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Metabolic targeting synergizes with MAPK inhibition and delays drug resistance in 

melanoma 
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Lacroix3, Sebastian Haferkamp4, Wolfgang Herr1, Marina Kreutz1,2, Kathrin Renner1,2,# 

 

Tumors, including melanomas, frequently show an accelerated glucose metabolism. 

Mutations in the v-Raf murine sarcoma viral oncogene homolog B (BRAF) oncogene, 

detected in about 50 % of all melanomas, result in further enhancement of glycolysis. 

Therefore anti-metabolic substances might enhance the impact of RAF inhibitors. We have 

identified the two non-steroidal anti-inflammatory drugs (NSAIDs) diclofenac and lumiracoxib 

being able to restrict energy metabolism in human melanoma cells by targeting lactate 

release and oxidative phosphorylation (OXPHOS). In combination with the RAF inhibitor 

vemurafenib strong synergism was observed: Diclofenac as well as lumiracoxib enhanced 

the anti-glycolytic impact of vemurafenib and prevented RAF-inhibitor induced metabolic 

reprogramming towards OXPHOS. Consequently, both NSAIDs sensitized melanoma cells to 

vemurafenib, triggered proliferation arrest and enhanced the anti-tumor effect of RAF 

inhibitors from cytostatic to cytotoxic. Furthermore the addition of NSAIDs delayed the onset 

of RAF inhibitor resistance, most likely by counteracting the upregulation of MITF. Our data 

suggest that selective NSAIDs could be a promising combination partner for MAPK pathway 

inhibitors in the treatment of BRAFV600E mutated melanomas. 
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Abstract 

Tumors, including melanomas, frequently show an accelerated glucose metabolism. Mutations 

in the v-Raf murine sarcoma viral oncogene homolog B (BRAF) oncogene, detected in about 

50 % of all melanomas, result in further enhancement of glycolysis. Therefore anti-metabolic 

substances might enhance the impact of RAF inhibitors. We have identified the two non-

steroidal anti-inflammatory drugs (NSAIDs) diclofenac and lumiracoxib being able to restrict 

energy metabolism in human melanoma cells by targeting lactate release and oxidative 

phosphorylation (OXPHOS). In combination with the RAF inhibitor vemurafenib strong 

synergism was observed: Diclofenac as well as lumiracoxib enhanced the anti-glycolytic impact 

of vemurafenib and prevented RAF-inhibitor induced metabolic reprogramming towards 

OXPHOS. Consequently, both NSAIDs sensitized melanoma cells to vemurafenib, triggered 

proliferation arrest and enhanced the anti-tumor effect of RAF inhibitors from cytostatic to 

cytotoxic. Furthermore the addition of NSAIDs delayed the onset of RAF inhibitor resistance, 

most likely by counteracting the upregulation of MITF. Our data suggest that selected NSAIDs 

could be a promising combination partner for MAPK pathway inhibitors in the treatment of 

BRAFV600E mutated melanomas. 
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Introduction 

The approval of RAF inhibitors has revolutionized the treatment of late-stage melanoma, the 

most aggressive form of skin cancer, several years ago [1]. BRAF inhibitors such as 

vemurafenib and dabrafenib selectively target cells harboring oncogenic BRAF mutations what 

accounts for MAPK pathway hyper-activation in approximately 50 % of all melanomas [2]. 

However, most patients show promising initial response, but develop disease progression within 

a few months due to acquisition of drug resistance [3]. As single treatment does not result in 

durable disease control, standard-of-care protocols for BRAF mutated melanoma have shifted 

from mono- towards combination therapy [4,5]. Combined treatment protocols, e.g. of BRAF 

and MEK inhibitors, reveal significantly higher response rates and progression free survival 

(PFS). However, long-term benefit is often limited to a small fraction of patients [6,7]. Thus there 

is still a strong need for identifying additional combinatory treatment options. 

Recently, targeting cancer metabolism has been discussed as a promising strategy in 

melanoma treatment [8–10]. Metabolic reprogramming towards enhanced glycolysis, commonly 

known as the “Warburg effect” [11], is a recognized hallmark of cancer [12] and has been shown 

for many different tumor types, including malignant melanoma [13–15]. In order to fulfil their 

demand for biomolecule intermediates and energy, tumor cells display an accelerated metabolic 

activity and metabolize glucose mainly to lactate instead of using it for ATP production via 

oxidative phosphorylation. The BRAFV600E mutation has been associated with this highly 

glycolytic phenotype [16], indicating that V600E mutated melanoma tumors depend even more 

on glucose than BRAF wildtype counterparts [17]. Indeed, Parmenter et al. confirmed that the 

BRAFV600E oncogene upregulates a network of glycolysis triggering transcription factors 

downstream the c-myc/Hif1α axis [18]. Moreover Haq and colleagues have shown the Warburg 

phenotype to be further promoted by BRAF-induced attenuation of central regulators of 

oxidative phosphorylation (OXPHOS) such as the microphthalmia-associated transcription 

factor (MITF) [19,20]. Vice versa, RAF inhibitor treatment suppresses glucose metabolism [21] 

and renders BRAFV600E mutated melanoma cells addicted to respiration [19,22]. Therefore the 

combination of RAF inhibitors and agents targeting OXPHOS has been discussed as a highly 

promising therapeutic strategy to enhance impact of MAPK pathway inhibition [23,24] and 

overcome drug resistance [25,26].  

However, metabolic flexibility might limit the efficacy of one-armed anti-metabolic approaches in 

melanoma [27]. Previously our group has shown that the nonsteroidal anti-inflammatory drug 

(NSAID) diclofenac diminishes lactate secretion and affects oxidative phosphorylation in a 

variety of cancer cell lines [28]. In this study we demonstrate that diclofenac and also 

lumiracoxib, another NSAID that displays a high structural similarity to diclofenac, reveal a 

comparable dual anti-metabolic impact on BRAFV600E mutated melanoma cells. The combination 

of the RAF inhibitor vemurafenib with either NSAID restricts metabolic reprogramming and 

efficiently starves the cells resulting in a highly synergistic effect on proliferation as well as cell 
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death induction. Furthermore low-dose NSAID treatment reduces MITF expression and delays 

onset of RAF inhibitor resistance in a long-term treatment approach.  
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Materials and Methods  

 

Cells and cell culture 

BRAFV600E mutated human melanoma cell lines (MelIM, M14, SK-Mel-28) were cultured in RPMI 

1640 (Gibco) with 10 % FCS and 2 mM instabile L-glutamine (both from PAN Biotech) at 5 % 

CO2 and 37°C. Cells were passaged and reseeded (0.05 x  106 cells/ml) every 72 to 96 hours at 

around 80 % confluency. MelIM was obtained from Prof. Judith Johnson (formerly Institute of 

Immunology, LMU Munich, Germany) in 1993 and has been characterized before [29]. SK-Mel-

28 and M14 were kindly provided by Dr. Sebastian Haferkamp (Department of Dermatology, 

University Hospital Regensburg, Germany) [30].  

 

Chemicals 

Vemurafenib (Selleckchem, S1267, stock concentration 1 mM) was dissolved in ethanol (Roth). 

Diclofenac (Fagron, 135796, stock concentration 8 mM) was dissolved in RPMI and lumiracoxib 

(Selleckchem, S2903, stock concentration 200 mM) in DMSO (Honeywell Riedel-de Haen). 

Oligomycin (Sigma-Aldrich, O4876, stock concentration 5 mM) was dissolved in ethanol. 

 

Cell number, doubling time and viability determination 

For proliferation and viability analysis cells were seeded into flat-bottom 6-well-plates (0.15 x 

106 cells/well) with or without indicated concentrations of drugs. Carrier controls were included 

in every treatment set and had no significant impact on determined parameters compared to 

untreated controls, unless otherwise indicated. After indicated time of incubation cells were 

harvested with trypsin (Gibco) and counted with a CASY TT Cell Counter and Analyzer (OLS). 

Results have been normalized to the initial number of cells seeded and given as percent of the 

untreated control.  

To distinguish between viable and apoptotic cells, double-staining with FITC labeled Annexin-V 

and 7-Aminoactinomycin (7-AAD) (both from BD Biosciences) was performed. Subsequent flow 

cytometry was carried out on a FACS Calibur (BD Biosciences) using CellQuestPro for data 

acquisition and FlowJo Software for data analysis. Annexin-V positive, but 7-AAD negative cells 

were classified as early apoptotic and double-positive cells as late apoptotic, while double 

negative cells were regarded as viable. Doubling time of cells was calculated according to the 

following formula [31]:  

���. 1�			�	
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Metabolic restriction 

For nutrient starvation cells were incubated in 6-well-plates (0.15 x 106 cells/well) for 72 hours 

under the following conditions: Glucose metabolism was deprived by using glucose-free RPMI 
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medium (Sigma Aldrich). Mitochondrial ATP production was inhibited by addition of the ATP-

synthase inhibitor oligomycin (final concentration 5 µM). 

 

Lactate measurement in cell culture supernatants  

For metabolite quantification cells were cultured in flat-bottom 6-well-plates (0.15 x 106 

cells/well) for 72 hours. After the indicated time lactate levels in cell culture supernatants were 

measured enzymatically using commercially available reagents from Roche and an ADVIA 1650 

(Bayer). For analysis of metabolite consumption or release rates (CORE) measured lactate 

concentrations were normalized to kinetics of tumor cell growth according to the method of Jain 

et al. [32] (Figure S1C).  

 

Oxygen consumption and staining for mitochondrial content 

To analyze mitochondrial content cells were cultivated in 6-well-plates for 72 hours, harvested 

and stained with MitoTracker Green FM (Invitrogen) for 2 hours. To block export of MitoTracker 

Green via multidrug resistance transporters cyclosporine A (Sandimmun®, Novartis) was 

added. Stained cells were analyzed in terms of mitochondrial content by flow cytometry. 

Unstained cells were used to determine auto-fluorescence.  

Respiration was quantified using the PreSens technology (PreSens Precision Sensing GmbH) 

that allows non-invasive online monitoring of oxygen under standard cell culture conditions. 

Therefore cells were seeded in specialized 24 well plates (Oxodish® OD 24) at a density of 0.2 

x 106/ml and incubated for the indicated period of time.  

 

Western Blotting 

For protein analysis cells were seeded into flat-bottom 6-well-plates for 24 hours (2.5 x 106 

cells/well). Cell lysates were prepared with RIPA-buffer and samples were subjected to western 

blotting on a denaturating 12 % acrylamide gel. Membranes were tested with an MITF antibody 

from Santa Cruz (sc-56725). β-actin (Sigma) was used as a loading control. 

 

Drug interaction analyses 

For drug interaction analyses combination indices (CI) were determined according to the 

algorithm of Chou Talalaly using CompuSyn [33]. Being an applied method in anti-cancer 

research, CI values represent a computerized simulation system for the analysis of drug 

interactions regardless of their mechanism of action. CI < 0.9 indicates synergism, 1.1<CI<0.9 

additivism and CI >1.1 antagonism of the analyzed drugs. As recommended combinatorial 

concentrations were chosen in a fixed constant ratio approximately according to the IC50 ratio 

(eq. 2) of the single drugs [34]:  

���. 2�	�	�� !"#$% &'(�
�	�)*+,-� 	≅ 	 ,/01	�� !"#$% &'(�

,/01	�)*+,-�
 ≅ 1:1000 
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For drug interaction analyses fractions affected (FA) for growth inhibition (eq. 3) and cell death 

induction (eq. 4) were determined as shown by the following formulas and entered into the 

CompuSyn software:  

���. 3�	345#6789	'&9'('8'6& = 1 − :;<#6='% #$8'6&>?@AB?AC	D<#6='% #$8'6&EFGH?@GI
J  

���. 4�	34� ==	L $89	'&L"�8'6& = 1 − :;�'$('='8M>?@AB?AC	D�'$('='8MEFGH?@GI
J  

Methods of proliferation and cell viability determination have been outlined above. As previously 

described [34], values higher than 100 % (FA <  0) or less than 0 % (FA > 1) were set as 100 % 

or 0 %.  

 

Statistical analyses and data plotting  

Statistical analysis was performed using Graph Pad Prism 7. Results represent the mean of a 

minimum of three independent experiments shown with the standard error of the mean (SEM). 

Unless otherwise indicated, treatment groups were compared via one-way ANOVA and posthoc 

Dunnett’s multiple comparisons test. Significant differences are shown by * (*p<0.05, **p<0.01, 

***p<0.001).  
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Results 

 

BRAFV600E mutated melanoma cells display a high metabolic flexibility  

BRAF-mutated melanomas are known to exhibit high glycolytic activity [13]. To analyze 

dependency on metabolic pathways in more detail, a panel of BRAFV600E mutated human 

melanoma cell lines (MelIM, SK-Mel-28, M14) was cultured in glucose free medium (0-Glc), 

treated with the mitochondrial ATP synthase inhibitor (mtATPi) oligomycin or the combination of 

both (Figure 1A and Figure S1A). Interestingly, restriction of either glucose metabolism or 

mitochondrial ATP (mtATP) production only led to a 40 – 60 % growth inhibition each. However, 

when both pathways were inhibited, proliferation was completely blocked (Figure 1A) and, 

moreover, cell viability was significantly reduced (Figure S1B). These data indicate that 

restriction of a single energy providing pathway is not sufficient to completely arrest proliferation 

or affect viability of the BRAFV600E mutated melanoma cell lines investigated. Hence, we 

hypothesized that metabolic restriction might be compensated by alternative pathways and 

measured lactate levels in cell culture supernatants (Figure S1C). Increased lactate release 

rates under oligomycin treatment confirmed counteraction of OXPHOS inhibition by enhanced 

glucose metabolism in all three cell lines (Figure 1B). Vice versa, under glucose deprivation a 

slight upregulation of mitochondrial content was observed (data not shown).  

These results suggest that anti-metabolic agents represent a promising treatment option for 

BRAFV600E mutated melanoma cells, but high metabolic flexibility limits efficiency of drugs 

targeting only a single energy providing pathway.  

 

Selected NSAIDs affect melanoma cell lines by metabolic restriction  

Previously, our group has shown that the NSAID diclofenac is able to block lactate secretion 

and proliferation in a variety of cancer cell lines including the human melanoma cell line MelIM 

[28]. To test whether these results are reproducible in BRAFV600E mutated melanoma cells per 

se, proliferation and metabolic activity of MelIM, SK-Mel-28 and M14 was monitored under 

increasing concentrations of diclofenac. As expected, significant growth inhibition was observed 

in all cell lines analyzed (Figure 2A). Comparable results were also obtained with lumiracoxib 

(Figure 2A), a NSAID displaying a high structural similarity to diclofenac. Interestingly 

concentrations higher than 0.1 mM diclofenac also triggered cell death (Figure 2B). For 

lumiracoxib concentrations of 0.4 mM were needed to induce apoptosis in vitro (data not 

shown).  

Next, the metabolic impact of both NSAIDs was analyzed. Diclofenac as well as lumiracoxib led 

to diminished lactate release rates at concentrations as low as 0.05 µM in MelIM (Figure 2C), 

SK-Mel-28 and M14 (not shown). In line with lower IC50 values, diclofenac had a slightly 

stronger impact on lactate release rates than lumiracoxib at equivalent concentrations. To 

evaluate the kinetics of NSAID-induced glycolytic inhibition and proliferation arrest in more 
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detail, lactate secretion and cell number were monitored in parallel over 48 hours (Figure S2). 

While lactate production was diminished already after 12 hours of diclofenac treatment more 

than 50 % (Figure S2A), significant cell number reduction was not observed within 48 hours 

(Figure S2B). These results confirm that the metabolic impact of the selected NSAIDs occurs 

prior to proliferation arrest.  

However, since glucose deprivation alone reduced proliferation only by 50 % (Figure 1A) and 

did not result in significant cell death induction (Figure S1B), we assumed that glycolytic 

restriction alone doesn’t explain the observed growth inhibitory effects under diclofenac and 

lumiracoxib treatment. The fact that simultaneous deprivation of glucose and mtATP induced 

apoptosis (Figure S1B), led us to the hypothesis that diclofenac and lumiracoxib might not only 

have an impact on lactate secretion but also on mitochondrial activity. Indeed, mitochondrial 

content of MelIM was significantly downregulated by both NSAIDs after 72 hours (Figure 2D). 

Monitoring oxygen consumption further confirmed inhibition of respiration at concentrations 

higher than 0.05 mM diclofenac (Figure 2E) and 0.1 mM lumiracoxib, respectively (Figure 2F). 

Notably, cell number dependent effects were negligible at this time point and concentration 

(Figure S2B).  

In conclusion, the selected NSAIDs reveal dual anti-metabolic effects on melanoma by inhibiting 

both lactate secretion and mitochondrial activity and therefore represent a promising therapeutic 

option for metabolically highly active tumor cells. 

 

Targeting metabolic reprogramming enhances the impact of RAF-inhibitors 

Most BRAFV600E mutated melanoma respond to BRAF inhibitors (BRAFi) such as vemurafenib. 

As expected, vemurafenib treatment resulted in strong proliferation arrest in all cell lines used 

(Figure 3A). However, only a slight reduction of cell viability was observed (Figure 3B). Since 

the BRAF oncogene is known as a driver mutation for metabolic reprogramming, metabolic 

flexibility might be one mechanism of melanoma cells escaping from cell death induction under 

BRAF inhibition (Figure 1 and Figure S1). In accordance with this hypothesis, cells treated with 

vemurafenib displayed diminished lactate release rates up to 50 % (Figure 3C). In turn, 

mitochondrial content was significantly upregulated indicating a compensatory switch from 

glycolysis to OXPHOS under BRAF inhibition (Figure 3D). Indeed, monitoring oxygen 

consumption of MelIM cells confirmed enhanced respiration under vemurafenib treatment 

(Figure 3E).  

To test whether blocking metabolic plasticity could further enhance the impact of BRAF 

inhibitors, MelIM cells were treated with vemurafenib and the ATP synthase inhibitor oligomycin 

(Figure 3F). As expected, the addition of oligomycin further increased proliferation arrest 

compared to single treatment with vemurafenib (Figure 3F). However, apoptosis induction was 

not increased (Figure S3). As complete deprivation of mtATP and glucose has caused 
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significant cell death (Figure 1A), the remaining glycolytic activity might be sufficient to maintain 

cell viability.  

Hence, dual metabolic inhibition of both glycolysis and metabolic reprogramming towards 

OXPHOS could be a promising strategy to enhance the impact of vemurafenib.  

 

NSAIDs enhance the anti-metabolic impact of RAF inhibitors 

As a metabolic inhibitor vemurafenib can reduce glycolytic activity (Figure 3). However, its anti-

glycolytic impact is not sufficient to completely starve melanoma cells due to remaining basal 

glycolytic activity on the one hand (Figure 3C) and compensatory upregulation of OXPHOS on 

the other hand (Figure 3D). In contrast, diclofenac and lumiracoxib are able to metabolically 

restrict BRAFV600E mutated melanoma cells by targeting both respiration and glycolytic activity 

(Figure 2). While the anti-glycolytic impact of vemurafenib is mainly mediated via the HIF1N/C-

MYC-axis [18], diclofenac has been discussed to also target glycolytic key players downstream 

of C-MYC such as the lactate transporter MCT4 [35]. Thus we hypothesized that NSAID 

treatment might be able to further enhance the anti-metabolic impact of vemurafenib (Figure 

4A).  

To confirm this hypothesis we monitored lactate production of BRAFV600E mutated MelIM cells 

cultured with vemurafenib in the presence or absence of low-dose (0.05 mM) diclofenac or 

lumiracoxib (Figure 4B). In comparison to monotherapy, lactate release rates of the combinatory 

approaches were significantly lower. Moreover, analysis of oxygen consumption revealed that 

addition of diclofenac (Figure 4C) or lumiracoxib (Figure 4D) counteracts vemurafenib induced 

metabolic reprogramming towards enhanced OXPHOS. At higher NSAID concentrations (≥ 0.2 

mM) respiration was completely blocked (Figure S4 A+B).  

These data indicate that NSAIDs are able to metabolically sensitize BRAFV600E mutated 

melanoma cells to subsequent vemurafenib therapy and therefore represent promising 

combinatorial agents.  

 

The combination of vemurafenib and NSAIDs exerts synergistic effects on proliferation arrest 

and apoptosis induction 

To further test whether RAF inhibitors and NSAIDs are synergistic, MelIM (Figure 5A-D), SK-

Mel-28 (Figure S5A-D) and M14 (Figure S5E-H) were treated with the combination of 

vemurafenib (0.05 – 0.4 µM) and diclofenac or lumiracoxib (0.05 – 0.4 mM). Thereby 

combinatorial concentrations in a fixed constant ratio (1:1000 = [BRAFi]:[NSAID]) according to 

the IC50 ratio of the single drugs were chosen as previously described [34]. After 72 hours 

proliferation and cell viability were determined and compared to results obtained from single 

treatment. In all cell lines application of the selected NSAIDs significantly enhanced the impact 

of BRAFi induced growth inhibition (Figure 5 A+B, Figure S5 A+B, Figure S5 E+F). Especially at 

moderate concentrations the effect was apparently stronger than the summated impact of the 
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single drugs, assuming synergism. Notably not only proliferation, but also cell viability was 

affected by combination treatment (Figure 5 C+D, Figure S5 C+D, Figure S5 G+H). While single 

application of vemurafenib could hardly induce apoptosis, combination therapy with the selected 

NSAIDs strongly decreased cell viability. This indicates that NSAID treatment potentiates the 

effect of vemurafenib from cytostatic to cytotoxic.  

In order to evaluate drug interactions between vemurafenib and the indicated NSAIDs in more 

detail, combination indices (CI) for all collected raw data points were calculated (Figure 5E). CI 

values represent a mathematical model for the quantification of synergism between two drugs 

and were generated with CompuSyn according to the method of Chou and Talalay [33]. For 

vemurafenib plus lumiracoxib all tested combinations were at least additive (0.9<CI<1.1) with 

multiple pockets of moderate to strong synergism (CI<0.9). Response to vemurafenib plus 

diclofenac was slightly more heterogeneous among the cell lines with approximately 80 % of all 

tested combinations being synergistic to additive (CI<1.1). 

For further analysis a computerized simulation of synergy quantification over all three cell lines 

was performed by median-drug effect plotting (Figure 5F–G). The model of median drug effect 

plotting allows to predict the degree of synergism between two drugs for any level of a dose-

response curve (fraction affected) calculated from experimentally collected raw data points [33]. 

Fraction affected (FA) values higher than 0.5 represent an effect greater than 50 % of the 

maximal possible drug effect and are regarded as benchmark for clinically relevant experimental 

conditions [34]. Calculations of median effect plots averaged over all three cell lines predicted 

slight to strong synergism for the combination of vemurafenib and diclofenac as well as 

lumiracoxib. In terms of growth inhibition mean CI values indicate slight synergism for diclofenac 

(CImean = 0.90, Figure 5F) and moderate synergism for lumiracoxib (CImean = 0.77, Figure 5G). 

Cell death inducing effects were regarded as strongly synergistic for both NSAIDs with CImean 

values ranging from 0.71 (diclofenac) to 0.46 (lumiracoxib).  

These results point out that selective NSAIDs are synergistic with vemurafenib and can 

efficiently enhance the impact of RAF inhibitor therapy in BRAFV600E mutated melanoma cells 

from cytostatic to cytotoxic.  

 

NSAID treatment downregulates MITF expression and delays onset of BRAFi resistance 

Nearly all patients suffering from BRAFV600E mutated melanoma acquire resistance to RAF-

inhibitors within a few months. Only recently Smith et al. have demonstrated that vemurafenib-

induced upregulation of MITF, a key regulator of OXPHOS in melanoma [19], is a major driver 

of non-mutational drug resistance to RAF inhibitors [36].  

The NSAID indomethacin has been shown to reduce MITF transcription in murine melanoma 

cells [37]. Since we have observed significant inhibition of OXPHOS under NSAID treatment 

(Figure 3) and indomethacin reveals structural similarity to the NSAIDs used here, we 

hypothesized that MITF might be also a target of diclofenac and lumiracoxib. Indeed, western 
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blot analysis of MelIM cells showed downregulation of MITF under both NSAIDs already at low 

concentrations (0.05 mM) (Figure 6A). Therefore diclofenac and lumiracoxib might not only 

enhance RAF inhibitor therapy by metabolic restriction (Figure 4), but also delay onset of drug 

resistance (Figure S6).  

To confirm this hypothesis, proliferation of melanoma cell lines was monitored up to 50 days 

under high-dose vemurafenib treatment (2.5 µM) with or without selected NSAIDs (0.1 mM, 

Figure 6B-D). Long-term treatment (30 days) of diclofenac (D) or lumiracoxib (L) led to 

moderate growth inhibition, in fact to the same extent as obtained in short-term analyses (3 

days, Figure 6B). In contrast, cells under RAF inhibitor monotherapy (V) showed initial 

proliferation arrest, but significant cell regrowth beyond day 20 with doubling times of 

approximately 2 days indicating gradual loss of drug sensitivity (Figure 6C and Table 1). 

Compared to single treatments, cells treated with the combination of vemurafenib and NSAIDs 

(V+D or V+L) displayed constant proliferation arrest over the whole period of time analyzed 

(Figure 6C and Table 1). This suggests that diclofenac and lumiracoxib are able to delay onset 

of RAF-inhibitor resistance. To clarify this hypothesis, cells co-treated with vemurafenib and 

NSAIDs were randomized into subgroups at day 40. While part of the cells was further kept 

under NSAID/vemurafenib co-treatment (V+D or V+L), the other cells were withdrawn from 

NSAIDs and re-cultivated under vemurafenib monotherapy (V+D[-D] or V+L[-L]) for another 10 

days. Notably, those cells removed from NSAID treatment showed no significant regrowth and 

doubling times were approximately four-fold longer compared to vemurafenib single treatment 

(Figure 6D, Table 1). Taken together, these results strongly suggest that addition of diclofenac 

or lumiracoxib can efficiently delay onset of RAF inhibitor resistance.  

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Discussion  

Targeting metabolism has been discussed as a promising therapeutic strategy for melanoma 

already years ago [8,9]. Up to now, preclinical treatment approaches have mostly focused on 

either restricting glycolysis [38,39] or OXPHOS [40]. The results of this study, however, provide 

strong evidence that inhibition of a single energy providing pathway is not sufficient to impair 

melanoma cells due to their high metabolic flexibility. In a panel of BRAFV600E mutated human 

melanoma cell lines lack of glucose or mitochondrial inhibition affected proliferation only up to 

50 %. Upregulation of mitochondrial content under glucose deprivation confirmed that glycolytic 

inhibition can be compensated by alternative metabolic pathways. Therefore our data further 

support the concept that metabolic plasticity limits the effect of one-armed metabolic therapy 

approaches what is in line with previously reported studies [27,41]. Since in contrast 

simultaneous deprivation of glucose and mtATP efficiently starved our cells, we suggest that 

drugs targeting both glycolysis and OXPHOS are promising candidates for adjuvant melanoma 

treatment. The idea of combining glycolytic and mitochondrial inhibitors has also been 

discussed by Chaube et al. lately [42], but was not followed up in patients to date. 

With diclofenac and lumiracoxib we have identified two well-known and clinically approved 

NSAIDs capable to metabolically restrict BRAFV600E mutated melanoma cell lines. Treatment 

with concentrations as low as 0.05 mM of either NSAID led to a significant reduction of lactate 

release. The fact that diclofenac can affect glucose metabolism in melanoma cells via 

downregulation of c-myc has been shown by our group before [28]. Interestingly, only recently 

Sasaki et al. have identified the monocarboxylate transporter MCT4 as further target of 

diclofenac in colon cancer cells [35]. MCTs are known to play a crucial role for maintenance of 

the highly glycolytic phenotype of BRAFV600E mutated cells as they mediate efflux of lactate into 

the tumor microenvironment [43] and thereby trigger immune escape [15,44,45]. Hence, MCTs 

have been considered as a potential target for melanoma therapy already more than a decade 

ago [46]. Notably Pinheiro et al. have shown that MCT4 is regulated independent from the 

MAPK pathway [47] whereas MCT1 is a direct downstream target of C-MYC and therefore the 

BRAFV600E oncogene [18,47]. Thus, the synergistic impact on glycolysis both NSAIDs exerted in 

combination with vemurafenib might be explained by a simultaneous blockade of C-MYC and 

MCT4. In accordance with this finding, Abildgaard et al. have shown that the glycolytic inhibitor 

dichloracetate can further enhance the metabolic impact of vemurafenib [38]. 

RAF inhibitors (BRAFi) such as vemurafenib are known to render melanoma addicted to 

mitochondrial energy supply [21,22]. In single use, BRAFi treatment induces strong proliferation 

arrest, but often no significant cell death. The lack of pro-apoptotic impact is a well-described 

problem of BRAFi therapy and has been discussed to account for limited treatment efficiency of 

MAPK inhibitors [30,48,49]. Metabolic flexibility might contribute to this escape from cell death. 

Accordingly, Trotta et al. showed that disruption of the mitochondrial chain can enhance the pro-

apoptotic effect of vemurafenib [23]. Besides restriction of glucose metabolism diclofenac and 
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lumiracoxib have also affected mitochondrial activity in all tested BRAFV600E mutated cell lines. 

Impairment of OXPHOS could be verified by both downregulated mitochondrial content and 

oxygen consumption. Several years ago, Albano et al. reported mitochondrial dysfunction during 

diclofenac-induced apoptosis in melanoma [50]. However, the exact mechanism has remained 

unclear so far. Haq et al. have identified MITF as direct regulator of the mitochondrial master 

regulator PGC-1a in BRAFV600E mutated melanoma [19]. As both NSAIDs were capable to 

reduce MITF expression the selected NSAIDs might restrict OXPHOS via MITF downregulation. 

The combination of low concentrations of either NSAID with vemurafenib resulted not only in a 

more pronounced decrease in proliferation but also in cell death induction. Especially the latter 

result is interesting as neither vemurafenib monotherapy nor the combination of vemurafenib 

and oligomycin has been able to induce apoptosis. However, treatment with the mitochondrial 

ATP synthase inhibitor oligomycin in glucose free medium was able to trigger cell death in 

melanoma cells. This indicates that blocking metabolic reprogramming towards OXPHOS can 

enhance the impact of RAF inhibitors on proliferation, but for induction of cell death additional 

glycolytic restriction as observed under NSAID treatment seems to be crucial.  

Counteracting upregulation of OXPHOS is not only capable of enhancing MAPK inhibition 

[51,52], but has also been discussed as a promising strategy for overcoming drug resistance 

[25,53,54]. The idea that mitochondrial activity plays a central role in acquisition of resistance 

followed shortly after FDA approval of vemurafenib [26,55]. By now several groups have shown 

that vemurafenib-induced upregulation of OXPHOS via MITF is a major driver of non-mutational 

resistance [36,56–58]. Here we show that administration of diclofenac and lumiracoxib was able 

to delay vemurafenib resistance. The observed reduction in MITF expression under diclofenac 

or lumiracoxib treatment might be the underlying mechanistic explanation, but warrants further 

investigation. Furthermore, Ennen et al. have described a subpopulation of melanoma cells that 

escape MITF mediated regulation of metabolism by switching towards a MITFlow phenotype [59]. 

Therefore selection of MITFlow subclones needs to be taken into consideration as a possible 

strategy of melanoma to escape from treatment and long-term impact of NSAIDs on such 

clones should be evaluated.  

Several reports indicate that the NSAID concentrations used in this study are physiologically 

relevant [60,61]. The official prescribing information of diclofenac states plasma levels of 0.15 – 

105 mg/l (~50–350 µM) to be achievable with recommended doses [62]. Other studies report 

peak plasma levels (cmax) of 12.5 µM and 20 µM, respectively, after oral application of single 

doses diclofenac (50 mg) or lumiracoxib (200 mg) [60,63]. However, cmax concentrations are 

known to increase in a dose-proportional manner and dose escalation towards maximal daily 

standard doses can further boost reachable plasma concentrations [60,61]. Moreover, 

intravenous application results in at least two fold higher plasma concentrations compared to 

oral application [60,64]. About three times higher steady-state levels of both drugs accumulate 

in synovial fluid [65,66] indicating that similar concentrations could also be reached in tumors. 
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In conclusion our data provide strong evidence that patients suffering from advanced 

melanoma, especially those treated with RAF inhibitors, might benefit from adjuvant application 

of anti-metabolic NSAIDs such as diclofenac and lumiracoxib. Since pain killers are usually 

included in the therapy of advanced tumors [67], current treatment protocols could easily be 

adapted.  
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Figure legends 

 

Fig. 1. Metabolic profile of BRAF V600E mutated melanoma cell lines. (A) Proliferation of 

MelIM, SK-Mel-28 and M14 cells either in standard growth medium ± the mitochondrial ATP 

synthase inhibitor oligomycin (mtATPi) or in glucose-free medium (0-Glc) ±		mtATPi. Cell 

numbers were counted by the CASY system. Results are normalized to untreated controls 

(mean + SEM, ordinary one-way ANOVA and post-hoc Tukey’s multiple comparisons test 

***p<0.001; MelIM: n=14 for 0-Glc and n=11 for mtATPi independent experiments four times 

performed in at least duplicates, n=6 for 0-Glc+mtATPi; SK-Mel-28 n=9; M14: n=10 independent 

experiments for 0-Glc or mtATPi, three times performed in at least duplicates; n=3 for 0-

Glc+mtATPi). (B) Lactate release rates of melanoma cell lines incubated with or without mtATPi. 

Lactate levels were measured in cell culture supernatants after 72 hours, corrected for basal 

medium values and normalized for proliferation (Wilcoxon matched-pairs signed rank test; 

**p<0.01). 

 

Fig. 2. Impact of the NSAIDs diclofenac and lumirac oxib on BRAF V600E mutated melanoma 

cell lines.  (A) Proliferation and (B) cell viability of MelIM, SK-Mel-28 and M14 under treatment 

with diclofenac or lumiracoxib (0.05–0.2 mM) for 72 hours, results were normalized to respective 

controls. Proliferation was determined using a CASY cell counter and was corrected for the cell 

number seeded (mean + SEM; diclofenac n=5 for MelIM/SK-Mel-28 and n=6 for M14; for 

lumiracoxib n=9 for MelIM and n=5 for SK-Mel-28/M14). Cell viability was analyzed by Annexin-

V/7-AAD staining. (mean + SEM; for diclofenac n=equivalent to proliferation, for lumiracoxib n=8 

for MelIM, n=4 for SK-Mel-28, n=5 for M14; one-way ANOVA post-hoc Dunnett’s multiple 

comparisons test *p<0.05, **p<0.01, ***p<0.001). (C) Lactate release rates and (D) 

mitochondrial content of MelIM cells under diclofenac or lumiracoxib treatment. Lactate levels 

were measured in cell culture supernatants after 72 hours and corrected for basal medium 

values as well as proliferation kinetics. Mitochondrial content was analyzed by MitoTracker 

Green staining of MelIM incubated in standard growth medium ± the addition of diclofenac or 

lumiracoxib for 72 hours. Mean fluorescence intensity (MFI) of MitoTracker Green was 

normalized to unstained cells. (one-way ANOVA post-hoc Dunnett’s multiple comparisons test 

*p<0.05, **p<0.01, ***p<0.001). Monitoring of oxygen consumption of MelIM cells incubated in 

standard growth medium (control) (E) ± diclofenac or (F) ±	lumiracoxib. Data were acquired 

with the PreSens technology under standard cell culture conditions for 24 hours (mean; 

diclofenac n=7; lumiracoxib n=5 independent experiments, two times performed in at least 

duplicates).  
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Fig. 3. Impact of vemurafenib on BRAF V600E mutated melanoma cell lines.  (A) Proliferation 

and (B) cell viability of MelIM, SK-Mel-28 and M14 under vemurafenib treatment (0.05 – 0.4 µM) 

for 72 hours. Proliferation was determined using a CASY cell counter and corrected for the 

number of cells initially seeded. Results were normalized to control numbers (mean + SEM; 

n=14 except n=12 for 0.05 µM MelIM; n=7 except n=5 for 0.4 µM SK-Mel-28; n=8 except n=6 for 

0.4 µM M14). Cell viability was analyzed by Annexin/7-AAD staining (mean + SEM; n=10 except 

for 0.05 µM n=8 for MelIM; n=5 for SK-Mel-28; n=6 for M14). (C) Lactate release rates and (D) 

mitochondrial content of MelIM cells in the presence or absence of vemurafenib. Lactate levels 

were measured in cell culture supernatants after 72 hours and corrected for basal medium 

values as well as proliferation. (D) MitoTracker Green staining of MelIM cells incubated in 

standard growth medium ± vemurafenib for 72 hours. Mean fluorescence intensity (MFI) of 

MitoTracker Green was normalized to unstained cells. (E) Oxygen consumption rates of MelIM 

cells incubated in standard growth medium ± vemurafenib. Data were acquired by the PreSens 

technology (mean; n=3 except for 0.2 µM n=2). (F) Proliferation of MelIM cells treated with 

vemurafenib (vemura) in the presence or absence of the ATP synthase inhibitor oligomycin 

(mtATPi). Results were normalized to controls (mean + SEM, n=3; one-way ANOVA, post-hoc 

Dunnett’s multiple comparisons test *p<0.05, **p<0.01, ***p<0.001). 

 

Fig. 4. Impact of the combination of NSAIDs plus ve murafenib on metabolic key features.  

(A) Schematic model explaining the possible underlying molecular mechanism resulting in the 

synergism between selected NSAIDs and vemurafenib in BRAFV600E mutated melanoma. (B) 

Lactate release rates of MelIM cells under single vemurafenib treatment (V; 0.05 – 0.4 µM) or in 

combination with either 0.05 mM diclofenac (V+D) or 0.05 mM lumiracoxib (V+L). Lactate levels 

were corrected for basal medium values as well as for proliferation kinetics (mean + SEM; n=3). 

Oxygen consumption of MeIIM cells under vemurafenib treatment in the presence or absence of 

(C) diclofenac or (D) lumiracoxib (mean; n=5).  

 

Fig. 5. Synergism of selected NSAIDs and vemurafeni b in BRAF V600E mutated melanoma 

cell lines . (A, B) Proliferation and (C, D) cell viability of MelIM treated with (A, C) diclofenac or 

(B, D) lumiracoxib (0.05–0.4 mM) and the BRAF-inhibitor vemurafenib (0.05–0.4 µM) in single 

use or the combination of both. Dashed curves represent values expected from an additive 

effect estimated by summation of the single drug impact. Results are given as percentage of 

untreated controls (mean ± SEM; n=5 for diclofenac; n=6 for lumiracoxib). (E) Heat map of 

combination indices (CI) showing drug interactions between diclofenac or lumiracoxib and 

vemurafenib in MelIM, SK-Mel-28 and M14. CI values have been generated with CompuSyn 

and color-depicted as shown in the legend. Synergistic effects are defined as CI < 0.9 (green), 

whereas 0.9<CI<1.1 indicates additivism (yellow) and CI > 1.1 antagonism (red) of the analyzed 

drugs. Computerized simulation of drug interactions between vemurafenib and (F) diclofenac or 
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(G) lumiracoxib. Based on raw data obtained from Figure 4 A–D expected combination indices 

over different fractions affected (FA; 0.1–0.95) were calculated using CompuSyn. Results 

represent the mean of all three cell lines (MelIM, SK-Mel-28, M14). Numbers show the mean 

expected combination indices over all cell lines at clinically relevant fractions affected (FA = 0.5, 

0.75, 0.9) as recommended by Bijnsdorp et al. [34].  

 

Fig. 6. Impact of long-term NSAID treatment on deve lopment of BRAFi-resistance in 

BRAFV600E mutated melanoma cell lines.  (A) Western blot analysis of MITF expression in 

MelIM. One representative experiment out of two is shown. (B) Proliferation of MelIM cells under 

diclofenac or lumiracoxib (0.1 mM) for 3 vs. 30 days. Results are given as percentage of 

untreated controls. (C, D) Proliferation of MelIM cells under long-term vemurafenib ± NSAID 

therapy. Cells were seeded at low density (0.01 x 106/ml) and treated with 2.5 µM vemurafenib 

(V) in the presence or absence of 0.1 mM diclofenac (D) or lumiracoxib (L) for 50 days. Cells 

were splitted every 5 days, culture medium and the indicated drugs were refreshed. (D) At day 

40 cells treated long-term with vemurafenib and diclofenac (V+D) or lumiracoxib (V+L) were 

randomized into two subgroups either kept under co-treatment or withdrawn from diclofenac 

(V+D[-D]) or lumiracoxib (V+L[-L]) for another ten days. Proliferation rates from day 40 to day 50 

are shown in comparison to cells under monotherapy with vemurafenib (V¸ mean + SEM, n=3).  
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Table 1. Doubling time of MelIM cells under long-te rm treatment. 

Treatment  Doubling time T d [d]  

Control (ctrl) 0.9 

Diclofenac (D) 1.1 

Vemurafenib (V) 2.0 

V+D *n.p. 

V+D[-D] 9.1 

Lumiracoxib (L) 1.0 

V+L *n.p.  

V+L[-L] 8.0 

Doubling time between day 40 and day 50 of MelIM cells. MelIM cells were long-term treated 

either with vemurafenib (V), diclofenac (D), lumiracoxib (L) or combination treatment (V+D, V+L) 

up to day 40. At day 40 combined treatment groups (V+D; V+L) were randomized into two 

subgroups either kept under co-treatment or withdrawn from diclofenac (V+D[-D]) or lumiracoxib 

(V+L[-L]) for another ten days. *n.p. indicates no proliferation.  
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Highlights  

1. BRAFV600E mutated melanoma cells display a high metabolic flexibility. 

2. Metabolic targeting enhances the impact of RAF-inhibitors. 

3. The NSAIDs diclofenac and lumiracoxib restrict the metabolism of melanoma cells. 

4. Both NSAIDs enhanced the effect of vemurafenib from cytostatic to cytotoxic. 

5. NSAID treatment delays BRAF resistance and downregulates MITF expression. 


