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 Abstract 

Therapy of metastatic melanoma advanced recently with the clinical implementation of signalling 
pathway inhibitors, such as vemurafenib, specifically targeting mutant BRAFV600E. In general, patients 
experience remarkable clinical responses under BRAF inhibitor (BRAFi) treatment but eventually 
progress within 6-8 months due to resistance development. Responding metastases show an 
increased immune cell infiltrate, including also NK cells, that, however, is no longer detectable in 
BRAFi-resistant lesions, suggesting NK cell activity should be exploited to prevent disease 
progression. Here, we examined the effects of BRAFi on the expression of ligands targeting activating 
NK cells receptors immediately after treatment onset, prior to resistance development. We 
demonstrate that BRAFV600E mutant melanoma cells cultured in the presence of vemurafenib, 
strongly decreased surface expression of ligands for NK activating receptors including the NKG2D-
ligand, MICA, and the DNAM-1 ligand, CD155, and became significantly less susceptible to NK cell 
attack. NKG2D-ligand protein downregulation was due to a significant decrease in mRNA levels, 
already detectable 24 h after drug treatment. Interestingly, vemurafenib-induced MICA 
downregulation could be counteracted by treatment of melanoma cells with the histone deacetylase 
(HDAC) inhibitor (HDACi) sodium butyrate, that also upregulated the DNAM1-ligand, Nectin-2. HDACi 
treatment enhanced surface expression of NKG2D-ligands in a durable manner, even in the presence 
of BRAFi, accompanied by recovery of NK cell recognition. These results suggest that co-
administration of BRAFi and HDAC inhibitors as well as having direct effects on melanoma cell 
survival, could also synergise to improve NK cell recognition and avoid tumour immune evasion. 
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INTRODUCTION 

Recent advances in the molecular characterization of melanoma cells have led to the development of 

new therapies for this aggressive, devastating type of skin cancer. Until 2009, the average survival 

time with metastatic melanoma was 6–12 months with a 5-year survival rate under 10% 1. Since 

then, survival was significantly improved with the clinical implementation of new treatments, 

including immune checkpoint inhibition and specific chemotherapies 2, 3. 

Nearly 50% of melanoma lesions have a valine to glutamic acid exchange at position 600 in the BRAF 

gene, known as BRAFV600E 4. This mutation leads to constitutive activation of the mitogen-activated 

protein kinase (MAPK) pathway that regulates cell proliferation and survival and so became a target 

for new inhibitors and therapeutic approaches 5. Treatment with BRAF inhibitors (BRAFi), such as 

vemurafenib (PLX4032) 6 and dabrafenib (GSK2118436), induces tumour regression in a high 

proportion of metastatic melanoma patients with tumours bearing the BRAFV600E mutation and 

improves overall survival 7. However, an important limitation of this therapy is the emergence of 

drug resistance after several months 8. To prevent resistance development, combinations of MAPK 

inhibitors with immunotherapy are now being tested in clinical trials. This is based on the 

observations that lesions responding to BRAFi show an enhanced infiltration of immune cells.  

Indeed, BRAFi treatment of melanoma leads to increased tumour infiltration by CD8+ T cells 9, 10, 

however it is also associated with increased expression in the tumour of markers such as TIM-3, PD1 

and its ligand PDL1, that are associated with exhaustion and inhibition of effective immune 

responses. Interestingly, however, combination of BRAFi with checkpoint blockade produced only 

modest benefits when tested in murine models 11 and the combination of BRAFi with either anti-PD1 
12 or anti-CTLA-4 immune checkpoint blocking antibodies 13 was associated with significant, severe 

toxicities in human patients, suggesting that there may be important difficulties associated with the 

use of these combinations of targeted therapy with immune checkpoint blockade in clinical practice. 

Despite this, the induction of long-lasting clinical responses by immunotherapy argues for the 

development of strategies that enhance the sensitivity of melanoma cells to immune cells under 

BRAFi treatment. Interestingly, mouse experiments suggest that besides T cells, also NK cells 

contribute to the therapeutic efficacy of BRAFi in mouse melanoma models 14, 15. Since potentiation 

of cytotoxic T cell responses against malignant melanoma frequently faces the problem that 

melanoma cells readily acquire mutations that lead to evasion from T cell recognition 16, 17, the 

utilisation of Natural Killer (NK) cells as a component of immunotherapy for melanoma is of 

considerable interest.  

NK cells can target melanoma cells for lysis via NKG2D, NKp46 and DNAM-1 and the absence of MHC 

Class I molecules only enhances this recognition 18, 19, moreover, NK cells are known to accumulate in 

lymph nodes invaded by melanoma and can kill these tumour cells after cytokine activation 20, 21. 
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Indeed, in murine models, NK cells have been shown to play a critical role in the control of melanoma 

metastasis achieved by BRAF inhibition 14, however the effects of BRAF inhibition on the recognition 

of melanoma cells by human NK cells have not been explored systematically. 

Published data indicate that the immune infiltrate changes in response to MAPK inhibitors and, 

again, on progression of the tumour 22. Moreover, in an early phase of treatment the immune 

infiltrate contains NK cells while at progression the NK cells have disappeared. 

Here, we investigated the early effects of the BRAFi, vemurafenib, on the recognition of melanoma 

cells by NK cells. We show that, in vitro, treatment of human melanoma cells with the BRAFi leads to 

downregulation of ligands for activating receptors including NKG2D and DNAM-1, as well as 

upregulation of MHC Class I, a ligand for NK inhibitory receptors. These observations suggest that NK 

ligand expression strongly depends on the signaling route activated by oncogenic B-RAF. Therefore, 

from a therapeutic perspective, although BRAFV600E inhibition attacks melanoma growth directly, our 

data indicate that this treatment also contributes to tumour evasion from NK cell responses which 

could contribute to the development of resistance to BRAFi. We also go on to show that the 

combination of BRAFi with drugs such as HDAC inhibitors promotes tumour cell death directly and 

increases immunogenicity for NK cells demonstrating the validity of the concept that combination 

therapy with BRAFi and other chemotherapeutic agents could enhance tumour destruction and 

immunogenicity. 
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RESULTS 

Characterization of ligands affecting NK activation on metastatic melanoma cell lines 

To define the impact of BRAFi treatment on the recognition of melanoma cells by NK cells we 

selected  four cell lines established from metastatic patient lesions, three BRAF-V600E mutant cell 

lines (Ma-Mel-55, Ma-Mel-86c and Ma-Mel-86f) and one BRAF-WT  cell line (Table 1) 17, 23. The cell 

lines Ma-Mel-86c and Ma-Mel-86f were established from two consecutive patient metastases with 

Ma-Mel-86c cells showing an HLA class I haplotype loss and Ma-Mel-86f cells being HLA class I 

negative due to a lack in β-2 microglobulin expression. The cells were also genotyped for their MICA 

alleles. According to their HLA class I haplotype loss, Ma-Mel-86c expressed only one of the two 

MICA alleles detected in Ma-Mel-86f cells. In contrast, the cell lines Ma-Mel-55 and Ma-Mel-103 

showed normal HLA class I and MICA allele expression (Table 1) (Figure 1). Surface expression of the 

NKG2D-ligands (NKG2D-L), MICA and ULBP1-3, was also analysed by flow cytometry (Figure 1). All the 

melanoma cell lines studied expressed MICA and ULBP2; ULBP3 was expressed by three out of four, 

while none of them expressed ULBP1. Since DNAM-1/CD155 interactions have been described to 

mediate NK cell recognition and lysis of melanoma cells 18, the surface expression of the two DNAM-1 

ligands, CD155 and CD112, was also analysed in this panel of cells. Interestingly, the expression of 

these adhesion molecules necessary for the formation of the NK immune synapse varied 

considerably between the different cell lines, in particular CD155. 

 

Vemurafenib modulates the expression of NKG2D-ligands and CD155 on BRAFV600E mutant 

melanoma cell lines  

The effect of BRAF inhibition on the melanoma cells was analysed after 48 h of treatment with 1 μM 

vemurafenib. First, in MTT assays, the decrease in metabolic activity was confirmed to occur in BRAF 

mutant cells, but not in the non-mutant cell line, as well as the decrease in pERK (Supplementary 

Figure 1A, B). Treatment with vemurafenib led to a decrease of surface MICA and ULBP3 on BRAFV600E 

mutant cells, however, in the case of ULBP2, only the decrease in Ma-Mel-86f was statistically 

significant (Figure 2A), although the amount of this molecule was rather low initially. In contrast, 

MHC expression increased in cells carrying the V600E mutation. Interestingly, CD155 expression 

followed a similar pattern to MICA and decreased in BRAFV600E expressing cell lines after vemurafenib 

treatment, while CD112 was not significantly affected in most cell lines. To investigate the 

mechanism of the decreased cell surface expression of NK ligands caused by vemurafenib, the 

amount of total MICA protein in treated cells was analysed by Western Blot, showing a similar 

pattern to that of surface expression (Figure 2B). Moreover, the release of soluble NKG2D-L did not 

seem to be involved in this phenomenon, since vemurafenib treatment did not increase the amount 



6 

 

of soluble protein detected by ELISA (Figure 2C). Thus, changes in mRNA content were studied 

(Figure 2D). The decrease of MICA and CD155 cell surface expression after vemurafenib treatment 

was accompanied by reduced levels of mRNA in two (out of three) cell lines carrying the BRAFV600E 

mutation, while mRNA levels remained unchanged in the non-mutant cell line. ULBP2 mRNA did not 

change significantly after vemurafenib treatment. These results show that treatment with BRAFi of 

melanoma cells bearing the V600E mutation in BRAF reduced cell surface expression of ligands for 

activating NK receptors at the same time that the expression of MHC molecules, ligands for inhibitory 

receptors, was increased, suggesting that the ability of NK cells to mediate cytotoxicity against BRAFi 

treated melanoma cells could also be influenced. 

Since the data obtained above pointed to the possibility that NK recognition could be affected early 

after treatment with the BRAFi, the kinetics of the effect of vemurafenib on surface expression of NK 

ligands was analysed 1, 24 and 48 h after the addition of the inhibitor (Figure 3A). The decrease of 

MICA and CD155, although not detectable after 1 h of treatment with the inhibitor, was obvious at 

24 h and was even more marked at 48 h. Interestingly, monitoring of real-time proliferation of 

melanoma cells in the Xcelligence system, demonstrated that ligand expression was related to cell 

proliferation: while significant changes in surface MICA were observed after 24 h of treatment in Ma-

Mel-55, a significant decrease was also observed at 48h in Ma-Mel-86c and Ma-Mel-86f, and this 

parallels the differences in proliferation curves between DMSO and vemurafenib treated cells for 

Ma-Mel-55, Ma-Mel-86c and Ma-Mel-86f (Figure 3C).  

Vemurafenib affects the NK recognition of melanoma cells  

The recognition by autologous and allogenic NK cells of melanoma cell lines treated with BRAFi for 48 

h was analysed next using either NK cells from unrelated healthy donors or autologous NK cells from 

patient Ma-Mel-86 activated in vitro. The response of allogeneic NK cells against melanoma cell lines, 

either untreated or treated with BRAFi, was evaluated in degranulation assays (Figure 4). Treatment 

with vemurafenib led to a decrease in the degranulation against the three metastatic melanoma cell 

lines with the V600E mutation in BRAF (Figure 4A). In these experiments, MHC class I was blocked to 

avoid donor-to-donor variation due to differences in inhibitory KIR expression of the donors. Even so, 

there was a decrease in NK recognition after treatment with vemurafenib which most likely is due to 

the decrease of activating ligands on melanoma cells. These data agree with reports showing that NK 

cells recognise melanoma and other tumour cells mainly through activating ligands such as NKG2D-L, 

NCR and DNAM-1 18 19, 24. Thus, expression of MHC class I by vemurafenib -treated melanoma cells is 

not the only factor that would facilitate NK evasion of vemurafenib -treated melanoma cells. 

Importantly, these data obtained in experiments with allogeneic NK cells could be confirmed in 

experiments using autologous NK cells from melanoma patient Ma-Mel-86, which showed that BRAF 
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inhibition led to a reduction of around 40% in NK degranulation. In the autologous model, for 

comparison, NK cells were also incubated with vemurafenib. The decrease caused by Vemurafenib on 

the recognition of autologous melanoma cells was similar for both BRAFi-treated and -untreated NK 

cells (Figure 4B), in agreement with prior data showing that NK cell activity was not affected by the 

use of vemurafenib 14, 25. Moreover, in the case of Ma-Mel-86f, no inhibitory signal could come from 

MHC-I because these cells had lost β-2 microglobulin. Thus, the reduction in NK cell recognition of 

BRAFi-treated melanoma cells was most probably due to the decrease in ligands for activating NK 

receptors. 

BRAF inhibitors in combination with HDACi could overcome NK resistance of melanoma cells 

The above experiments show that treatment of malignant melanoma cells with BRAFi makes them 

less susceptible to NK cell recognition and attack. However, we and others, have shown that 

treatment with a number of other anti-cancer drugs can increase the immunogenicity of tumour cells 

by increasing expression of ligands for the NKG2D receptor 26-30. Histone deacetylase inhibitors 

(HDACis) are currently under development for use as anticancer agents (reviewed in 31, 32) and they 

are potent enhancers of NKG2D-L expression 27. Initial experiments showed that the HDACi, sodium 

butyrate, consistently increased NKG2D-L surface expression in all the melanoma cell lines in a dose-

dependent manner, the highest increase being observed with 5 mM and not affecting the viability of 

the V600E mutant melanoma cells (Figure 5A; Supplementary Figure 2). Next, the effects on 

melanoma cells of treatment with the HDACi (sodium butyrate, 5 mM), in combination with BRAFi (1 

μM) were examined. MTT-based viability assays revealed that the combination of these drugs has a 

synergistic effect on the inhibition of the metabolic activity of the mutant melanoma cell lines (Figure 

5B). In fact, cell numbers decreased in the cultures after 48 h of incubation with the combination. 

Importantly, HDACi treatment on melanoma cells lines also resulted in increased NKG2D-L surface 

expression and, strikingly, the effect of this drug was dominant when combined with vemurafenib for 

24 h, both in cell surface and mRNA levels of the NK ligands (Figure 5C,D). MHC-I and DNAM1-L 

surface expression was also checked in these treatments at 24 h. The drug combination did not 

significantly increase CD155, however, it consistently increased the amount of CD112 at the cell 

surface of melanoma cells. In contrast, no clear pattern was observed for MHC with the combination 

of drugs. Thus, these data suggest that adding sodium butyrate to cells treated with vemurafenib 

might not only increase melanoma susceptibility to be recognised by NK cells, but also caused a 

marked decrease in cell viability of all the melanoma cell lines tested. In order to separate toxicity 

from NK cell recognition, NK cell degranulation experiments were carried out after only 24 h of 

treatment with this drug combination (Figure 6). Melanoma cells exposed to the butyrate/ 

vemurafenib combination efficiently stimulated NK recognition and degranulation demonstrating 
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that the diminished NK recognition of BRAFi-treated melanoma cells can be overcome by combining 

BRAF inhibition with the HDACi sodium butyrate.  

DISCUSSION 

In this paper, we explored whether treatment with BRAFi could influence the susceptibility of 

melanoma cells to NK cell recognition, in particular, via modulation of the expression of activating NK 

receptor ligands. NKG2D and its ligands constitute the best characterised system involved in NK 

surveillance of cancer 33 and melanoma cells are known to express various NKG2D-L affecting NK cell 

recognition 19, 34, 35. Here, we demonstrate that exposure to the BRAFi vemurafenib modulates the 

surface expression of NKG2D-L, CD155 and MHC-I, all of which are important molecules regulating 

immune recognition by NK cells. The reduced cell surface expression of DNAM1-L and NKG2D-L were 

paralleled by decreases in the levels of DNAM1-L and NKG2D-L mRNA and were not due to an 

increase in the release of soluble proteins after BRAFV600E inhibition. This in turn indicates that 

expression of these ligands on melanoma cells is a consequence of downstream signaling via 

oncogenic BRAFV600E. Importantly, the overall result of the altered expression of ligands for activating 

and inhibitory NK receptors was a decrease in the susceptibility of the metastatic melanoma cells to 

NK cell attack. We further demonstrate that treatment of the tumour cells with a combination of 

BRAFi and HDACi, known to increase cell surface expression of NKG2D-L, counteracted the loss of 

activating ligand expression, favoring NK cell recognition of the melanoma cells. We propose that, in 

addition to trying to further block the MAPK route, the use of combination therapy with drugs that 

potentiate the susceptibility of the tumour cell to NK cells could be a viable approach to overcome 

the problems of tumour resistance to BRAFi that arise in melanoma patients. 

Although most melanoma cells express at least one NKG2D-L 24, the characterization of NK activating 

and inhibitory ligand expression by several metastatic melanoma cells shown here revealed 

heterogeneity, as previously reported for melanoma and other cancer cell lines 19, 36. This observation 

led to the hypothesis that, although melanoma is generally considered an immunogenic cancer, 

different melanoma cells from different metastatic lesions might show different susceptibilities to 

immune attack. As expected, treatment with the BRAFi vemurafenib led to a decrease in proliferation 

of BRAFV600E mutant melanoma cells, as well as an increase of MHC Class I expression which was 

previously reported unisng the BRAFi dabrafenib 37. Surprisingly, however, BRAFi treatment of these 

melanoma cells also triggered a marked decrease in the levels of NKG2D-L and CD155 at the cell 

surface, sufficient to seriously impair NK cell recognition of these BRAFi-treated melanoma cells. 

Exposure to vemurafenib affected neither the proliferation of BRAFwt melanoma cells nor the 

expression of ligands for NK cell receptors, except for a decrease in ULBP3. 
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The mechanism underlying the reduced levels of cell surface ligands for the NKG2D and DNAM-1 

receptors after vemurafenib treatment of BRAFV600E mutant melanoma appears to be a decrease in 

synthesis of these proteins due to significantly lower levels of specific mRNA. These data 

demonstrate a connection between the specific inhibition of proliferative signals from the BRAFV600E 

mutant kinase and a decrease in NKG2D-L and CD155 mRNA, suggesting either transcriptional control 

of the expression of these molecules coupled to this MAPK route in humans or a decrease in RNA 

stability. Interestingly, another oncogene present in many human tumours, H-RasV12, has previously 

been related with upregulation of ULBP and, in certain cells, MICA 38. Ras activates a number of 

signalling pathways, including RAF-MAPK/MEK and PI3K, related with proliferation. Indeed, exposure 

to the tyrosine kinase inhibitor sorafenib and inhibitors of the PI3K and MEK pathways can also 

modulate MICA/B and other NKG2D-L surface expression 38, 39. Thus, it seems plausible to speculate 

that transcriptional/post-transcriptional regulation of MICA could be under control of the 

proliferation signals initiated by BRAF. 

That NKG2D-L are expressed in immortalised cells and proliferative situations has been long known 24 

but, because proliferation not only occurs in tumour cells, the regulation of surface protein has to be 

very precise 40. The finding of transcriptional regulation by E2F transcription factors in the murine 

system provided the first molecular insight into how NKG2D-L regulation could be linked to 

proliferation 41. However, NKG2D-L upregulation can also be ATM/ATR dependent in response to 

DNA-damage 42, although this route does not seem to be involved in the expression of ligands in cells 

under other stresses. The fact that, most probably, several pathways participate in driving the 

expression of NKG2D-L makes biological sense because NKG2D-L have to be expressed only on target 

cells that suffer certain type of stress and should be eliminated. 

The data presented here also support previous studies linking the biology of NKG2D-L with that of 

DNAM1-L, implying that there are likely common pathways in the regulation of these ligands for 

activating NK receptors, as previously proposed 43. Since both MICA and CD155 decreased at the cell 

surface of melanoma cells treated with BRAFi, these data suggest that signals mediated by activation 

of the oncogenic BRAF route play some role in the regulation of both these molecules. It is 

interesting to note that inhibition of BRAFV600E signaling decreased the expression of NKG2D and 

DNAM ligands that drive activation of NK cells, and increased the expression of MHC class I 

molecules, that are ligands for inhibitory NK receptors. Strikingly, however, while BRAFV600E 

modulates the expression of NK activating ligands transcriptionally (this paper), the kinase acts to 

decrease MHC-I expression at the cell surface by altering the intracellular trafficking of these 

molecules, so that they rapidly internalise from the melanoma cell surface and are sequestered 

intracellularly 37. Simultaneous increase in MHC-I expression and decrease in ligands for NK activating 
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receptors would be expected to inhibit NK recognition and, indeed, BRAFi treatment decreased NK 

cell reactivity against BRAFV600E mutant melanoma cells (Figure  4).  

The most striking finding of this report was that the decrease of NKG2D-ligands that occurs in BRAFi-

treated melanoma cell lines could be overcome by exposure to HDACi.  Because the contribution  of 

HDAC have been suggested to contribute to tumorigenesis, due to the regulation of genes involved in 

DNA damage repair, and because this regulation has been co-related to patient prognosis, several 

FDA-approved HDACi are already being tested in clinical trials for the treatment of various types of 

cancer, the most successful being refractory cutaneous and peripheral T cell lymphoma 32. However, 

the role of HDACi in cancer still has many unanswered questions and a possible contribution of 

immune system activation has been suggested only very recently 31. For example, the use of HDACi 

has been shown to enhance T cell cytotoxicity towards BRAFi-treated melanoma which expressed 

more proapoptotic genes, although the involvement of NKG2D as co-receptor was not investigated in 

that system 44. Independent experiments have also shown that exposure to HDACi causes an increase 

in the expression of several NKG2D-L in tumour cells 27 and thus, we hypothesized that the decrease 

of NKG2D-L and NK cell recognition in BRAFi-treated cells could be reverted by the addition of HDACi 

or other drugs known to increase NKG2D-L expression. Here we show that treatment in vitro with the 

combination of both drugs, BRAFi and HDACi, led to a recovery of NKG2D-L expression on melanoma 

cells. The expression of these ligands was the basis of the recovery of NK recognition. This is a 

promising finding suggesting the value of exploration of novel approaches of drug combination 

aiming to potentiate distinct methods of cancer elimination, i.e. direct drug cytotoxicity on the 

malignant cells and indirectly, by increasing the susceptibility of the tumour to elimination by the 

immune system . Moreover, because different lesions from the same patient can either carry or not 

the BRAFV600E mutation, the effect of sodium butyrate on non-mutant cells could be of added value: 

the combination would avoid the undesirable decrease of NKG2D-L on BRAFV600E mutant cells, but 

also increase the activating NK ligands (including DNAM1-L) in non-mutant cells. In addition, in the 

BRAFV600E mutant lesions, the combination of HDACi and vemurafenib would synergise to decrease 

tumour cell viability. Our data demonstrate that combination of BRAFi and HDACi enhances NK cell 

recognition of melanoma cells. While the effect on T cell recognition still has to be addressed our 

data suggest that it would not be impaired because MHC class I expression is not significantly altered. 

In aggregate, the data presented in this manuscript support the use of HDACi in combination with 

BRAFi to treat melanoma, based on the rescue of recognition by NK cells. The possibility of combining 

these two types of drugs has been suggested previously, however, in the context of their effect on 

cell death 45. Since melanoma is generally considered very immunogenic, but it is also quite 

heterogeneous on the array of cellular mutations, such as the BRAFV600E, chromosomal aberrations 
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including, among others, the lack of β2m or loss of heterozygosity in the MHC, it is very important to 

understand how the drugs directed to one type of lesion can affect other lesions in the same patient, 

as studied here in patient model Ma-Mel-86, and make sure that all of them can be controlled. 

Exploring the effect of chemotherapeutic drugs on the regulation of the immune response, as shown 

here for NK cells, may help proposing new avenues for intervention and facilitate the selection of 

drugs for combination in clinical trials for cancer therapy. Since it is not feasible to assess all the 

possible combinations in patients, proposing drug synergies in preclinical assays, as we show here for 

BRAFi and HDACi, may prove to be a useful strategy in the design of new therapeutic regimes. 
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MATERIALS AND METHODS 

Reagents 

Reagents were purchased from Sigma, unless otherwise stated. Vemurafenib was obtained from 

Selleckchem and used at a final concentration of 1 μM.  

 

Cell lines and peripheral blood mononuclear cell culture 

The metastatic melanoma cell lines Ma-Mel-55, Ma-Mel-86c, Ma-Mel-86f and Ma-Mel 103b were 

obtained as described previously 17, 23 and typed for MICA subfamily by satellite analysis 46 and using 

Peak Scanner v1.0 software (Applied Biosystems). 721.221, RPMI-8866, K562 cells (used for 

functional assays) and the melanoma cell lines were grown in RPMI medium supplemented with 10% 

FCS, 1 mM glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 10 mM Hepes, 100 

U/ml penicillin and 100 U/ml streptomycin (Biowest). 

Peripheral blood mononuclear cells (PBMCs) were purified from healthy volunteer buffy coats 

(Regional Transfusion Centre, Madrid) or from donations from patient Ma-Mel-86 (University 

Hospital Essen). Approval from local ethical committees and informed consent from all participants 

were obtained and experiments have been conducted according to the principles expressed in the 

Declaration of Helsinki.  Activated NK cells were prepared as described previously 47, modified by the 

inclusion of IL-12 and IL-18 stimulation at the beginning of the culture. Briefly, PBMC were isolated by 

centrifugation on Ficoll-HyPaque. Adherent cells were eliminated by adherence to tissue culture 

plates and the remaining PBMCs were then cultured in the presence of irradiated feeder cells 

(721.221 and RPMI-8866 B cell lines) in RPMI-1640 medium (Lonza) supplemented with 10% FBS, 

10% male AB human serum, 4 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium 

pyruvate, 100 U/ml penicillin, 100 U/ml streptomycin, 10 mM Hepes, 50 μM β-mercaptoethanol 

(Biowest), 10 U/ml IL-12(Peprotech) and 25 ng/ml IL-18 (MBL). 5-6 d later, 50 U/ml of IL-2 

(Peprotech) was added. After 7-8 d of culture, the proportion of NK cells was checked by flow 

cytometry using CD3 and CD56-specific mAbs, and used for functional experiments. 

 

Flow cytometry 

Cells were incubated with the appropriate primary antibodies or isotype control [monoclonal and PE-

conjugated antibodies specific for ULBPs were purchased from R&D Systems (Abingdon, UK); 1H10 

antibody specific for MICA 48 and HP1F7 antibody recognizing MHC-I 49 were described before; 

monoclonal antibody anti-CD112 and anti-CD155 FITC were purchased from Santa Cruz 

Biotechnology, and anti-CD155 from Abcam followed by either PE- or FITC-labelled F(ab’)2 fragments 

of goat anti-mouse Ig (Dako), or directly with the conjugated antibodies (Biolegend and 
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Immunotools)]. Cell death was evaluated by the analysis of 7-Aminoactinomycin D (7AAD) (Beckman 

Coulter) staining. Samples were analyzed using BD FACSCalibur (Becton Dickinson), Gallios Flow 

Cytometer or Cytomics FC 500 (Beckman Coulter). Analysis of the experiments was performed using 

Kaluza (Beckman Coulter) and FlowJo (Tree Star, Inc).  

 

Viability/proliferation assays 

Viability/Proliferation assays using MTT, were performed by plating 3000 cells per well in 96-well 

plates. After 16 h, either vehicle or inhibitor was added for 24 or 48 h, as indicated. Supernatants 

were then discarded, and MTT solution (20% complete medium, 70% PBS, 10% MTT stock solution 5 

mg/ml in PBS) was added and incubated at 37 C for 4 h. MTT solution was discarded, and DMSO was 

added and OD at 554 nm was measured with TECAN Infinite M200 (Life Sciences). In combination 

treatments, the OD was measured at 570 nm with Thermo Scientific™ Multiskan™ FC Filter-based 

Microplate Photometer (Thermo Fisher Scientific). OD at 690 nm was used as reference measure. 

Four replicates per condition and cell line were done.  

Proliferation assays using the xCELLigence ® RTCA DP (Acea Bioscience) system were performed by 

plating 5000 cells in 16 well Eplates. Cells were allowed to adhere for 16 h and growth was followed 

for 2 d with the addition of vemurafenib or DMSO as control. Four replicates per condition and cell 

line were done. Blank was measured with complete RPMI medium. Data were analysed and 

normalized to time of treatment using the RTCA 2.0 Software. 

 

Degranulation assays 

PBMCs were co-cultured for 2 h with target cells at a final E:T ratio of 1 NK to 2 target cells. Surface 

expression of LAMP1 (CD107a) was analyzed by flow cytometry. K562 cells were used as control for 

NK degranulation against a known NK target (internal experiment control). Basal degranulation was 

measured in PBMCs incubated alone (negative control). In the case of non-autologous PBMCs, target 

cells were pre-incubated 30 minutes at 25°C with 10 g/ml of anti-MHC class I antibody HP1F7 49. In 

experiments using autologous PBMCs, degranulation analyses were performed by incubating the 

effector cells for 3 h with monensin and anti-LAMP1 antibody. 

 

Quantitative PCR (qPCR)  

After treatment with vemurafenib, as indicated in the figure legends, melanoma cell lines were 

washed with PBS. Total mRNA was isolated from tumour cells using RNeasy Plus Kit (Qiagen, Hilden, 

Germany) and RNA was reverse transcribed into cDNA using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems), following the instructions from the manufacturers. Real-time 

quantitative RT-PCR was carried out with specific TaqMan Gene Expression assays. Relative mRNA 
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expression was calculated by the 2- Ct method after normalizing expression levels of investigated 

mRNA to ribosomal protein lateral stalk subunit P0 (RPLP0) mRNA. 

 

ELISA 

NKG2D-L were detected using sandwich ELISAs on supernatants from cells cultured in the presence 

or absence of vemurafenib for 24 h. Plates were coated with purified mAb R&D 13002 for MICA, goat 

polyclonal Ab for ULBP2 (R&D) in BBS (Borate Buffered saline). After incubation overnight at 4°C, the 

plates were blocked with 2% BSA-HBS (Hepes Buffered saline: 10 mM hepes pH 7.6, 150 mM NaCl) 

for 2 h at 37°C; then the samples were added and incubated overnight at 4°C. Bound proteins were 

detected using biotinylated goat anti-MICA or biotinylated goat anti-ULBP2, both from R&D, followed 

by streptavidin-HRP (Amersham) and developed using the peroxidase substrate system (ABTS; 

Roche). The absorbance was measured at 410 nm with a reference wavelength of 490 nm with 

Thermo Scientific™ Multiskan™ FC Filter-based Microplate Photometer (Thermo Fisher Scientific). 

Under these conditions, the cutoff for detection of recombinant soluble MICA (R&D Biosciences) and 

ULBP2 was around 100 pg/ml, and the ELISA absorbance values were directly proportional to the 

concentration of protein over the range of 90 pg/ml to 3 ng/ml. 

 

Western blot 

Cells were lysed in lysis buffer [50 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40 with 

protease inhibitors (leupeptin and pepstatin A)] and centrifuged to pellet nuclei. Samples were 

resolved on 10% SDS-PAGE and transferred to Immobilon-P (Millipore). The membrane was blocked 

using 5% nonfat-dry milk in PBS-0.1% Tween 20. MICA proteins were detected by incubating the 

membrane with biotinylated goat polyclonal anti-MICA antibody (R&D). Mouse anti- β-actin (AC-15) 

was from Sigma, rabbit polyclonal anti-ERK, rabbit anti-p-ERK (20G11), rabbit anti-GAPDH (14C10) 

(Cell Signaling). Secondary antibodies [goat anti-mouse Ig-HRP (Dako), donkey anti-goat Ig-HRP 

(Santa Cruz Biotechnology), goat anti-rabbit Ig-HRP (Cell Signaling)] or streptavidin-HRP were used 

prior to developing using the ECL Plus system (GE Pharmaceuticals).  

 

Stastistical analysis 

Student’s t-test was done for paired samples using GraphPad Prism 5. p-value is shown in each 

figure, when not indicated is because differences were non-significant.  
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Figure legends 

Figure 1. Cell surface expression of MHC, NKG2D-ligands and DNAM1-ligands on melanoma cells.  

The metastatic melanoma cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-

103b (103b) were stained with the indicated antibodies and analysed by flow cytometry. Isotype 

control appears in grey, and signal for each antibody as a black line. The panel shows one 

representative experiment out of 3-5. 

 

Figure 2. Effect of vemurafenib on NK ligand expression in melanoma cells. Melanoma cells Ma-

Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) were treated with 1 μM 

vemurafenib (PLX) for 48 h (A,B, D) or 24h (C) (control cells with the carrier DMSO) A. Flow 

cytometry. Melanoma cells were stained for detection of the indicated markers by flow cytometry. 

The plots represent the change in the mean fluorescence intensity (MFI) of each marker, as the 

percentage of the molecule present in control (DMSO) cells. Data are the mean and SEM. Isotype MFI 

was substracted (n≥3). B. Western blot showing the total amount of MICA in whole cell lysates. Actin 

was used as loading control (n=4). C. Soluble MICA and ULBP2 released to supernatants of 

vemurafenib -treated metastatic melanoma cells was analysed by ELISA at 24 h post-treatment. Plots 

represent the mean and SEM of protein concentration (ng/ml) (n=3). D. mRNA detected using qPCR. 

Cells were recovered to extract RNA. cDNA was prepared and used as template in qRT-PCR 

experiments. Data are the mean and SEM, relative to control (DMSO) cells. RPLP0 mRNA levels were 

determined for normalization (*p<0.05 **p<0.01, *** p<0.001, **** p<0.0001) 

 

Figure 3. Kinetics of the effect of vemurafenib on surface NK ligand expression and proliferation in 

melanoma cells. A. Effect of vemurafenib on NKG2D-ligand surface expression. Metastatic 

melanoma cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) were 

treated with 1 μM vemurafenib for either 1 h, 24 h or 48 h (control cells with the carrier DMSO) and 

stained for detection of the indicated markers by flow cytometry. The plots represent the change in 

the mean fluorescence intensity (MFI) of each marker, as the percentage of the molecule present in 

control (DMSO) cells. Data show the mean and SEM. Isotype MFI was substracted (*p<0.05 **p<0.01, 

*** p<0.001) (n=3). B. Proliferation assay. Metastatic melanoma cells were let to adhere to E-plates 

and then treated with 1 μM vemurafenib (control cells with the carrier DMSO). Real time electrical 

impedance was monitored to quantify cell proliferation for 48 h using x-CELLigence. Cell index 

normalized to the treatment time is represented. Arrows indicate the time of vemurafenib addition 

(PLX), 24 and 48 h post-treatment. The plots show quadruplicates of a representative out of 3 

independent experiments.  
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Figure 4. Effect of vemurafenib on NK cell recognition of melanoma cells. Metastatic melanoma 

cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) were treated 48 

h with either 1 μM vemurafenib or DMSO and used as targets in experiments of degranulation using 

NK cells from healthy donors. The plots represent the percentage of surface CD107a (LAMP1) as a 

measure of degranulation. A. Healthy donor NK cells. Each symbol corresponds to an experiment 

with a different donor (n=4). B. Autologous NK cells. Ma-Mel-86f were used as target cells. 

Autologous NK cell were also treated 48 h with DMSO or vemurafenib. Data represent the relative 

decrease as percentage of untreated cells. Three independent experiments are shown (n.s., non-

significant; *p<0.05 **p<0.01). 

 

Figure 5. Effect of the combination of HDACi and BRAFi on the immunophenotype and proliferation 

of melanoma cells.  A. Titration of sodium butyrate and surface expression of NK ligands. 

Metastatic melanoma cells Ma-Mel-55 (55), Ma- Mel-86c (86c) and Ma-Mel-103b (103b) were 

treated with the indicated amounts of sodium butyrate or water for 18 h and stained with antibodies 

for detection of the indicated markers by flow cytometry. The plots represent the change in the 

mean fluorescence intensity (MFI) of each marker, as the percentage of the molecule present in 

control (water) cells. Data show the mean and SEM corresponding to 3 experiments B. MTT assay of 

melanoma cells treated with the drug combination. Metastatic melanoma cells Ma-Mel-55 (55), 

Ma- Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) were treated with either 1 μM 

vemurafenib, 5 mM sodium butyrate or the combination of both for 24 h (control cells with the 

carrier, either DMSO or water, BLANK). Cells were assayed for metabolic activity by incubation with 

MTT and OD570 was measured. Data represented are the mean and SEM of four replicates, from one 

experiment out of two.  C. NK ligands on melanoma cells treated with the drug combination. Cells 

were stained for detection of the indicated markers by flow cytometry. The plots represent the mean 

fluorescence intensity (MFI) of each marker, isotype subtracted and the relative change as the 

percentage of the molecule present in control (either DMSO or water, BLANK) cells. Data show the 

mean and SEM corresponding to 3 experiments. D. mRNA detected using qPCR. Cells were 

recovered to extract RNA. cDNA was prepared and used as template in qRT-PCR experiments. RPLP0 

mRNA levels were determined for normalization (*p<0.05 **p<0.01, *** p<0.001). For simplicity, in 

B, C and D, only the p-values of each inhibitor related to the combination are shown. 

 

Figure 6. NK cell degranulation in the presence of HDACi- and BRAFi-treated melanoma cells. 

Melanoma cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) cells 

treated with either 1 μM vemurafenib, 5 mM sodium butyrate or the combination of both for 24 h 

(control cells with the carrier, either DMSO or water, BLANK) were used as targets in experiments of 
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degranulation using NK cells from healthy donors PBMCs. The plots represent the percentage of 

surface CD107a (LAMP1) as a measure of degranulation in 4 experiments (*p<0.05 **p<0.01). For 

simplicity, only the p-values of each inhibitor related to the combination are shown. 
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Table 1. Characteristics of cell lines established from metastatic melanoma 

  Ma-Mel-55 Ma-Mel-86c Ma-Mel-86f Ma-Mel-103b 
BRAF V600E V600E V600E No mutation 

Origin Lymph node 
metastasis 

Lymph node 
metastasis 

Lymph node 
metastasis 

Cutaneous/ 
subcutaneous 
metastasis 

MICA alleles A5.1/A5.1 A5.1/- A5.1/A5 A5.1/A5 

HLA A2/A3 
B35/B7 

A01/- 
B08/- β2-microglobulin- A2/A3 

B8/B62 
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Supplementary Figure 1. Effect of vemurafenib on proliferation and surface 
expression of MICA in melanoma cells.
Metastatic melanoma cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and 
Ma-Mel-103b (103b) were treated with 1 μM vemurafenib for 48 h (control cells with 
the carrier DMSO). A. Cell viability. Cells were assayed for viability in an MTT 
assay. OD554 was measured in supernatants for 4 h after addition of 0.5 ml/ml MTT. 
The mean and SEM (four replicates) of the percentage of the molecule related to 
untreated cells from one representative experiment, out of two, is shown. 
(***p<0.001). B. Expression of pERK by vemurafenib -treated cells. Melanoma 
cells Ma-Mel-55 (55), Ma-Mel-86c (86c), Ma-Mel-86f (86f) and Ma-Mel-103b (103b) 
were treated with 1 μM vemurafenib (+) for 1h (control cells with the carrier DMSO, -), 
lysed and proteins analysed by Western Blot using the indicated antibodies. GADPH 
was used as loading control. Data show one representative experiment out of two. 
Molecular weights are indicated in kDa.  
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Supplementary Figure 2. Effect of butyrate on 
viability of metastatic melanoma cells  
Melanoma cells Ma-Mel-55 (55), Ma-Mel-86c (86c) 
and Ma-Mel-103b (MMb) were treated with the 
indicated amounts of sodium butyrate or water 
(carrier control) for 18 h and stained with 7AAD for 
detection of cell death. The plot represents the 
mean and SEM of the percentage of dead cells as 
7AAD+ cells. 
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