M at 2 µM but induced moderate cell death in C002M 

and C057M, only after 48 h or 72 h of treatment (Figure 1b and 1c). S63845 did not induce 

apoptosis in C002M or C065M and caused cell death of C057M with relatively rapid kinetics 

(24 h) (Figure 1b and 1c). Treatment with both drugs combined caused high levels of cell death 

(Figure 1b). The synergistic killing induced by the combination treatment peaked at 48 h or 72 

h, suggesting the kinetics of the combination followed that of I-BET151, rather than the quicker 

action of S63845. Synergy was not specific to the inhibitors used as we obtained similar results 

when we combined S63845 with two other BET protein inhibitors, JQ-1 and OTX-015 (Figure 

1d and Supplementary Figure 2c), or combined I-BET151 with two other MCL1 inhibitors, 

AMG-176 and AZD-5991 (Figure 1e and Supplementary Figure 2d). 

 

Combined S63845 and I-BET151 induces caspase dependent death  

We explored the mechanism of cell death induced by the combination of S63845 and I-BET151. 

As expected, activation of caspases appeared to be involved as inhibition of caspases with the 

This article is protected by copyright. All rights reserved.
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pan-caspase inhibitor, Q-VD-OPh, abrogated cell death in both C002M and C065M treated for 

72 h with the combination, but to a lesser extent in C057M (Figure 1f). Further investigation 

of the C057M cell line showed caspase inhibition strongly reduced cell death at a shorter 

timepoint of 24 h, suggesting that the cell death mechanism transitioned from caspase-

dependent to caspase-independent at 72 h as described in another study39.  

 

Apoptosis was associated with depolarisation of mitochondrial potential (ΔΨm), which was 

not prevented by caspase inhibition (Supplementary Figure 2e). These results argued against 

mitochondrial depolarisation being driven by activation of caspases upstream of the 

mitochondrial apoptotic pathway, such as caspase-8, and was consistent with activation of 

BAX/BAK by members of the BCL2 family. 

 

Changes in expression of caspases and BCL2 family proteins upon treatment  

We performed western blotting to measure caspases in cell lines treated with S63845 and I-

BET151 for 6, 24 or 48 h. The combination of S63845 and I-BET151 induced cleavage of 

caspase-8, caspase-3, caspase-9 and PARP (Figure 2a). The drugs also induced a number of 

changes in expression of BCL2 family proteins (Figure 2b). MCL1 was strongly upregulated 

in all cell lines treated with S63845 or the combination of S63845 and I-BET151. This was 

considered to be due to increased MCL1 protein stability resulting from binding of S63845 to 

MCL1, thereby inhibiting the binding of E3 ligase that targets MCL1 for degradation17, 22, 40.  
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As reported previously, I-BET151 upregulated BIM and NOXA in all cell lines28. NOXA was 

also strongly reduced in all cell lines by S63845 treatment. This may be due to loss of stability 

provided by MCL1 and reflect increased proteasome activity41. BCLXL was very slightly 

decreased by I-BET151 treatment and BCL2 was not markedly changed by the drug treatments.  

 

Involvement of BIM, NOXA, BAX, BAK and XIAP in apoptosis induced by the combination  

To assess whether inhibition of MCL1 with S63845 was equivalent to reducing MCL1 protein 

levels, we knocked down MCL1 in C002M and C065M cells with shRNA and treated these 

cells with I-BET151. Cell death induced by the combination of S63845 and I-BET151 was 

comparable to MCL1 knockdown and I-BET151 treatment in C002M, however, this was not 

observed in C065M (Supplementary Figures 3a-b), suggesting S63845 may have additional 

effects other than just inhibiting MCL1. 

 

To define which BH3-only protein may have been involved in induction of apoptosis, we 

carried out a number of knock down studies. We have reported previously that I-BET151 

upregulates BIM and NOXA in melanoma cells28. Knockdown of these proteins by shRNA 

revealed that induction of cell death by the combination in C002M appeared partially 

dependent on BIM but not NOXA, whereas either knockdown of BIM or NOXA had no effects 

on apoptosis in C065M, suggesting other mechanisms were involved (Figure 3a-c).  

 

It is known that BAX and BAK play important roles in intrinsic apoptotic pathways by 

formation of oligomeric pores in the mitochondrial outer membrane, resulting in the release of 
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cytochrome c and other initiators of apoptosis. Knockdown of BAX or BAK with shRNA 

partially inhibited apoptosis induced by the combination in the cell lines tested, consistent with 

their role as effectors (Figures 3a, d-e). 

 

XIAP levels decreased with many of the treatments (Figure 2b), and these changes correlated 

with the level of apoptosis induced at that timepoint, suggesting that the changes in XIAP were 

the result of its cleavage by caspases42. However, we also investigated if changes in XIAP were 

also contributing to the induction of apoptosis by the combination. XIAP knockdown did not 

increase apoptosis in the control or drug treated C002M and C065M cells (Supplementary 

Figures 4a-b), suggesting that changes in XIAP we observed were more likely a consequence 

of cell death and were not a driver of cell death.  

 

BCL2A1 suppression by BET inhibition contributes to death induced by the drug combination 

BCL2A1 is a transcriptional target of NF-kB, which we previously reported could be inhibited 

by BET protein inhibitors29. To investigate the role of BCL2A1 in the observed cell death 

induced by the drugs, we first confirmed that I-BET151 inhibited mRNA expression of 

BCL2A1 (Figure 4a). Studies were carried out on mRNA as antibodies against human BCL2A1 

were not satisfactory43. BCL2A1 knockdown only moderately increased apoptosis induced by 

S63845, indicating downregulation of BCL2A1 by I-BET151 contributes slightly to the 

mechanism of death, but is not the main driver (Figures 4b-c). Additionally, we observed an 

increased apoptosis induced by I-BET151 following BCL2A1 knockdown of C002M, but not 

in C065M. 
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Combined BCL2 family and MCL1 inhibition 

To determine whether other BCL2 proteins were responsible for the resistance of C065M to 

S63845 or I-BET151, we tested them in combination with ABT-199 (Venetoclax), which 

inhibits BCL2, or with ABT-263 (Navitoclax), which inhibits both BCL2 and BCLXL44. When 

S63845 was added in combination with ABT-199, in C065M induction of cell death was 

comparable to the level when combining S63845 with I-BET151 (Figure 4d). However, when 

combining all three inhibitors (S63845, I-BET151 and ABT-199), cell death was almost 

complete. Similar results were observed using ABT-263 in place of ABT-199 (Figure 4d). 

These results suggest that BCL2, BCLXL and MCL1 play important roles in the survival of 

C065M. The triple combination was also highly effective against C002M and C057M lines 

(Supplementary Figure 4c).  

 

Effectiveness of combinations of S63845 and I-BET151 against melanoma grown in 3D 

spheroids  

Clonogeneic assays showed that the combination of S63845 and I-BET151 was superior to 

either single treatment alone (Figures 5a-b). The efficacy of S63845 and I-BET151 was then 

tested in 3D spheroids of C002M. Cells were grown into spheroids, embedded in collagen 

matrix and treated with S63845 and/or I-BET151 for 72 h. A halo of live cells can be seen in 

the control spheroids that invade the surrounding collagen. This is reduced in the spheroids 

treated with the combination of drugs or S63845 alone. Interestingly, spheroids that are treated 

with I-BET151 alone showed a greater invasion than the control (Figure 5c), suggesting that 
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BET proteins may play an anti-invasive role. We next stained these spheroids with Calcein-

AM and Ethidium homodimer-1 to visualise the live and dead cells under a fluorescent 

microscope. However, due to poor dye penetration in collagen embedded spheroids, staining 

was done in floating spheroids. As expected, there was more dead (red) cells dissociated from 

the spheroids in the combination treated group compared to controls (Figure 5d). Analysing 

the floating spheroids by flow cytometry showed that spheroids treated with the combination 

of S63845 and I-BET151 had more dead cells compared to control or single drug treatment 

groups (Figure 5e).  

 

To assess whether the drugs would limit melanoma growth in vivo, we established xenograft 

tumours of the C002M cell line in NSG mice and treated them with vehicle controls, S63845, 

I-BET151 or combination of S63845 and I-BET151. Previous experiments have shown as few 

as 1-3 doses of S63845 reduced the growth of some tumour models22, so we used a minimal 

dosing schedule where I-BET151 was given for 5 days with S63845 given on days 2 and 5 

(Figure 5f), as the kinetics of I-BET151 effect are slower than S63845 (Figure 1b, c). Following 

5 days of treatment, tumour growth was monitored until ethical endpoints were reached (Figure 

5a and Supplementary Figure 5). Mice treated with the combination had smaller tumours, with 

tumour volume ratios significantly lower than those treated with the vehicle controls or either 

drug alone (Figure 5g). S63845 alone did not reduce tumour growth, while I-BET151 treatment 

showed some reduction in growth, although this did not reach statistical significance. 

Individual drugs were well tolerated with little weight reduction in the mice, however some 
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initial weight reduction was observed in mice receiving combination treatment (Supplementary 

Figure 5c).  
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Discussion 

Progression of melanoma and other cancers is known to be associated with development of 

pro-survival pathways that include resistance to apoptosis mediated by the BCL2 family45, 46. 

Newly developed inhibitors of the BCL2 family are proving effective against haematological 

malignancies but are yet to define a role against solid cancers47, 48. In the case of melanoma, 

practically all anti-apoptotic members appear to be involved but with varying importance in 

individual tumours. MCL1 has proven particularly important as it is upregulated by most of 

the known signalling pathways involved in progression and has not been inhibited by currently 

available inhibitors against BCL2 and BCLXL. 

 

The present study was initiated to test whether newly available potent inhibitors of MCL1 may 

prove effective against melanoma. We first tested a large panel of 51 melanoma lines against 

the inhibitor as a single agent in the belief that MCL1 alone may be critical for the survival of 

a subset of lines. This revealed only 13% of the lines were sensitive to S63845 at concentrations 

less than 1 µM, which was the concentration cut-off for sensitivity in studies on human chronic 

myeloid leukemia (CML) lines22 and breast carcinoma lines23. Similarly, poor responses 

against melanoma were reported in the initial studies on S6384522.  

 

In the CML study, sensitivity to S63845 was not associated with levels of MCL1 but was 

related to levels of BCLXL proteins22. In our study, although analysis from RNA-seq data 

revealed that the sensitivity to S63845 was not associated with levels of MCL1 or BCLXL, 

analysis from RPPA data showed that sensitivity was positively correlated with BCLXL 
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proteins expression, suggesting the importance of post-transcriptional modification and that 

protein expression may be a better predictive marker (Supplementary Figures 1k). However, 

high levels of heterogeneity between melanomas and redundancy in the function of anti-

apoptotic BCL2 family members indicate targeting MCL1 alone is insufficient. This provides 

a strong basis for combinations of agents that target a range of apoptotic-related proteins in 

melanoma. 

 

Given the evidence from these studies of the heterogeneity of anti-apoptotic mechanisms in 

melanoma we reasoned that inhibitors of BET proteins may target a number of anti-apoptotic 

proteins. In particular, BET inhibitors were reported to inhibit BCL2A131, 32, an anti-apoptotic 

protein that is not impeded by inhibitors of MCL1 or BCL2 inhibitors34. We have previously 

shown that the BET inhibitor, I-BET151, is a potent inhibitor of NF-kB, which is the main 

regulator of BCL2A1 and XIAP29. BET inhibitors also induce pro-apoptotic BIM in melanoma, 

which further pushes cells towards death, but does not always translate to high levels of cell 

death28. The initial screening studies confirmed that I-BET151 targeted a wider range of 

melanoma lines (Figure 1a) and there was very little cross sensitivity to the individual drugs 

(Supplementary Figure 1b). However, when combined, they induced synergistic death in all 

eleven melanoma lines tested.  

 

More detailed studies on three melanoma cell lines (C002M, C057M and C065M) confirmed 

the marked heterogeneity in the apoptotic mechanism involved with the combination of both 

drugs. The BH3-only proteins involved in the death caused by the drug combination varied by 
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cell line, and targeting single proteins such as BIM or NOXA rarely completely inhibited the 

death induced by the drugs. While mitochondrial depolarisation, caspase activation and 

BAX/BAK were involved, other components of the apoptotic machinery had variable 

contributions.  

 

As reported by others, we have also shown that MCL1 protein was stabilised by S63845 in 

melanoma cells (Figure 3b)22. Similarly, this was also observed in the combination of S63845 

and I-BET151, though this increment was not sustained. It is postulated that MCL1 may be 

cleaved by the strong activation of caspases49. 

 

We initially hypothesised that I-BET151 might be acting via downregulation of XIAP that can 

inhibit caspase-3/7 activation, but I-BET151 treatment alone only slightly decreased XIAP 

levels and the marked decrease seen with the combination may reflect cleavage by activated 

caspases42. XIAP ablation by shRNA also did not increase cell death induced by S63845 alone, 

which suggested XIAP was not a major inhibitor of cell death in this setting. 

 

Previous studies have suggested that growth of melanoma in spheroids mimics results obtained 

with mice xenografts50. It was found that the effects of S63845 and I-BET151 on the spheroids 

established from C002M was similar to the results from the 2D cultures (Figure 5e). In view 

of these results, we examined the effects of these drugs on xenografts of C002M in NSG mice. 

As expected, S63845 was ineffective as a single agent but the strong synergistic effects seen in 

2D and 3D models were reproduced in vivo. Studies on xenografts of breast carcinoma lines 
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also found that S63845 was ineffective as a single agent and its effects on tumour growth was 

only apparent when given with chemotherapy23. Although I-BET151 alone showed a trend in 

the reduction of tumour growth (Supplementary Figures 5a-b and 5d), this did not reach 

statistical significance. We postulated that this may be due to regrowth of tumour once 

drugging has stopped. Given the excellent in vitro and in vivo results against melanoma, this 

combination could potentially be an alternative treatment strategy for melanoma patients.  

 

We were also very interested into assessing possible toxicity of the drugs as specific knockout 

of MCL1 in animal models have shown that MCL1 is critical for survival of hematopoietic 

stem cells, lymphocytes and a variety of normal tissues (reviewed in23). Nevertheless, S63845 

was well-tolerated as a single agent, as previously reported in other preclinical studies in mice22. 

The combination of S63845 and I-BET151 was tolerated in NSG mice, however, we did note 

an initial weight reduction. Further work may be needed to optimise dosing schedules and drug 

formulations to reduce toxicity. S63845 has lower affinity to mouse MCL1 compared to human 

MCL151, which should be considered when these drugs are translated to the human setting.  

 

Another question is whether other combinations may extend the effectiveness of the MCL1 

inhibitor. This was tested on the C065M line that did not show sensitivity to S63845 or I-

BET151 as single agent. When S63845 was tested in combination with Venetoclax or 

Navitoclax, the results were similar to the S63845 and I-BET151 combination. However, when 

the latter were used in combination with Venetoclax or Navitoclax, the triple combination 

proved to be potent inducers of cell death. This is consistent with previous studies showing that 
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most cell lines depend on at least one combination of BCL2 protein inhibitors34. That study 

used CRISPR/Cas9 screens to show that BCL2A1 and BCLW were not inhibited by 

combinations of BCL2, BCLXL and MCL1 inhibitors and provides further support for our 

inclusion of I-BET151 in combinations tested in the present studies.  

 

Taken together, this study on large numbers of melanoma lines have emphasised the 

heterogeneity of pro- and anti-apoptotic mechanisms in melanoma. Only a relatively small 

proportion of the lines were dependent on MCL1 for survival and we were unable to identify 

correlates of single MCL1 inhibitor responses. A much larger proportion of lines were sensitive 

to inhibitors of BET proteins which is not surprising considering that these drugs inhibit 

multiple anti-apoptotic proteins and upregulate pro-apoptotic BIM and NOXA proteins. The 

mechanisms engaged by I-BET151 varied again between the cell lines but the broad spectrum 

of changes induced by the drug particularly in combination with the MCL1 inhibitor, S63845 

suggests this combination may be effective against a wide range of melanoma despite their 

heterogeneity. Responses to the MCL1 inhibitor and I-BET151 combination were further 

increased when Venetoclax against BCL2 or Navitoclax against both BCL2 and BCLXL were 

added. Combined inhibition of BET and MCL1 is a therapeutic strategy that could be applied 

to melanoma patients failing targeted and immunotherapy therapy, and has the potential to be 

extended by the addition of further BCL2 family inhibitors.     
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Figure Legends 

Figure 1. Combination of S63845 and I-BET151 synergistically kills a subset of human 

melanoma cells. (a) Heatmap of IC50 log10 I-BET151 or S63845 drug concentrations in a 

panel of melanoma cell lines. n = 4. (b) C002M (top), C057M (middle) and C065M (bottom) 

were treated with the MCL1 inhibitor (S63845, 1 µM) and/or BET inhibitor (I-BET151, 2 µM) 

for the indicated period of time and cell death was measured by Annexin V staining; early 

apoptosis: Annexin V positive, late apoptosis: Annexin V and PI positive. n = 2-4. Total cell 

death (early apoptosis + late apoptosis) from all treatment groups were compared to their 

respective DMSO control group within the same timepoint, **p < 0.01; ***p < 0.001. (c) 

C002M (top), C057M (middle) and C065M (bottom) were treated with the MCL1 inhibitor 

(S63845, 1 µM) and/or BET inhibitor (I-BET151, 2 µM) for the indicated period of time and 

cell viability measured by CellTiter-Glo. n = 2-6. All treatment groups were compared to their 

respective DMSO control group within the same timepoint, *p < 0.05; ***p < 0.001. (d) 

C002M and C057M were treated with the MCL1 inhibitor (S63845, 1 µM) and/or BET 

inhibitor (JQ-1, 1 µM) for 72 h and cell death was measured by Annexin V staining. n = 4. All 

treatment groups were compared to their respective DMSO control group, ***p < 0.001. (e) 

C002M and C057M were treated with the MCL1 inhibitor (AMG-176, 5 µM) and/or BET 

inhibitor (I-BET151, 2 µM) for 72h and cell death was measured by Annexin V staining. n = 

4. ***p < 0.001. (f) C002M (left), C057M (middle) and C065M (right) were pre-treated with 

Q-VD-OPh (10 µM) for 1 h followed by S63845 (1 µM) and/or I-BET151 (2 µM) for 72 h. 

Additionally, C057M was also pre-treated with Q-VD-OPh (10 µM) for 1 h followed by 
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S63845 (1 µM) for 24 h. Cell death was measured by Annexin V staining. n = 2-4. ***p < 

0.001. 

 

Figure 2. Changes in the expression of caspases and BCL2 family proteins. (a) 

Representative western blot images from three independent experiments of PARP and caspases 

in C002M, C057M and C065M. (b) Representative western blot images from three independent 

experiments of BCL2 family proteins in C002M, C057M and C065M. 

 

Figure 3. Apoptosis induced by the combination is independent of BIM or NOXA but 

dependent on BAX, BAK. (a) C002M (top) and C065M (bottom) were transduced with the 

indicated lentiviral particles followed by treating with S63845 (1 µM) and/or I-BET151 (2 µM) 

for 72 h. Cell death was measured by Annexin V staining in the GFP positive population. n = 

4. All treatment groups in the knockdown cells were compared to the respective treatment in 

cells transduced with shcon, *p < 0.05; **p < 0.01; ***p < 0.001. (b) Representative western 

blot images from three independent experiments of BIM knockdown in C002M and C065M. 

(c) Representative western blot images from three independent experiments of NOXA 

knockdown in C002M and C065M. (d) Representative western blot images from three 

independent experiments of BAX knockdown in C002M and C065M. (e) Representative 

western blot images from three independent experiments of BAK knockdown in C002M and 

C065M.  
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Figure 4. BCL2A1 suppression by BET inhibition moderately contributes to death 

induced by the drug combination. (a) BCL2A1 mRNA expression normalised to 18S in 

C002M and C065M after treating with S63845 (1 µM) and/or I-BET151 (2 µM) for 24 h. n = 

4-6. (b) C002M (left) and C065M (right) were transduced with shBCL2A1 lentiviral particles 

followed by treating with S63845 (1 µM) and/or I-BET151 (2 µM) for 72 h. Cell death was 

measured by Annexin V staining in the GFP positive population. n = 4. (c) Validation of 

BCL2A1 knockdown in C002M and C065M by BCL2A1 mRNA expression measurement. n 

= 2-3. (d) C065M was treated with the MCL1 inhibitor (S63845, 1 µM), the BET inhibitor (I-

BET151, 1 µM), and/or the BCL2 inhibitors (ABT-199 or ABT-263, 1 µM) for 72 h and cell 

viability measured by Annexin V staining. n = 4. All treatment groups were compared to the 

DMSO control group, *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Figure 5. Effectiveness of combined S63845 and I-BET151 against melanoma grown in 

spheroids and in vivo. (a) Representative images of clonogenic assays of C002M, C057M and 

C065M. Cells were treated with the MCL1 inhibitor (S63845, 1 µM) and/or BET inhibitor (I-

BET151, 2 µM) for 72 h with media changed every three days thereafter. Images of crystal 

violet stained colonies taken at 12-15 days. n = 2. (b) Colony counts of (a) using Fiji software. 

All treatment groups were compared to their respective DMSO control group *p < 0.05; **p < 

0.01; ***p < 0.001. (c) Representative brightfield images of collagen embedded spheroids of 

C002M after treatment for 72h with S63845 (1 µM) and/or I-BET151 (2 µM). All images were 

acquired at 4x magnification with scale bars representing 500 µm. n = 4-6 spheroids per 

treatment. (d) Representative images of floating spheroids of C002M stained with Calcein-AM 
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(2 µM) and Ethidium Homodimer-1 (4 µM) after treatment for 72h with S63845 (1 µM) and/or 

I-BET151 (2 µM). All images were acquired at 4x magnification with scale bars representing 

500 µm. n = 4-6 spheroids per treatment. (e) Following treatment, C002M spheroids within 

each treatment were pooled and cell death was measured by flow cytometry. Monolayer 

cultured cells were performed in parallel for comparison. n = 2. All treatment groups were 

compared to the DMSO control group, **p < 0.01; ***p < 0.001. (f) Dosing schedule for in 

vivo model. (g) Mean tumour volume ratio of C002M xenografted in NSG mice treated with 

vehicle control, S63845 and/or I-BET151. Tumour volume ratio was calculated by normalising 

tumour volume to the first day of treatment. All treatment groups were compared to the vehicle 

control group, *p < 0.05.  
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