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Abstract 

The ingrained capacity of melanoma cells to rapidly evolve towards an aggressive phenotype is manifested by their 

increased ability to develop drug-resistance, evident in the case of vemurafenib, a therapeutic-agent targeting 

BRAFV600E. Previous studies indicated a tight correlation between heightened melanoma-associated 

macroautophagy/autophagy and acquired Vemurafenib resistance. However, how this vesicular trafficking pathway 

supports Vemurafenib resistance remains unclear. Here, using isogenic human and murine melanoma cell lines of 

Vemurafenib-resistant and patient-derived melanoma cells with primary resistance to the BRAFV600E inhibitor, we 

found that the enhanced migration and invasion of the resistant melanoma cells correlated with an enhanced 

autophagic capacity and autophagosome-mediated secretion of ATP. Extracellular ATP (eATP) was instrumental for 

the invasive phenotype and the expansion of a subset of Vemurafenib-resistant melanoma cells. Compromising the 

heightened autophagy in these BRAFV600E inhibitor-resistant melanoma cells through the knockdown of different 

autophagy genes (ATG5, ATG7, ULK1), reduced their invasive and eATP-secreting capacity. Furthermore, eATP 

promoted the aggressive nature of the BRAFV600E inhibitor-resistant melanoma cells by signalling through the 
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purinergic receptor P2RX7. This autophagy-propelled eATP-dependent autocrine-paracrine pathway supported the 

maintenance and expansion of a drug-resistant melanoma phenotype. In conclusion, we have identified an 

autophagy-driven response that relies on the secretion of ATP to drive P2RX7-based migration and expansion of the 

Vemurafenib-resistant phenotype. This emphasizes the potential of targeting autophagy in the treatment and 

management of metastatic melanoma. 
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BRAFV600E inhibitor-resistance, extracellular ATP, invasion, macroautophagy, melanoma, P2RX7 receptor, Vemurafenib. 
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Introduction 

Metastatic melanoma is the most aggressive form of skin cancer, as demonstrated by its extremely poor survival 

rates.1 In recent years, one of the most significant advances in the field of melanoma-targeted therapy was the 

successful implementation of BRAFV600E-targeted therapy (Vemurafenib), which interrupts the pro-survival stimulation 

provided by continuous activation of the BRAF-MAP2K/MEK pathway in approximately 40--60% of cutaneous 

melanomas.2-6 Unfortunately, most patients eventually develop resistance to Vemurafenib and relapse within a year, 

showing the propensity of melanoma cells to rapidly evolve a resistant phenotype with more aggressive features.4 To 

date, a plethora of molecular signalling adaptations have been described to contribute to the development of a 

Vemurafenib-resistant phenotype.4, 7 These often rely on melanoma cells' ability to bypass BRAFV600E blockade and 

reactivate MAP2K-based signalling through alternative routes.7, 8 In addition to MAPK signalling-related alterations, 

melanoma cells can also acquire resistance against Vemurafenib through the potentiation of macroautophagy 

(hereafter referred to as autophagy).8 Autophagy is an essential adaptive response that initiates the sequestration of 

damaged or ageing intracellular content leading to their degradation.9 This ensures important quality control of 

cytoplasmic materials along with the generation of building blocks to support growth and survival under conditions of 

nutrient deprivation or cellular stress.10 This multistep catabolic process plays an especially important role in 

melanoma development and acquisition of resistance to anticancer therapies.11 In fact, studies published by us as well 

as others, have established that autophagy can exert a cell-autonomous cytoprotective function against Vemurafenib-

induced cell death in melanoma.8,12 

However, in recent times it has emerged that the pro-survival role of autophagy in cancer cells may not be 

limited to intracellular cell-autonomous functions but may extend to autocrine-paracrine signalling.12 More 

specifically, autophagy may act as an unconventional secretory apparatus for extracellular exodus of certain 

biomolecules, which in turn can exert cancer-supportive functions, e.g. increased migration or invasion of cancer 

cells.12 Notably, autophagy has emerged as a major pathway for unconventional secretion of extracellular ATP 

(eATP).13 In the context of a tumor, eATP can exert pleiotropic effects depending on the target cells that interact with 

it; ranging from pro-chemotactic or pro-inflammatory effects (on immune cells) to the enablement of cell 

proliferation, migration and/or invasion (in cancer cells and some stromal cell types).13-15 Moreover, eATP can also 

modulate the levels of a subpopulation of cancer cells known as the cancer stem-like side population (SP), which is 

often critical for the global fitness of the cancer cell-population,16 retaining their clonogenicity under stress to underlie 

tumor cell survival.17 Secreted ATP, which is observed in a variety of physiological and pathological conditions, exerts 

its functional effects predominantly through interaction with the purinergic receptors.18-21 With respect to cancer 

cells, autophagy-mediated ATP secretion has been demonstrated to operate in both physiological stress conditions 

(i.e., during starvation) as well as following therapeutic stress exerted by various anticancer therapies.12, 22, 23 
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Despite this ubiquitous tendency to get secreted and its pleiotropic functional activities, the effects of eATP 

on Vemurafenib-resistant melanoma cells remain completely unresolved. This knowledge is crucial considering that 

the BRAF inhibitor-induced tumor secretome has been recently shown to promote melanoma aggressiveness;24 

however, the molecular nature of the key secreted factors remained uncharacterized. To this end, we wondered 

whether heightened autophagy, activated in Vemurafenib-resistant melanoma cells, could be facilitating certain 

melanoma-associated aggressive features (e.g., migration, invasion and maintenance of a SP fraction) through the 

autocrine-paracrine interactions between eATP and purinergic receptors. 

Here, we show that the increased autophagic capacity of Vemurafenib-resistant melanoma cells exacerbates 

the secretion of ATP that, via interaction with purinergic receptors, stimulates melanoma cell migration and invasion. 

Moreover, this autocrine response favors the presence and enrichment of a melanoma cell subpopulation hallmarked 

by a potentiated xenobiotic export, which may further solidify melanoma cell acquired resistance to Vemurafenib. 

Results 

Acquired BRAFV600E inhibitor resistance facilitates extracellular ATP-dependent enhancement of melanoma cell 

migration and invasion 

Acquired resistance to Vemurafenib is a critical mechanism behind the aggressiveness of BRAFV600E melanoma cells. To 

investigate the mechanisms underlying the Vemurafenib or PLX4032-resistant phenotype (hereafter referred to as 

PLX-resistance), we compared 2 isogenic metastatic melanoma cell lines, i.e. 451-Lu and A375, to their PLX-resistant 

counterparts. Acquired resistance to PLX resulted in a noticeable alteration in cellular morphology towards a more 

mesenchymal-like phenotype (Fig. S1A). This was accompanied by an increase in the protein levels of typical 

mesenchymal markers (Fig. S1B), including a transition from CDH1/E-cadherin to CDH2/N-cadherin, and enhanced 

MITF, FN1/fibronectin and TJP1/ZO-1 expression, which are characteristics of highly invasive cancer cells.25 Moreover, 

both PLX-resistant melanoma cell lines showed a significantly heightened cell migration, as measured by the scratch-

wound (Fig. 1A-B and Fig. S1C) and transwell assays (Fig. 1C and Fig. S1D) and invasive capability (Fig. 1D), as 

demonstrated by their ability to migrate through the extracellular matrix (Fig. 1D and Fig. S1E), as compared to their 

isogenic PLX-susceptible counterparts. 

Recent studies have highlighted the importance of extracellular ATP (eATP) for chemotaxis and cellular 

migration.26 Therefore, we wondered whether the above phenotype of PLX-resistant cells was regulated by eATP. 

Analysis of the basal eATP showed that both PLX-resistant melanoma cell lines displayed a higher secretion of ATP 

compared to their PLX-susceptible partners (Fig. 1E and Fig. S1F). Interestingly, the addition of PLX exacerbated ATP 

secretion (Fig. S1G) and stimulated migration of PLX-resistant cells (Fig. S1H). In contrast, the MAP2K inhibitor UO126 

(MAP2Ki) suppressed eATP and reduced migration to a level observed for the PLX-susceptible cells (Fig. S1G, H), 
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suggesting that heightened MAP2K activity, a characteristic of PLX-resistant melanoma cells,8 fosters the active 

secretion of ATP. 

Next, to confirm the role of eATP in favoring melanoma cell migration, PLX-susceptible and PLX-resistant 

melanoma cells were incubated with conditioned media (CM) derived from PLX-resistant cells either alone or in 

combination with apyrase (APY, Fig. 1F), an ATP-degrading enzyme27 (Fig. S1I). Incubation of PLX-susceptible cells with 

the above CM increased their migratory capacity to the same level observed for PLX-resistant cells (Fig. 1F). Moreover, 

the addition of PLX (Fig. S1J) phenocopied the effect of PLX-resistant cell-derived CM. These effects were dependent 

on eATP since the addition of the APY reduced the migration of PLX-resistant cells under basal (Fig. 1G and Fig. S1K), 

CM-supplemented (Fig. 1F) or PLX-stimulated (Fig. S1J) conditions, without affecting the PLX-susceptible cells. 

Furthermore, the PLX-driven heightened invasion capacity of the PLX-resistant cells, in comparison to their isogenic 

counterparts, was significantly reduced by the addition of APY (Fig. 1H and Fig. S1L). Conversely, the addition of ATP 

into the culture media of PLX-sensitive melanoma cells potentiated both their migration and invasion (Fig. 1I, J and 

Fig. S2A-C), without affecting these responses in their PLX-resistant counterparts. However, exogenously added ATP 

did not alter the proliferation rate of either PLX-sensitive or -resistant melanoma cells (Fig. S2D, E) nor did it induce 

cell death (Fig. S2F), thus formally excluding effects potentially due to changes in cell proliferation and viability. 

Additionally, we used an isogenic mouse model (SM1 vs. SM1/RES) of PLX-acquired resistance (Fig. S2G) to 

further prove the species independence of this eATP-mediated autocrine-paracrine loop. Notably, a similar pattern of 

basal eATP (Fig. 1K), as well as eATP-mediated enhancement of migration and invasion, but not proliferation, was 

confirmed in the isogenic murine melanoma cell lines, SM1 and its PLX-resistant counterpart SM1/RES (Fig. 1L, M and 

Fig. S2H). 

Taken together these data show that PLX-resistant human or murine melanoma cells promote ATP secretion, 

which in turn stimulates their migratory and invasive phenotype. 

Extracellular ATP-driven cell invasion is conserved in patient-derived melanoma cells displaying primary resistance 

to PLX 

To further validate the role of eATP in supporting migration and invasion of PLX-resistant melanoma cells, we then 

expanded our observations in more relevant cellular models of melanoma PLX-resistance. Moreover, we wished to 

explore whether the eATP-fostered melanoma migratory/invasive phenotype was a specific hallmark of in vitro 

acquired PLX resistance, or a more general phenomenon associated with primary PLX-resistance as well.28, 29 To this 

end, we used a pair of BRAFV600E patient-derived melanoma cell lines displaying PLX sensitivity or primary drug-

resistance.29,30 

Initially we investigated the PLX-mediated cytotoxicity of patient-derived BRAFV600E PLX-sensitive melanoma 

cell lines, i.e. M229 and M249 cells, or with primary PLX-resistance, i.e. M233and M263 cells.29 Interestingly, the latter 
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PLX-resistant melanoma cells, displayed the more elongated morphology characteristic of invasive, drug-resistant 

melanoma cells (Fig. S2I). In line with previous reports,29 we found that while BRAFV600E M229 and M249 melanoma 

cells rapidly lost their viability upon exposure to increasing concentrations of PLX, the M233 and M263 melanoma 

cells demonstrated no significant inhibition of cell viability (Fig. 2A). 

Notably, only PLX-resistant M233 and M263 cells showed a significant secretion of ATP, an ability that could 

be significantly reinforced in response to PLX (Fig. 2B). Interestingly, eATP was not detected in the media of the PLX-

sensitive M229 and M249 cells, either under untreated conditions or upon PLX treatment eliciting cell death (Fig. 2B). 

This further indicates that secretion of ATP is an active process associated with the surviving PLX-resistant melanoma 

cells. Moreover, as shown in the case of melanoma cell lines of acquired PLX resistance (Fig. 1H, I), only the primarily 

PLX-resistant melanoma cells exhibited an increased migration and invasion capacity that was APY-sensitive (Fig. 2C-

D). Moreover, as in the case of the isogenic 451-LU and A375 cell lines, exogenously added ATP fostered migration 

and to a lesser extent, invasion, of the PLX-sensitive cells (Fig. 2 E-F). Finally, assessment of their proliferation capacity 

indicated no ATP dependent alterations, yet PLX-resistant variants proliferated to a lesser extent (Fig. S2J). 

Thus, our data show that patient-derived melanoma cells harboring primary PLX resistance, exhibit a PLX-

stimulated eATP-mediated autocrine-paracrine signalling supporting their migration and invasion. 

ATP secreted by the PLX-acquired resistant cells contributes to the maintenance of a melanoma drug-resistant 

cellular population 

Resistance to PLX correlates with increased expression of ABC transporters,30 key markers of drug resistance, 

proliferation and clonogenicity,31, 32 and essential components of a cancer cell subset displaying increased drug efflux 

capacity, also known as side population (SP).31 The detection of a Hoechstlow population that is verapamil-sensitive,33 is 

indicative of this SP with heightened ABC transporter-mediated efflux capacity.31, 32, 34 

Since we initially identified an enrichment in the protein expression of ABCB1 (Fig. S1B), we then wondered if 

eATP could contribute to an increase in a melanoma SP subset. To minimize effects linked to the different genetic 

background of the patient-derived melanoma cell lines,28, 29 we decided to further explore this relevant connection 

using the 451-Lu and A375 isogenic cellular models. Initially, we observed an increased fraction of melanoma cells 

with increased efflux capacity in the PLX-resistant melanoma cells (Fig. S3A). Most strikingly, we found that this PLX-

resistant melanoma cell subset could be significantly reduced by lowering the concentration of eATP (Fig. 3A and Fig. 

S3B). Conversely, the addition of exogenous ATP (Fig. 3B and Fig. S3C) or PLX (Fig. S3D) stimulated the SP fraction 

characteristic of the PLX-resistant cells. 

Next, to unravel the aggressive nature of PLX-resistant melanoma cells and confirm the involvement of eATP 

in vitro, we assessed the mRNA expression levels of known markers of melanoma aggressive phenotype,35-37 SP33 and 

drug resistance34 and their dependence on the presence of eATP. We found that acquired PLX-resistance was 
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associated with a marked increase in the expression of the drug resistance pump-coding genes ABCB1 and ABCG2, 

KDM5B/JARIDB1, SOX10, TERT, NGFR/CD271 and MYC (Fig. 3C-I and Fig. S3E-K). Interestingly, while APY did not alter 

mRNA expression of these markers in PLX-sensitive cells, reducing eATP by APY treatment led to a statistically 

significant reduction in the mRNA expression of KDM5B/JARID1B, SOX10 and TERT (Fig. 3E-G and Fig. S3G-I), while 

NGFR and MYC expression showed a similar, albeit not statistically significant, trend (Fig. 3 H, I and Fig. S3J, K). 

These results reveal that upon acquired resistance to PLX, eATP enables melanoma cells to maintain a more 

aggressive and PLX-based drug-resistant signature. 

ATP secretion is mediated by heightened autophagy in PLX-resistant melanoma cells 

Based on our results implicating ATP release from melanoma cells with acquired or primary PLX resistance as a 

mechanism supporting their aggressive and invasive phenotype, we next set out to investigate the mechanism 

underlying ATP secretion. Recent studies have implicated autophagy as a major mechanism for ATP secretion from 

dying cancer cells following chemotherapy.22, 38 However, little is known about the role of autophagy in ATP secretion 

from actively proliferating, or therapy-resistant cancer cells. We have recently shown that autophagy is increased 

following the acquisition of resistance to PLX therapy.8 Thus, we wondered if the stimulated autophagy in PLX-

resistant melanoma cells was causally linked to the increased ATP secretion by these cells. 

We initially confirmed that upon acquired PLX resistance (both human and mouse) as well as for primary PLX-

resistant patient-derived cell lines (Fig. S4A-D)8, 39 the autophagic flux was increased as compared to the parental cells. 

Indeed, in the presence of the autophagic flux blocker bafilomycin A1 (Baf A1), the accumulation of the autophagic 

substrates MAP1LC3B/LC3B-II and SQSTM1/p62, as judged by immunoblotting, increased to a greater extent in all the 

PLX-resistant cells as compared to their respective PLX-sensitive counterparts (Fig. S4A, C, D). Moreover, this pattern 

of increased autophagic flux was confirmed by immunofluorescence-based imaging of LC3 redistribution in a punctate 

pattern (Fig. S4B). We also observed that treatment of the PLX-resistant 451-LU and A375 cells with exogenously 

added ATP could further stimulate the accumulation of LC3-II (Fig. S4E). 

Next, to better understand the role of autophagy in ATP secretion, we stably knocked down ATG5 by shRNA-

mediated transduction, in both 451-Lu and 451-Lu/RES cells and assessed whether attenuating basal autophagy (Fig. 

4A) could affect the capacity of PLX-sensitive and -resistant melanoma cells to secrete ATP (Fig. 4B). We found that 

while mock-shRNA transduced PLX-resistant cells (shCon) still exhibited enhanced capacity to export ATP, the silencing 

of ATG5 in these PLX-resistant cells reverted their ability to secrete ATP back to the levels displayed by their PLX-

sensitive counterparts (Fig. 4B). Conversely, ATG5 knockdown had no significant effect on the levels of eATP in the 

media derived from PLX-sensitive cells (Fig. 4B). Along with their reduced ability to export ATP, autophagy-

compromised PLX-resistant cells, but not their isogenic counterparts, also exhibited a diminished migration and 

invasion potential (Fig. 4C-D, Fig. S4F). This ATG5-regulated effect was eATP dependent, since exogenous addition of 
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ATP rescued the migratory capacity of the ATG5-silenced PLX-resistant cells to that of their ATG5-proficient 

counterparts (Fig. 4C-D, Fig. S4G). Furthermore, autophagy was also implicated in maintaining the higher ATP-

stimulated SP potential of the PLX-resistant cells, since compromising autophagy in PLX-resistant 451-Lu cells 

decreased the SP subset and abrogated the susceptibility to APY treatment in these cells (Fig. 4E). APY instead was 

clearly effective in reducing the SP potential of the PLX-resistant shCon cells (Fig. 4E). 

To corroborate that this autocrine/paracrine signalling loop was mediated by bona fide autophagy, we 

evaluated the effects of the transient knockdown of 2 additional autophagy proteins regulating the formation of 

autophagosomes, i.e. ATG7 and ULK1, in the human 451-Lu-based PLX isogenic melanoma cell model, which resulted 

in an autophagy blockade (Fig. S5A, B). Consistent with the observations obtained for ATG5-silenced cells, transient 

knockdown of either ATG7 or ULK1 blunted the increased ability of the PLX-resistant melanoma cells to secrete ATP 

(Fig. 5A-B) and to migrate faster (Fig. 5C–D; Fig. S5C, D), a process that could be rescued by the addition of exogenous 

ATP (Fig. 5C-D). Of note, the transient knockdown either of ATG5, ATG7 or ULK1 in the A375 isogenic models 

recapitulated the migratory phenotypes documented for the 451-Lu cells (Fig. S6), strengthening the significance of 

autophagy in eATP-mediated migration of PLX-resistant cells. 

Next, to encapsulate the significance of autophagy in ATP secretion, PLX-sensitive and -resistant 451-Lu cells 

were treated with quinacrine to stain putative ATP-rich stores, alone or in the presence of Baf A138 and then costained 

for LC3-II (Fig. 5E-F). Colocalization studies revealed that upon acquisition of PLX resistance, which is accompanied by 

increased autophagic flux (Fig. S4A, B), the colocalization of intracellular ATP with the pro-autophagy marker LC3 

increased. Conversely, the quinacrine staining and LC3 colocalization were significantly reduced in the presence of the 

vacuolar-type H+-translocating ATPase inhibitor Baf A1, thus suggesting that ATP is mainly trafficked in LC3-decorated 

acidic vesicles (Fig. 5E-F). 

Thus, PLX-resistant melanoma cells rely on their stimulated autophagic machinery to mediate ATP secretion, 

thereby fostering an eATP-driven autocrine loop that favors migration and the expansion of a drug-resistant 

melanoma SP subset. 

Secreted ATP stimulates PLX-resistant melanoma cell migration by activating purinergic receptors 

Interaction between eATP and purinergic receptors accounts for most of the signalling effects of eATP.27,40 To 

understand the significance of purinergic receptors in the modulation of cell migration of PLX-resistant melanoma 

cells, we then investigated the effect of the pan-purinergic receptor inhibitor suramin,40 and the P2RX7/P2  7 

receptor-specific inhibitor A740003 (A74),40 on ATP secretion and migration of melanoma cells. Treatment with 

Suramin or A74, did not affect eATP levels wherever applied (Fig. 6A and Fig. S7A). Remarkably, however, addition of 

either Suramin or A74, reduced the migration/invasion capacity of the PLX-resistant cells, but had no influence on 

their PLX-sensitive isogenic counterparts (Fig. 6B, C and Fig. S7B, C). Moreover, autophagy inhibition (shATG5) also 
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abolished the P2RX7 receptor sensitivity of the PLX-resistant melanoma cell’s SP subset, without affecting that of the 

mock-shRNA controls (shCon, Fig. 6D). This finding further reveals that in PLX-resistant cells, an autophagy-mediated 

eATP-P2RX7 autocrine pathway supports the presence of the drug effluxing SP subset. 

To further expand the importance of the purinergic receptors in our observed eATP-mediated phenotypes, we 

also treated our primary PLX-resistant melanoma cell lines and the mouse isogenic cell lines with A74 and observed a 

significant reduction in the invasion potential of the resistant melanoma cells (Fig. S7D, E), with no observable effects 

on their PLX-sensitive controls. 

It has been previously shown that binding of ATP to P2RX7 results in pore opening and increased 

influx/uptake of small molecules and ions.41 Therefore, to establish eATP-based stimulation of P2RX7, we measured 

rhodamine 123 (Rh123, 0.38 kDa) uptake by both PLX isogenic melanoma cells. Interestingly, both PLX-resistant 

melanoma cell models exhibited a significant increase in Rh123 uptake as compared to their isogenic controls (Fig. 

S8A). Furthermore, when exposed to exogenously added ATP, Rh123 uptake was potentiated only in the PLX-resistant 

melanoma cell lines (Fig. 7A and Fig. S8B). When PLX-resistant cells were co-incubated with exogenous ATP and the 

P2RX7 inhibitor A74, the increased influx of Rh123 driven by eATP was significantly dampened (Fig. 7A and Fig. S8B). 

Furthermore, addition of APY blunted the Rh123 uptake by PLX-resistant melanoma cell line (Fig. 7B and Fig. 

S8C), thus indicating that ATP is indeed the extracellular factor instigating increased uptake of Rh123 in a P2RX7-

dependent fashion. However, to differentiate between the influx capacity of the P2RX7 ion channel and its potential 

to mediate membrane internalization or endocytosis,43,44 we then monitored the uptake of the larger FITC-Dextran (70 

kDa, Fig. S8D) by these melanoma cells. In line with reports showing that eATP stimulates membrane internalization 

and uptake of extracellular material,43,44 both PLX-resistant isogenic melanoma models also displayed an eATP-P2RX7-

regulated uptake of FITC-dextran in comparison with their isogenic counterparts (Fig. 7C and Fig. S8E). Notably, a 

similar pattern of eATP-dependent and A74-sensitive increased FITC-dextran internalization was found in the primary 

PLX-resistant M233 and M263 human melanoma cells (Fig. S8F), further validating the assumption that this is not an 

effect limited to, or caused by, the in vitro acquired drug resistance, but a general event associated with an increased 

melanoma aggressive behavior. 

Finally, to further understand the role of autophagy in this autocrine response mechanism, we tested Rh123 

uptake in ATG5-proficient or ATG5-silenced PLX-resistant 451-Lu cells (Fig. 7D-E). The uptake of Rh123 was 

significantly blunted in PLX-resistant cells with reduced ATG5 expression (shATG5) in comparison to the control 

(shCon) cells (Fig. 7D). These findings correlated well with the diminished ATP secretion observed in ATG5-attenuated 

PLX-resistant cells (Fig. 4B) and in line with this, exogenous addition of ATP was sufficient to re-incite their Rh123 

uptake (Fig. 7E). However, this exogenous ATP-induced Rh123 uptake remained A74-sensitive (Fig. 7E). 
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Altogether, these results indicate that in PLX-resistant melanoma cells, autophagy-mediated ATP secretion 

elicits a P2RX7-mediated autocrine-paracrine signalling, which ultimately fuels an aggressive and drug-resistant 

melanoma cell phenotype. 

Discussion 

Our study shows that PLX resistance, either primary or acquired, in melanoma cells potentiates melanoma cell 

migration and invasion in vitro through an autocrine-paracrine signaling loop. Moreover, this loop is dependent on the 

ability of autophagy to enhance the secretion of ATP from these drug-resistant melanoma cells. We further unravel 

that PLX-resistant melanoma cells utilize P2RX7 signaling, to stimulate a more aggressive melanoma cell phenotype. 

The inhibition of autophagy in PLX-resistant cells sensitizes them to cell death induced by MAP2K inhibitors.38 

However, beyond cell death modulation,6, 38, 39 whether and how autophagy supports the PLX-resistant phenotype of 

melanoma cells remains poorly understood. Within the tumor microenviroment, extracellular ATP is present at >103 

times the concentration found in normal tissues.42 This is due to various reasons ranging from micro-environmental 

stressors to the presence of intra-tumor necrosis.43 Thus, it is not surprising that in certain contexts or settings, cancer 

cells may start exploiting eATP for facilitating their growth and/or metastatic potential.16,20,21,47 However the role of 

eATP in therapy resistance remains poorly defined.26 

Here, we show that the heightened autophagy machinery exhibited by the PLX-resistant melanoma cells is 

recruited to foster the secretion of ATP, which further promotes their more migratory/invasive phenotype. 

Autophagosomes have been identified as important traffickers of intracellular ATP into the extracellular environment, 

as demonstrated convincingly by Fader et al.12 In line with this observation, we found in PLX-resistant melanoma cells 

the colocalization of ATP-rich stores with a key component of the autophagic machinery, which was significantly 

higher compared to PLX-sensitive melanoma cells. Moreover, when autophagosome formation was blunted by the 

silencing of either ATG5, ATG7 or ULK1, PLX-resistant melanoma cells lost their increased ability to secrete ATP, thus 

causally linking the heightened autophagic capacities of these drug-resistant melanoma cells with their increased ATP-

secretory phenotype. Of note, eATP has been shown previously to function as a chemoattractant molecule26 and to 

facilitate migratory or invasive phenotypes in glioma cells, breast cancer cells and prostate cancer cells.44 Moreover, 

vesicular exocytosis of ATP, followed by binding to and activation of purinergic receptors (P2RX7) promotes through 

an autocrine pathway, lung cancer cell migration.45 

Thus, our study not only extends these pro-tumorigenic effects of eATP to BRAF-inhibitor resistant melanoma 

cells, but demonstrates the key role of autophagy in exporting ATP extracellularly, thus initiating an autocrine loop 

fostering melanoma cells’ metastastic features. Moreover, these findings are in line with the emerging tumor-

promoting roles of hyperactivated lysosomal-dependent vesicular trafficking46-48 and of key autophagy genes, such as 

ATG7,49 in melanoma invasion and progression in vivo. 
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It is not immediately clear why PLX-resistant metastatic melanoma cells, but not metastatic melanoma cells in 

general, become more proficient in exploiting eATP as a facilitator of their migration and invasion. However, here we 

show that PLX4032 and U0126 were capable of increasing or decreasing, respectively, the secretion of ATP and 

consequently affecting the elevated migratory potential of the PLX-resistant melanoma cell lines. This points out that 

eATP may potentiate the pro-invasive/metastatic behavior of mainly PLX-resistant melanoma cells possibly through 

their abberant MAPK signalling system,8 which results in enhanced MAP2K activation.8,12 To that end, an EMT-like 

transition to a more mesenchymal-like signature leads, in the case of B16BL6 melanoma cells, to an increased invasive 

nature.50 Here within this study, we documented an EMT-like shift in human melanoma cells following acquired PLX-

resistance that correlated with enhanced invasion and greater migratory capacities. Interestingly, research using in 

silico-based modelling has demonstrated that a cancer cell population may only require a subpopulation of 

mesenchymal-like cancer cells to mediate invasion and downstream metastasis.51 Aided by their capacity to adapt size 

and shape, mesenchymal-like cancer cells use cell parturitions to mediate space, allowing migration in a densely 

packed tumor environment and these ‘scouts’ leave in their wake a predefined path for the mass population to 

follow.51 PLX-resistance is associated with EMT, in particular the MAP2K-dependent upregulation of transcription 

factors such as SNAI/SNAIL,52 which promote melanoma cell invasion53 and the capacity of cells to colonize distant 

sites.54 

We also observed that the eATP-driven increase in cell migration is significantly decreased following the 

inhibition of the purinergic receptors, more specifically, P2RX7 in line with a previous study in lung cancer cells.45 

P2RX7 is an ATP-gated ion channel also expressed in melanoma cells,55 with the potential to mediate endocytosis. 

Interestingly, P2RX7 has a well-established role in facilitating cancer migration and invasion.15 Previously it was shown 

that the open channel of P2RX7 can allow passage of small molecules such as rhodamine.41 Along these lines, here we 

found that PLX-resistant melanoma cells displayed an eATP-dependent increased uptake of both FITC-dextran and 

Rh123, suggesting that eATP mediates endocytosis rather than channel opening-mediated intake, that may ultimately 

support the enhanced endocytic activity of melanoma and influence melanoma cell migration. 

Furthermore, a direct link might exist between eATP-mediated purinergic receptor signalling and MAPK 

activation such that eATP can activate the phosphoinositide 3-kinase-AKT and MAPK1/ERK2-MAPK3/ERK1 signalling 

pathways downstream of P2RX7, which in turn can account for increased migration/invasion.16,20 Indeed, PLX-resistant 

isogenic melanoma cell lines stimulated by PLX, exhibited an increase in MAP2K phosphorylation, indicating an 

increase in MAPK/ERK activity (as previously documented).8 Hence, these observations suggest the existence of an 

autophagy-modulated autocrine signal, whereby eATP-P2RX7 interaction causes increased migration of PLX-resistant 

melanoma cells, ultimately by fuelling their exacerbated MAP2K-MAPK/ERK pathway.15 

Intriguingly, we found that this autocrine signal also contributes to the maintenance of a subset of melanoma 

cells with increased ability to minimize intracellular concentrations of xenobiotics, characteristic of a melanoma drug-
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resistant SP subset,34 thus increasing the probability of cell survival and modulating the acquisition of drug-

resistance.56, 57 Previously, in the context of melanoma, PLX-resistance has been linked with ABC transporter-based 

efflux, with evidence indicating PLX as a direct substrate of ABC transporters, such as ABCB1.58 Indeed, our results 

show that acquisition of PLX-resistance increased the population of melanoma cells with increased drug-efflux ability 

in an eATP-dependent fashion, which could be further modulated by the addition of PLX4032 itself. Moreover, the 

direct modulation of this melanoma cell population by autophagy as shown here, suggests a certain degree of synergy 

between purinergic receptors and ABC transporter functionality in the migration or invasion of PLX-resistant 

melanomas. Furthermore, antagonizing the P2RX7 signal with A740003 abolished the enhanced drug effluxing nature 

of this melanoma cell population. Because as a consequence of tumor heterogeneity and microenviromental stress 

(i.e., hypoxia), it is unlikely that all cells contribute equally to the increased eATP in the tumor microenvironment,42 it 

would be interesting in future studies to understand the full tumor-promoting potential of the drug-resistant SP 

fraction of PLX-resistant melanoma cells and their overall contribution to ATP secretion. 

Moreover, our expression studies showed that increased mRNA expression of the melanocytic-lineage 

specification factor SOX10 and to a lesser extent the oncogene MYC is modulated by the heightened secretion of ATP 

of the PLX-resistant melanoma cells. Because SOX10 and MYC regulate the levels of RAB7 in melanoma cells, a key 

factor controlling endosomal cargo fate within the endo-/lyososomal/autophagy pathways and the proliferative or 

invasive phenotype of melanoma cells,47 it would be interesting to further elucidate the role of autophagy-mediated 

eATP in modulating RAB7 functions in PLX-resistant melanoma cells. 

Development of PLX-resistance is an important concern that mandates the better understanding of 

mechanisms behind such resistance to enable the design of smart combinational therapies. Our in vitro study suggests 

that autophagy inhibition in advanced melanoma could be a potent combinatorial strategy as it will not only 

overcome the cell-autonomous pro-survival function of autophagy (previously demonstrated in refs. 6, 8, 39, 59) but 

potentially also its autocrine/paracrine pro-migratory and pro-invasion effects exerted via eATP-P2RX7 interaction.15, 

19, 55 However, further in vivo studies need to be performed to evaluate the effects of the inhibition of PLX-resistant 

melanoma cell-associated autophagy on their metastatic potential, because eATP and its degradation products 

influence key features of the tumor microenvironment, including immuno-surveillance mechanisms and therapeutic 

responses.40,63 Irrespective of these interesting conjectures, our study unravels a pro-invasive role for melanoma cell-

associated autophagy following both in vitro acquired, as well as primary resistance to, PLX, whereby the increased 

autophagy promotes through the trafficking and extracellular secretion of ATP key hallmarks of melanoma’s 

aggressive phenotype. 
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Materials and Methods 

Tissue culture 

Human A375 (ATCC, Teddington UK; CRL-3224™), 451-Lu and mouse SM1 (both harboring the BRAFV600E mutation) 

metastatic melanoma cells, as well as PLX-sensitive M229 (BRAFV600E homozygous), M249 and PLX-resistant M233, and 

M263 (BRAFV600E heterozygous) cells were cultured in DMEM (A375 and 451-Lu; Sigma-Aldrich, D6546) or RPMI 

culture media containing 1% glutamine and penicillin/streptomycin (Sigma-Aldrich, G7513 and P0781, respectively) 

supplemented with 10% or 5% (451-Lu models only) fetal bovine serum (FBS; GE Healthcare, SV30160.03).8 

Vemurafenib (PLX4032/PLX)-resistant A375/RES, 451Lu/RES and SM1/RES (BRAFV600E) cells were cultured in the same 

medium as described for parental cell lines, further supplemented with 1 µM PLX4032 to maintain BRAF acquired 

resistance. All cells were maintained at 37°C, 5% CO2 for a maximum of 10 passages. We would like to thank Prof. M. 

Herlyn for the use of the 451-LU isogenic cell lines60-62 and Prof. A Ribas for the patient derived (M cell lines) and 

murine isogenic cell lines.28, 29 

Drug treatments 

All experiments were carried out in the appropriate culture media with reduced (2%) FBS and treated for 72 h with 

ATP (0.05 – 50 µM; Sigma, FLAAS) or apyrase (2 u/ml; Sigma, A6535), in comparison to untreated controls. 

Involvement of the RAS-RAF pathway was examined by treatment with 10 µM of either PLX or UO126 (MAP2Ki). 

Purinergic receptor activation was inhibited by 1 h pretreatment with suramin (10 µM, pan-purinergic receptor 

inhibitor; Sigma, S2671) or A740003 (5 µM, P2RX7/P2  7 receptor-specific inhibitor; Santa Cruz Biotechnology, 

A740003) prior to treatment with ATP. Autophagic flux was observed by treatment with bafilomycin A1 (10 nM, Baf 

A1; Sigma-Aldrich, B1793) for 24 h. 

Autophagy inhibition by knockdown 

ATG5 expression was reduced by shRNA-based lentiviral technology as described previously.8 Furthermore, ATG5, 

ATG7 or ULK1 expression was also reduced by siRNA-mediated knockdown (as described in ref. 8). Briefly, cells were 

transiently transfected either with ATG5-, ATG7- or ULK1-specific siRNA (Thermo Scientific, L-004374, L-020112, L-

005049, respectively) or scrambled siRNA control (shCon; Qiagen, SI03650318) in FBS-free medium using DharmaFECT 

(Dharmacon, T-2001) for 4 h, followed by FBS addition and incubation overnight. Cells were then plated and used for 

experimentation. Following transfection, the reduction in protein expression was verified by immunoblotting. 

Fluorescent detection of autophagosomes 

LC3-positive puncta were detected on methanol-fixed melanoma cells stained with quinacrine (Sigma, Q3251-25G; 1 

µM for 2 h in serum-free DMEM). Briefly, following treatment, media was discarded and cells washed (PBS/T: 

phosphate-buffered saline (Sigma, D8537) containing 0.01% Tween 20 (Sigma, P1379) and fixed in 100% ice-cold 
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methanol at 4°C for 30 min. After fixation, cells were washed in PBS/T, incubated for 1 h with PBS/T containing 0.1% 

Triton X-100 (Sigma, T9284), 0.02% SDS (Sigma, L3771) and incubated for 1 h in PBS/T containing 0.1 M glycine (Sigma, 

G8898). Next, samples were thoroughly washed, then incubated for 30 min in PBS/T containing 10% FBS, 1% BSA 

(Sigma, A4503), washed again, and incubated for 90 min with LC3 or ATG5 antibodies (1:250, PBS/T containing 0.1% 

BSA, 1% FBS). Further, samples were washed, incubated in 10% serum for 30 min, followed by the addition of Alexa 

Fluor 488 secondary antibody (Thermo Fisher Scientific, A27034) for 60 min. Finally, samples were washed, fixed with 

prolong gold (Thermo Fisher, P10144) and imaged using a Leica confocal microscope (as described in ref. 63). 

Western blotting 

Following treatments, cells were scraped, pelleted, lysed in RIPA buffer (Enzo Life Sciences, 80--1284) supplemented 

with 1 mM PMSF and phosphatase inhibitors (Thermo Scientific, 88667). Protein concentration was determined with a 

BCA kit (Thermo Scientific, 23228). Primary antibodies: CDH2/N-Cadherin (ab76057), CDH1/E-Cadherin (ab76055), 

MITF (ab12039), FN1/fibronectin (ab2413, Abcam), TJP1/ZO-1 (Thermo Fisher, ZO1-1A12), ATG5 (Cell Signaling 

Technology, 12994), ABCB1 (Cell Signaling Technology, 13342), MAP1LC3/LC3B (Cell Signaling Technology, 3868), 

ATG7 (Cell Signaling Technology, 8558) and p-ULK1 (Cell Signaling Technology, 5869), SQSTM1 (Cell Signaling 

Technology, P0067) or ACTB (Sigma-Aldrich, A5441) were diluted 1:1000. Fluorescently-labelled secondary antibodies 

(anti-rabbit-DyLight 800 [Thermo Scientific, 35571] and anti-mouse-DyLight 680 [Thermo Scientific, 35519]) were 

diluted 1:2000. The detection was done using the Odyssey infrared-imaging system (Li-Cor Biosciences). Densitometric 

analyses were generated using ImageJ. 

Scratch-wound assay 

A scratch-wound was produced on the confluent melanoma monolayers using a 200-μl tip. Cultures were further 

incubated in media containing 0.5 µM mitomycin C (Sigma, M4287) and photographed at the indicated time periods. 

Wound closure was measured with NIH ImageJ software and plotted as percentage of open wound calculated as 

wound area at given time point:wound area at T0. 

Transwell migration/invasion assays 

5000 cells per insert (50 µl) were seeded into 96-well HTS transwells (migration: Corning, CLS3374-2EA; invasion: 

basement membrane, 8 µm [Millipore, ECM555), allowed to adhere overnight and treated as indicated. Appropriate 

media (150 µl) was added to each receiver well (where indicated, the media in donor wells was supplemented with 

ATP or APY). Following treatment, insert and receiver wells were washed with PBS, then trypsin-staining solution 

(dissociation solution [Trevigen, 3455-096-05]; calcein AM [Trevigen, 4892-010-01]; 1:1000 for both in water) was 

added to the receiver well for 1 h at 37°C. Fluorescence was measured using a FlexStation 3 microplate reader 
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(Molecular Devices Inc., 0310--5627) at excitation 485 nm and emission 520 nm. The acquired fluorescence was 

plotted relative to control cells. 

Cell Proliferation assay 

Cellular proliferation profiles were assessed according to the manufacturer’s protocol (Invitrogen, C35007). Briefly, 

melanoma cells were plated in experimental media, at a density of 5000 cells per well, in 96-well plates and allowed 

to attach overnight. Adhered cells were then exposed to relevant stress conditions before the media was aspirated, 

cells washed and 100 µl of 1x CyQUANT® NF dye reagent was added for 1 h. Fluorescence was captured using a 

Flexstation 3 microplate reader (Molecular Devices Inc., 0310--5627) at excitation 488 nm and emission 530 nm. 

Reverse-transcription quantitative PCR (RT-qPCR) 

RNA was isolated from APY-treated 451-Lu and A37 PLX isogenic models via the Qiagen RNeasy Mini Kit, according to 

the manufacturer’s protocol (Qiagen Benelux, 74104). cDNA was constructed with the iScript cDNA kit (Bio-Rad, 170--

8890). All Primers were previously validated. Primers for genes involved in cancer drug resistance: ABCB1 

(AAATTGGCTTGACAAGTTGTATATGG and CACCAGCATCATGAGAGGAAGTC) and ABCG2 (TGACCTGAAGGCATTTACTG 

and GGTAGAAAGCCACTCTTCAG). Primers for genes involved in cancer stemness and aggression: KDM5B/Jarid1B 

(AACAACATGCCAGTGATGGA and TACCAGGTTTTTGGCTCACC), SOX10 (TCTTTGTCTGAGAAACAGCC and 

CATGGAGGTTGTAGTGGAGG), MYC (TGAGGAGACACCGCCCAC and TGAGGAGACACCGCCCAC), TERT 

(CCACTCCCCACATAGGAATAGTC and TCCTTCTCAGGGTCTCCACCT), NGFR/CD271 (AACCTCATCCCTGTCTATTG and 

GTTGGCTCCTTGCTTGTT). The housekeeping gene used for normalization was GAPDH. qPCR was performed on a ABI 

7500 RT-PCR system (1 cycle 50°C 2 min, 1 cycle 95°C 10 min and 40 cycles of alternating 95°C 15 sec and 60°C 1 min) 

using a SYBR Green Master Mix (Thermo Scientific, 4472918) in standard conditions according to the manufacturer’s 

instructions. Careful monitoring of negative controls and dissociation curves for each target showed specific 

amplification and absence of carryovers. 

ATP assay 

ATP measurements were performed as previously described.64 Briefly, following culture or treatments done in 96-well 

plates, supernatant was collected and assayed with ATP assay mix (Sigma, FLAAM-1VL). Bioluminescence was 

assessed via a FlexStation 3 microplate reader (Molecular Devices Inc., 0310--5627). 

Cell death 

Following treatments, cells were trypsinized, washed twice with PBS and fixed with 70% ice-cold ethanol. The 

percentage of propidium iodide-stained cells positive for hypodiploid DNA (subG1 peak) was captured using an Attune 

flow cytometer (Life Technologies, Paisley, UK). 
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Cell viability 

Viability was assessed as described in ref.8. Briefly, cells were plated at a density of 5000 cells per well of a 96-well 

plate. Following treatments, cells were washed with PBS and incubated with 0.01 mg/mL MUH (4-

methylumbelliferylheptanoate; Sigma, St. Louis, MO, USA, M2514; dissolved in PBS) for 30 min at 37°C. Fluorescence 

was then measured with a FlexStation microplate reader (Molecular Devices, Wokingham, UK) with an excitation of 

355nm, emission of 460 nm and a cut off value of 455 nm. 

Rhodamine 123 uptake assay 

Following treatments, cells were incubated in 2 µM rhodamine 123 (Rh123; Sigma, R8004) for 1 h prior to 

trypsinization, subsequently washed twice in PBS and positivity acquired using an Attune flow cytometer. 

FITC-dextran endocytosis assay 

Endocytic capacity of the cells, following the required treatments, was investigated by exposing the melanoma cells to 

40 µg/ml FITC-dextran (Sigma, 46945-100MG-F) for 2 h.65 Subsequently cells were collected by trypsinization and FITC 

positivity acquired of 10,000 cells using an Attune flow cytometer. 

Assessment of melanoma side population 

Side population (SP) was identified and characterized as previously described.33 Briefly, cells were trypsinized, 

collected and density adjusted to 1  106 cells/ml in PBS supplemented with 2% FBS and 1% BSA. Control samples 

were pretreated for 20 min with verapamil (100 μM; Sigma, V4629). All samples were then incubated with 5 μg/ml 

Hoechst 33342 (Sigma, B2261) for 90 min at 37°C. Subsequently, cells were washed and resuspended in ice-cold PBS 

with FBS (2%) and propidium iodide (2 μg/ml; Sigma, P4170-25MG). Finally, samples were analyzed by flow cytometry 

using a FACS Aria III (BD Biosciences, Erembodegem, Belgium). The SP is revealed as a Hoechstlow population (blue 

emission [filter BP 450/40] versus red emission [filter BP 630/20]) after (near-) UV excitation. The SP phenotype is 

verified by sensitivity to the efflux blocker verapamil. Analysis was done, and proportions calculated, within the living 

(propidium iodide negative) cell population. 

Statistics 

All data are the mean of at least 3 independent experiments ± standard deviation (SD). For individual observations 

significance was determined by T-test. One-Way Analysis of variance (ANOVA) or Two-Way ANOVA with Bonferroni 

post hoc correction were used for comparison of tested time points and treatments. All analyses were performed 

using GraphPad Prism 5. */$ P < = 0.05, **/$$ P < = 0.01, ***/$$$ P < = 0.001, ****/$$$$ P<0.0001. 
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Abbreviations:  

ATP, adenosine triphosphate; ABC, ATP binding cassette; APY, apyrase; ATG, autophagy related; CM, culture medium, 

MAP1LC3/LC3, microtubule associated protein 1 light chain 3; MAP2K/MEK, mitogen-activated protein kinase kinase; 

MAPK, mitogen activated protein kinase; MITF, microphthalmia-associated transcription factor; MYC, 

myelocytomatosis oncogene; P2RX7, purinergic receptor class 2 subset X number 7; SOX10, SRY (sex determining 

region Y)-box 10; SQSTM1, sequestesome 1; SP, side population; TERT, telomerase reverse transcriptase; TJP1/ZO-1, 

tight junction protein 1. 
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Figure 1. PLX-acquired resistance promotes migration, invasion and resistance in an eATP-dependent manner. The 

indicated isogenic cell models were assessed after a 72-h incubation by light microscopy-based scratch assays (A-B), 

transwell cell migration (C), invasion (D) and eATP (E). The capacity of 451-Lu/Res conditioned media (CM) to 

stimulate migration of the parental 451-Lu cells was assessed by transwell migration assays in the presence or 

absence of 2 U/ml apyrase (APY) (F). The ability of eATP to stimulate cell migration (G, I) or invasion (H, J) were 

monitored by transwell assays. Cells were exposed to either APY (G, H) or ATP (50 µM, I, J) and then monitored after 

72 h. The SM1-based isogenic cell models were assessed for their eATP alone or following 72-h exposure to 10 µM 

PLX; RLU, relative luciferase units. (K). The effect of extracellular ATP modulation of migration (L) and invasion (M) of 

the SM1 isogenic cell lines was assessed 72 h post ATP or APY additions. Scale bars: 100 µm. All experiments are 

representative of 3 independent experiments and expressed as mean ± SD. */$ = P<0.05, ** = P<0.01, ***/$$$ = 

P<0.001, **** P<0.0001. 
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Figure 2. Extracellular ATP phenotype extends in vitro to naturally resistant tumor cells. Patient-derived melanoma 

cells demonstrating natural PLX-sensitive (M229, M249) and -resistant (M233, M263) phenotypes were exposed to 

increasing doses of PLX4032 (PLX) for 72 h and resistance assessed by MUH assay-based cell viability assays (A) or 

extracellular ATP analyzed (B, 10 µM PLX for 72 h; RLU, relative luciferase units). The capacity of exogenous ATP to 

facilitate migration (C, E) or invasion (D, F) were assessed following either APY (C, D; 2 U/ml) or ATP (E, F; 50 µM) 

exposure for 72 h. Data are the mean ± SD of 3 independent experiments. * = P<0.05, **/$$ = P<0.01. 
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Figure 3. PLX-acquired resistance promotes an aggressive, drug-resistant signature in vitro. 451-Lu isogenic models 

were assessed, after a 72-h incubation with either extracellular APY (A, 2 U/ml) or ATP (B, 50 µM), for adaptations in 

side population (SP) subsets. The 451-Lu isogenic cell models were screened for a panel of drug resistance, stemness 

and tumor aggression markers by q-RTpcr (C-I, including; ABCB1, ABCG2, KDM5B/JARID1B, SOX10, TERT, NGFR, MYC 

normalized to GAPDH). All experiments are representative of 3 independent experiments and expressed as mean ± 

SD. */$ = P<0.05, **/$$ = P<0.01, ***/$$$ = P<0.001, **** P<0.0001. 
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Figure 4. Elevated secretion of ATP by PLX-resistant melanoma cells is an autophagy-dependent process. 451-Lu PLX 

isogenic cell models were stably knocked down in ATG5 expression, in comparison to control (shCon) by shRNA and 

confirmed by western blot analysis of ATG5, SQSTM1 and MAP1LC3B/LC3B-II, normalized to ACTB (A). Following 

stable ATG5 knockdown, eATP was stained and assessed using a FlexStation 3 microplate reader; RLU, relative 

luciferase units (B). The effects of ATG5 knockdown on the cell migration or invasion potential were characterized by 

transwell assays (C, D). Hoechst 33342-based flow cytometry was performed on 451-Lu/RES cells, stably transduced 

with shCon vs. shATG5, and the percentage of Hoechstlow cells determined (E). All experiments are representative of 3 

independent experiments ± SD. */$ = P<0.05, **/$$ = P<0.01, ***/$$$ = P<0.001.  
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Figure 5. Autophagy governs ATP secretion of the PLX-resistant melanoma cells. Following knockdown of either ULK1 

(A, C) or ATG7 (B, D) in 451-Lu or 451-Lu/RES melanoma cells, eATP (A, B), or migration by transwell assays (C, D) were 

assessed; RLU, relative luciferase units. The capacity of exogenously added ATP (50 µM) to restore migration was 

assessed by transwell migration assays (C, D). 451-Lu and 451-Lu/Res isogenic melanoma models were treated with 1 

µM quinacrine (green) for 2 h at 37°C alone or in combination with Baf A1 (10 nM, 1 h pre-treatment), before 

colocalization with autophagosomes was assessed with MAP1LC3B/LC3B-II (red) (E), light microscopy overlays 

(differential interference contrast/DIC) are provided. Colocalization was calculated using imageJ (F). All experiments 

are representative of 3 independent experiments and expressed as mean ± SD. Scale bar: 10 µM. */$ = P<0.05, **/$$ = 

P<0.01, *** = P<0.001.  
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Figure 6. Extracellular ATP promotes PLX-resistant melanoma cell migration and invasion in a purinergic receptor-

dependent manner. eATP was analyzed in the 451-Lu isogenic models following treatment with either 5 µM suramin 

or 10 µM A740003; RLU, relative luciferase units. (A). 451-Lu and 451-Lu/RES cell migration (B) and invasion (C) was 

assessed by scratch and transwell invasion assays following treatment with either 5 µM suramin or 10 µM A740003. 

451-Lu/RES cells (shCon vs. shATG5) were analyzed by Hoechst 33342-based flow cytometry and changes in the 

percentage of Hoechstlow cells determined (D). Data are the mean ± SD of 3 independent experiments. ** = P<0.01, 

*** = P<0.001, **** P<0.0001. 
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Figure 7. Extracellular ATP promotes cellular uptake via P2RX7. 451Lu and 451-Lu/Res were treated with 50 µM ATP 

for 24 h alone or in combination with 10 µM A740003 (A74) and Rh123 (2 µM for 1 h) positivity assessed by flow 

cytometry (A). 451-Lu isogenic cells were exposed to 2 µM Rh123 alone or in combination with APY (2 U/ml, overnight 

pre-incubation) for 1 h and uptake assessed (B). 451Lu and 451-Lu/Res cells were treated with 50 µM ATP for 24 h 

alone or in combination with 10 µM A740003 (A74) and FITC-dextran (C, 40 µg/ml for 2 h) uptake assessed by flow 

cytometry. 451-Lu/Res cells harboring shCon compared to shATG5 were analyzed for Rh123 uptake potential at basal 

conditions (D) or following exposure to 50 µM ATP alone or combined with 10 µM A74 (E). Data are the mean ± SD of 

3 independent experiments. * = P<0.05, ** = P<0.01, *** = P<0.001. MFI, mean fluorescence intensity. 

 

 


