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 36 
Abstract (max 150 words, count 149) 37 

 38 

The P2X7 receptor is an ATP-gated cation channel with a still ambiguous role in cancer 39 

progression, proposed to be either pro- or anti-cancerous, depending on the cancer or cell type in the 40 

tumour. Here, we show that P2X7 is functional in highly aggressive mammary cancer cells, and 41 

demonstrate that it induces a change in cancer cell morphology with fast F-actin reorganization and 42 

formation of filopodia, and promotes cancer cell invasiveness through both 2- and 3-dimensional 43 

extracellular matrices in vitro. Furthermore, P2X7 sustains Cdc42 activity and the acquisition of a 44 

mesenchymal phenotype. In an immunocompetent mouse mammary cancer model we demonstrate 45 

that the expression of P2X7 in cancer cells, but not in the host mice, promotes tumour growth and 46 

metastasis development, which could be reduced by the use of specific pharmacological 47 

antagonists. Our results reveal that P2X7 drives mammary tumour progression and is a pertinent 48 

target for mammary cancer treatment. 49 

 50 

 51 

 52 

 53 

54 
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Introduction 55 

The P2X7 receptor belongs to the family of ATP-gated P2X ionotropic receptors which are 56 

cation selective channels, permeable to Na+, Ca2+ and K+ ions 1. However, since the very beginning 57 

of its characterization 2, P2X7 receptor demonstrated several functional and biological specificities 58 

differing largely from the other members of the P2X family 3. From a pharmacological point of 59 

view, a specific feature of P2X7 receptor is to be 10~100 times less sensitive to its natural agonist 60 

ATP than all other P2X receptors, requiring millimolar concentrations to show sizeable activation 61 

while all the others are activated by micromolar concentrations. In addition, P2X7 receptor is about 62 

10~30 times more sensitive to the synthetic BzATP than to ATP 4. A unique functional property of 63 

P2X7 receptor is that it does not demonstrate any negative feedback in its activity. Indeed, while all 64 

other members of the P2X family show a more or less rapid decrease of plasma membrane activity 65 

following agonist stimulation, a property called desensitisation, the ionic currents produced by 66 

P2X7 receptor not only display no reduction, but instead show a facilitation property (also called 67 

sensitization). Facilitation was characterized by an increase in current densities and an enhanced 68 

sensitivity to the agonist 5-7. This unique property results in a potentiation of signalling pathways 69 

initiated by the receptor. 70 

While all other P2X receptors are mainly expressed in the nervous system, such as in 71 

neurons and glial cells, participating to modulation of synaptic transmission, the P2X7 receptor is 72 

mostly characterized by its critical participation in immune cells, in immunity and in the 73 

inflammatory response 8,9. In the context of the cancer disease, the P2X7 receptor has attracted 74 

escalating attention as well as multiple controversies over the past years. P2X7 was demonstrated to 75 

be overexpressed in different types of tumours, such as in brain tumours 10,11, in leukaemia and 76 

lymphomas 12 and in carcinomas (such as in breast cancer) 13, with the possible exception of 77 

cervical and endometrial cancers in which it was reported to be down-regulated 14,15. Many studies 78 

in favour of the pro-cancerous role of P2X7 activity proposed that its activity led to various 79 

properties, such as protecting cells from apoptosis 16, promoting cancer cell trophic activity and 80 
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primary tumour growth 17,18 or cell migration or invasion 19-24. These studies suggest that the use of 81 

P2X7 antagonists could be novel and promising anticancer drugs 25. However, some other studies 82 

proposed that P2X7 receptor activation may be anti-cancerous and induces cancer cell death upon 83 

ATP stimulation 26-28 or even that P2X7 activity in the host organism is critical to enhance anti-84 

tumour immune response 29-32. These contrasting roles of P2X7 receptor in cancer promotion 85 

probably depend on the type of cancers or tumours, the level of expression or activation, of the 86 

receptor, the cell type considered (cancer cells vs. immune cells), the level of immune cell 87 

infiltration in the tumour, and the phase in the carcinogenic progression. Therefore, from these 88 

opposing results it remains unclear whether it would be beneficial or detrimental to antagonize 89 

P2X7 receptor for reducing tumour progression, and this should be addressed in specific cancer 90 

models. 91 

In breast cancer, P2X7 receptor has been shown to be overexpressed 33 and proposed to 92 

promote cancer progression, because of its important contribution to cancer cell invasiveness 21,34,35. 93 

It has been shown that P2X7 receptor was fully functional and promoted cancer cell invasiveness, 94 

both in vitro and in an in vivo zebrafish model, through the release of active cathepsins 21. This 95 

proteolytic activity of cancer cells suggests the involvement of P2X7 receptor in the “mesenchymal 96 

mode” of invasion, in which cells generate their path through the extracellular matrix (ECM) by 97 

remodelling it. This proteolytic activity is further proposed to be performed by particular cellular 98 

structures, enriched in F-actin and protrusive into the ECM, called “invadopodia” 36.  99 

In this study, we assessed the role of P2X7 receptor in the invasive properties in 2- and 3-100 

dimensions models, more specifically in invadopodial activity, and characterized its involvement in 101 

the acquisition of a mesenchymal phenotype of mammary cancer cells in vitro. We also assessed the 102 

consequences of P2X7 expression on primary tumour growth and metastatic spreading in vivo. This 103 

study also aimed at clarifying the relevance of pharmacological intervention using P2X7 specific 104 

antagonists in the treatment of mammary cancers. For this purpose, we developed an orthotopic, 105 

syngeneic and immunocompetent mammary cancer model in BALB/cJ mice, and studied the role of 106 
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P2X7 receptor, expressed or not in 4T1 mammary cancer cells (using genetically engineered cells) 107 

or in the host organisms (wild-type P2rx7+/+ versus knock-down P2rx7-/- mice). Our results 108 

unequivocally demonstrate that P2X7 receptor is expressed and functional in mammary cancer 109 

cells, that its activation promotes the acquisition of a mesenchymal phenotype and enhances 110 

invadopodial activity. Furthermore, the P2X7 receptor expressed in mammary cancer cells 111 

importantly contributes to primary tumour growth and metastatic development, while its expression 112 

in the host organism is not critical, and was significantly reduced by the use of specific 113 

pharmacological antagonists. 114 

  115 
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 116 

Results 117 

P2X7 receptor promotes 2- and 3-dimensional mammary cancer cell invasiveness 118 

 The expression of P2X7 receptor and its important role in mammary cancer cell 119 

invasiveness has initially been documented in the human MDA-MB-435s cell line 21. However, for 120 

the purposes of this study, we aimed at developing a mammary cancer model in immunocompetent 121 

mice. Therefore, we investigated the expression and activity of P2X receptors in the 4T1 mammary 122 

cancer cell line, originating from the BALB/cJ mouse strain 37. As shown in Fig. 1a, 4T1 cells 123 

expressed mRNA transcripts for P2X2, P2X3, P2X4 and P2X7. A weak band can be visualized for 124 

P2X5. The protein expression of these receptors and their functionality at the plasma membrane of 125 

cancer cells were assessed using the patch-clamp recording technique. Stimulating the cells with 10 126 

µM ATP, a concentration that would activate all P2X receptors with the exception of P2X7 127 

receptor, did not produce any measurable currents. However, exposure to 5 mM ATP triggered the 128 

appearance of an inward, non-desensitizing, facilitating current (Suppl. Fig. 1a) that was inhibited 129 

by P2X7 receptor-specific competitive antagonist A438079 38 (Fig. 1b). These initial results suggest 130 

that only P2X7 receptor might be functional at the plasma membrane of 4T1 cells, while other P2X 131 

(P2X2 P2X3, P2X4 and P2X5) would be neither expressed at the protein level nor function at the 132 

plasma membrane. To further characterize the ATP-induced currents, we performed an ATP dose-133 

response protocol on ionic currents that indicated an EC50 of 4.3 ± 0.2 mM (Fig. 1c), consistent with 134 

the activity of the mouse P2X7 receptor. The activity of the Ca2+-permeant P2X7 receptor ion 135 

channel in 4T1 cells was further studied by monitoring the intracellular Ca2+ levels using Fura2 136 

fluorimetry upon ATP (Suppl. Fig. 1b) or BzATP stimulation (Fig. 1d). Both ATP and BzATP 137 

induced a biphasic increase in intracellular Ca2+ levels in cells incubated in an extracellular saline 138 

solution containing 3 mM Ca2+, with a primary transient component followed by a long-lasting one. 139 

The long-lasting Ca2+ increase was partially reduced in the presence of A438079, coherent with 140 

P2X7-mediated Ca2+ entry. Similarly to A438079, the non-competitive P2X7 antagonist 141 
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AZ10606120 39 also reduced the long-lasting Ca2+ increase induced by BzATP in 4T1 cells, in the 142 

presence of extracellular Ca2+ (Fig. 1e). The transient, but not the long-lasting, component was also 143 

triggered when cells were incubated in the extracellular Ca2+-free solution (Fig. 1d-e, Suppl. Fig. 144 

1b). In this condition, both A438079 and AZ10606120 were ineffective to reduce the intracellular 145 

Ca2+ increase, thus indicating the activity of ATP- and BzATP-sensitive G-coupled P2Y receptors 146 

in 4T1 cells. The P2Y11 receptor, which was reported in cancer cells 40, is known to be sensitive to 147 

both ATP and BzATP 41 and is thus a good candidate for this ATP/BzATP-induced intracellular 148 

Ca2+  increase in the absence of extracellular Ca2+. Indeed, the use of P2Y11 selective antagonist 149 

NF340 partially attenuated BzATP-induced intracellular Ca2+ increase in Ca2+-free solution (Suppl. 150 

Fig. 1c).  151 

 To explore the role of the P2X7 receptor in cancer cell biology, we first assessed the effects 152 

of increasing ATP concentrations, from 0.03 to 3 mM, on 4T1 cell viability. As shown on Fig. 1f, 153 

ATP significantly reduced 4T1 cell viability at all doses tested, and such a detrimental effect was 154 

not prevented by A438079. These results largely ruled out the participation of P2X7 receptor in this 155 

effect and suggest the involvement of other P2 receptors, or even receptors for adenosine, the major 156 

product of ATP hydrolysis, in the reduction of cell viability. This effect on cell viability was not 157 

observed when using BzATP as an agonist (Fig. 1g). Therefore, to avoid any non-specific effect 158 

related to the activation of another purinergic pathway, BzATP was the only agonist used in all the 159 

following experiments to stimulate the P2X7 receptor and assess its participation in cancer cell 160 

properties. The participation of P2X7 receptor in 4T1 cell invasiveness was first assessed in a 2-D 161 

model using invasion filters covered with a film of Matrigel™, as an extracellular matrix (Fig. 1h-162 

i). In cells transfected with a null-target siRNA (siCTL), BzATP enhanced cancer cell invasiveness 163 

by a median factor of 1.95. This effect was not observed when cells were transfected with a siRNA 164 

specific for P2rx7 gene (siP2X7, the efficacy of silencing was assessed by RT-qPCR that indicated 165 

a reduction of the P2X7 expression of 68.4 ± 1.6%, n = 6) (Fig. 1h). Furthermore, this increase in 166 

invasiveness under BzATP stimulation was prevented in non-transfected 4T1 cells by A438079 167 
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(Fig. 1i). We then assessed the effect of stimulating the P2X7 receptor on 3D cancer cell 168 

invasiveness. Spheroids composed of 4T1 cells were grown in a 3D matrix of Matrigel™ for 72 h 169 

(Fig. 1j). 4T1 cells are very cohesive cells, tending to invade under a collective mode, rather than 170 

under an individual mode. Therefore, we measured the circularity index of spheroids, which is 171 

inversely correlated to the invasiveness, in the different treatment conditions. As shown in Fig. 1j, 172 

BzATP reduced the spheroid circularity, indicating a gain in invasiveness, and the BzATP-induced 173 

reduction of circularity was prevented in the presence of A438079. By comparison, similar 174 

spheroids experiments were performed using MDA-MB-435s human cancer cells, which tend to 175 

invade matrices under an individual cell mode (Suppl. Fig 2a). BzATP increased the maximal 176 

distance of matrix invasion, which was also prevented by treating the spheroids with A438079 177 

(Suppl. Fig. 2b). These results indicate that P2X7 receptor activity promotes cancer cell 178 

invasiveness, regardless of the mode of invasion (collective vs. single cell invasion), in both 2D and 179 

3D models. 180 

 181 
P2X7 receptor participates to the acquisition of a mesenchymal cancer cell phenotype 182 

Invadopodia are key structures of cancer cell invasiveness, involved in extracellular matrix (ECM) 183 

remodelling 42. Therefore, we analysed the ECM digestive activity of cancer cells grown on a planar 184 

matrix of Matrigel™ containing DQ-BSA as a fluorogenic substrate for proteases. 185 

Immunofluorescence imaging identified that P2X7 proteins were strongly co-localized with the 186 

matrix proteolytic activity (Fig. 2a) in both mouse 4T1 (Pearson’s r = 0.64) and human MDA-MB-187 

435s (Pearson’s r = 0.62) cancer cells. Since invadopodia are cancer cell structures that are 188 

protrusive into the extracellular matrix, it is possible to isolate invadopodia-enriched fractions, from 189 

cytosolic or membrane fractions, coming from cancer cells grown on a thick matrix composed of 190 

gelatin 43. Figure 2b shows that the invadopodia fraction from 4T1 cells, characterised by the 191 

presence of the invadopodia markers, cortactin, focal adhesion kinase (FAK), cathepsin B (Cath B), 192 

also contained P2X7 proteins. Similar results were obtained with human MDA-MB-435s cells 193 

(Suppl. Fig. 3a). Invadopodial activity can be characterised by focalized areas of ECM degradation 194 
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co-localised with F-actin condensations. To assess a possible regulation of the invadopodial activity 195 

by the P2X7 receptor, 4T1 cells were grown on a planar matrix of Matrigel containing DQ-BSA, 196 

and F-actin was labelled (Fig. 2c). Areas corresponding to the co-localization of F-actin 197 

condensation areas and focal spots of DQ-BSA proteolysis were identified and quantified per cell. 198 

Stimulating the cells with BzATP increased the surface of degradation spots, and this was prevented 199 

by A438079 (Fig. 2d), whereas the number of invadopodial structures (degradation spots) per cell 200 

remained unchanged (Fig. 2e). Similar results were obtained with human MDA-MB-435s cells 201 

(Suppl. Fig. 3b-d). These results strongly suggest that P2X7 receptor activity enhances the 202 

proteolytic activity of individual invadopodia. 203 

 The ECM digestive activity and the presence of invadopodia are specific characteristics of 204 

cancer cells showing a “mesenchymal phenotype” 44. In this phenotype, engaged cells display an 205 

elongated fibroblast-like morphology, with a rear-to-front cell polarity, the presence of 206 

lamellopodia at the leading edge and multiple filopodial structures all around the cells. Filopodia 207 

are F-actin enriched thin structures allowing attachment to the matrix. As shown in Fig 3a, 208 

stimulation of 4T1 cells with BzATP induced a rapid change in cell morphology with a remodelling 209 

of F-actin cytoskeleton. Cancer cells appeared to be more elongated and the lamellopodia readily 210 

visualized. Time-lapse microscopy imaging (see Suppl. Movies 1-4) also showed that BzATP 211 

increased the number of filopodial structures per cell, which was prevented by A438079 (Fig. 3b). 212 

A438079 alone did not modify the number of filopodia. In contrast, the velocity to form and extend 213 

filopodia was not affected (Fig. 3c). The control of cytoskeleton remodelling and the acquisition of 214 

invasive phenotypes are orchestrated in cancer cells by members of the Rho-GTPase family 45,46. 215 

Particularly, Cdc42 has been identified to contribute importantly to cancer cell invasion, to the 216 

acquisition of a mesenchymal phenotype, and to the formation of invadopodia 47. Interestingly, 217 

BzATP specifically increased the level of the active, GTP-bound form of Cdc42, with no effect on 218 

RhoA and Rac1, and this was abrogated by A438079 (Fig. 3d). To further study the participation of 219 

P2X7 receptor in the epithelial-to-mesenchymal transition (EMT), we assessed the effect of 220 
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stimulating 4T1 cancer cells with BzATP on the expression of genes associated with the 221 

mesenchymal (SNAI1, ZEB1, TWIST) or the epithelial (ZO1, CDH1) phenotypes. This stimulation 222 

induced no change in the expression of the mesenchymal transcription factor, but repressed the 223 

expression of gene ZO1 encoding for the epithelial tight junction protein Zonula occludens-1. 224 

Stimulating cells with BzATP had no effect on the expression of CDH1, encoding for E-cadherin 225 

(Fig. 3e). Taken together, these results identify the P2X7 receptor as a strong promoter of 226 

invadopodial activity that participates to maintain a mesenchymal aggressive phenotype in cancer 227 

cells without being critical to the induction of EMT. 228 

 229 

P2X7 receptor enhances mammary tumour growth and metastasis development and is a 230 

target for anticancer treatment  231 

In order to assess the role of P2X7 receptor in mammary tumour growth and metastatic progression, 232 

we genetically modified 4T1 mouse mammary cancer cells for its expression. These cells, which 233 

endogenously express the P2X7 receptor, were modified using the CRISPR/Cas9 gene-editing 234 

technique in order to knock down the expression of the P2rx7 gene. This led to the generation of 235 

three cell lines, two of which were named Crispr#1 and Crispr#2 with a P2rx7 knocked-down 236 

efficacy superior to 95%, and one control cell line named CTL expressing the P2rx7 gene at a level 237 

similar to that of the parental 4T1 cells (Fig. 4a). As a result, the Crispr#1 and Crispr#2 cell lines 238 

displayed a reduced invasiveness capacity compared to the CTL cell line and, furthermore, no 239 

potentiation by BzATP (Fig. 4b). Both Crispr#1 and Crispr#2 cell lines demonstrated a slight 240 

increase in proliferation (by a median factor of 1.32 and 1.33, respectively Fig. 4c) and in cell 241 

adhesion (by a median factor of 1.19 and 1.15, respectively; Fig. 4d) relative to CTL cells, under 242 

basal conditions, i.e. without external stimulation of P2X7 receptor with an agonist. These three cell 243 

lines demonstrated a luciferase activity that was comparable to that of parental 4T1 cell line (Suppl. 244 

Fig. 4a), allowing their use for in vivo experiments. 245 
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 We first aimed at deciphering the role of P2X7 receptor expressed by the cells of an 246 

organism hosting a mammary tumour, most importantly those of the immune system, on primary 247 

tumour growth and metastasis development. To do so, we implanted CTL cells (null-target 248 

CRISPR/Cas9-processed 4T1-Luc clone endogenously expressing the P2rx7 gene) in the fifth 249 

mammary fat-pad of either wild-type (P2rx7+/+) or in knock-out (P2rx7-/-) BALB/cJ mice (Fig. 4e). 250 

Whatever was the density of cancer cells implanted (1x106 or 1x104 cells), there was no difference 251 

in the mammary tumour growth (Fig. 4f and Fig. 4h, respectively), or in the metastatic development 252 

(Fig. 4g and Fig. 4i, respectively), between the P2rx7+/+ and P2rx7-/- mice. These results indicate 253 

that in this model, the expression of P2X7 receptor in host cells does not interfere with mammary 254 

tumour progression. Therefore, we decided to assess the role of the P2X7 receptor being expressed 255 

by cancer cells (Fig. 4j). Loss of the P2rx7 expression in 4T1 cancer cells strongly reduced 256 

mammary tumour growth (Fig. 4k) and also, most probably as a consequence of primary tumour 257 

reduction, markedly inhibited the development of metastatic foci (Fig. 4l). The knock-down of 258 

P2rx7 expression in Crispr#1 and Crispr#2 cells remained stable for all the duration of the in vivo 259 

experiment (Suppl. Fig. 4b) as well as in primary tumours generated by these cells (Suppl. Fig. 4c). 260 

Because the presence of P2X7 receptor in cancer cells seemed to promote mammary tumour 261 

progression (Fig. 4c), and because the expression of P2X7 in host cells did not reduced it (Fig. 4f-i), 262 

we wondered whether the treatment of mice bearing established mammary tumours with P2X7 263 

antagonists would be effective to slow down the tumour growth. Therefore, we injected 264 

intraperitoneally wild-type mice, along with either the competitive antagonist A438079, or the non-265 

competitive antagonist AZ10606120, or the vehicle as a control, when primary tumours reached a 266 

minimal size of 80 mm3 (Fig. 5a). Primary tumour growth in the three experimental groups was 267 

measured and results indicated a tendency for reduction of tumour growth in presence of P2X7 268 

antagonists (Fig. 5b). This was further studied using a Gompertz mathematical model applied to 269 

tumour growth (Fig. 5 c-e). Estimated mean (inter-individual standard deviation) of model 270 

parameters were kgrowth = 0.64 day-1 (39%), Vmax = 1,620 mm3 (64%), EFF = 0.52 (82%) and γ 271 
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= 0.17 (–). This analysis shows that in the vehicle group, the tumour volume doubled in a mean 272 

time of 0.64 day, and that the mean maximum tumour volume was 1,620 mm3 (Fig. 5c). Treatments 273 

with A438079 (Fig. 5d) and AZ10606120 (Fig. 5e) were both effective, inducing a massive 274 

reduction in tumour growth over time by a factor of 2 (p<10-10). There was no difference in efficacy 275 

between these two treatments (p = 0.08), even if a trend toward a better efficacy was detected for 276 

AZ10606120. In addition, Vmax was significantly higher for AZ10606120 treatment (p = 0.0065), 277 

which may not be due to treatment condition, but rather to between-subject variability. In this 278 

experiment, we identified no statistically significant difference in the metastatic colonisation (Fig. 279 

5f), but noticed a trend for an increased survival rate for A438079-treated mice that was statistically 280 

significant for AZ10606120-treated mice (Fig. 5g). Taken together, these results consistently 281 

demonstrate that the expression of P2X7 receptor in mammary cancer cells, but not in host cells, 282 

enhances mammary tumour growth and metastasis development and is a target for anticancer 283 

treatment. 284 

 285 

286 
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Discussion 287 

The acquisition of invasive capacities by cancer cells represents a critical mechanism in the 288 

progression of the cancer disease, since they importantly participate to the metastatic cascade, and 289 

therefore impacts patients’ survival 48. Currently, there is no specific treatment for preventing 290 

cancer cell spreading from the primary tumour and no specific treatment for preventing metastases 291 

appearance. At the cellular level, several modes of cancer cell migration and invasiveness have been 292 

described, both in in vitro and in vivo models, among which the “amoeboid” and the 293 

“mesenchymal” modes, that could be defined as being based on a collective and an individual cell 294 

behaviour 49. Even though these modes of invasion could be more characteristic of some cancer 295 

types or subtypes, cancer cells do not stay engaged in one specific mode. Those cells which can be 296 

considered the most aggressive ones have the ability to switch from one to other mode, depending 297 

on biological, physical and chemical conditions of the microenvironments 50-52. Whatever the mode 298 

of invasion, being individual or collective, the capacity of degrading extracellular matrices allows 299 

faster dissemination of cancer cells, and critically depends on the contribution of proteases, such as 300 

matrix metalloproteinases (MMP) and cathepsins. This capacity to invade extracellular matrices 301 

with a proteolytic degradation was initially described as being a feature of mesenchymal cancer 302 

cells. Mesenchymal cancer cells display an elongated fibroblast-like morphology, with a rear-to-303 

front lamellopodial cell polarity, and harbour multiple cell-matrix adhesions, such as filopodial 304 

structures. The degradation of the ECM is recognized to be performed by invadosomal structures, 305 

which are F-actin-rich organelles, protrusive into the ECM and responsible for its proteolysis 306 

through recruiting both membrane-associated and extracellularly-released soluble proteases 36,44.  307 

Extracellular ATP, and derived nucleotides, is known to importantly contribute to the 308 

differentiation and activation of multiple cell types, not only under physiological but also in 309 

pathological conditions. When released in the extracellular compartment, they activate plasma 310 

membrane purinoreceptors and downstream signalling pathways. Over the past few years, the 311 

purinergic signalling has attracted considerable attention in the field of oncology 13,53. Indeed, 312 
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concentrations of ATP and other nucleotides have been demonstrated to be highly increased in the 313 

tumour microenvironment, owing to the active release of ATP from cancer cells and to cell necrosis 314 

in the hypoxic halo of solid tumours 54,55, and the expression or activity of several purinoreceptors is 315 

dysregulated in cancer cells. In such conditions, receptors expressed at the plasma membrane can be 316 

activated and in turn can activate the associated signalling pathways, and this occurs in the different 317 

cell types in the tumour, such as cancer cells of course and also immune cells, fibroblasts and 318 

endothelial cells. Obviously, the consequences on tumour and disease progression could be 319 

drastically opposite, depending on the cell type considered, and it is indispensable to have a clear 320 

vision on the whole disease. The P2X7 receptor is a very intriguing receptor, which has been 321 

demonstrated to be upregulated in multiple cancer types 13, but its clear involvement in 322 

carcinogenesis or cancer progression is still debated. Because the over-stimulation of P2X7, either 323 

in dose or in duration, is known to induce cell death 56, several authors postulated that it might be 324 

non-functional in proliferating cancer cells 33,57,58. It was even proposed that stimulating its activity 325 

in cancer cells would induce their death and could represent therapies for treating cancers 59. 326 

However, multiple studies demonstrated that the P2X7 receptor is expressed and functional in 327 

cancer cells and that its basal activity or its external stimulation with biologically-compatible doses 328 

of ATP support cancer cell growth, migration, invasion 21,22,60, tumour growth 18,23. In these models, 329 

pharmacological antagonism of the P2X7 receptor appeared to be effective in reducing cancer 330 

progression, suggesting that pharmacological interventions targeting P2X7 receptor could represent 331 

novel anticancer opportunities. On the other hand, the important role of P2X7 receptor in the 332 

immune response is well established 9. Therefore, its expression and activity in cells from the host 333 

organism of a tumour might interfere with tumour progression. Importantly, its role in tumour-334 

associated dendritic cells for the presentation of tumour antigen to CD4+ lymphocytes, and its role 335 

in anti-tumour immune response were demonstrated 29,61. Therefore, it was questioned whether 336 

P2X7 receptor had a real role in cancer progression, as well as whether using P2X7 antagonists was 337 

pertinent and useful for anticancer treatment. In a very nice study, Adinolfi and collaborators 338 
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demonstrated that, when expressed in mouse melanoma or colon cancer cells subcutaneously 339 

inoculated to P2X7-deficient mice, P2X7 receptor strongly promoted tumour growth and metastatic 340 

dissemination. However, both primary tumour growth and metastases were reduced in P2X7-341 

expressing wild-type mice because of a P2X7-dependent anti-tumour immune response 62. Another 342 

study, performed in the context of colon cancer, also points out an important role for P2X7 receptor 343 

in anti-tumour immune response. In this study, Hofman and collaborators show that 344 

pharmacological antagonism or genetic silencing of the P2X7 receptor altered immune cell 345 

infiltration and increased tumour incidence in a mouse model of colitis 63. Therefore, from these 346 

studies it appeared that the use of P2X7 antagonists for anti-cancer treatment might be very 347 

deleterious and could lead to opposite tumour-promoting effects. Melanoma and colon cancer 348 

development and progression are known to be highly dependent on the immune and inflammatory 349 

system 64,65. For other cancers, the question is still open, and the relative participation of P2X7 350 

receptor, when expressed by cancer cells or host cells, might be different and should be specifically 351 

assessed.  352 

In this study, we demonstrated that the P2X7 receptor is functional in 4T1 mouse mammary 353 

cancer cells and that its activation with natural (ATP) or synthetic (BzATP) agonists induces typical 354 

facilitating inward currents and increases in intracellular Ca2+ concentration. Its stimulation did not 355 

seem to induce cell death, even though the genetic silencing of the P2rx7 gene led to a slight 356 

increase in the proliferation rate, but instead importantly enhanced 2D and 3D cell invasiveness. 357 

These effects were similarly prevented both by the use pharmacological antagonists and by genetic 358 

invalidation, indicating that not only the protein P2X7 but its activity promotes invasiveness. These 359 

results are in agreement with previous reports performed with human cancer cells 20-22,24,35,66. While 360 

mechanistic determinants for this pro-invasive role were not clearly recognized, we identified for 361 

the first time in this study the expression of P2X7 in invadopodial structures involved in ECM 362 

degradation. Most specifically, the expression of P2X7 receptor enhanced the ECM-degradative 363 

activity of invadopodia, most probably through the release of proteolytic enzymes 21, rather than the 364 
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number of these structures per se. Activating P2X7 receptor also importantly modified cancer cell 365 

morphology and triggered the acquisition of a more aggressive phenotype, characterized by 366 

activation of Cdc42 Rho-GTPase, remodelling of F-actin, elongation of cells, and formation of 367 

filopodia. Taken together, these results strongly suggest the involvement of P2X7 receptor in 368 

promoting the acquisition of a mesenchymal invasive phenotype in mammary cancer cells. 369 

Activation of the P2X7 receptor reduced the expression of ZO-1, importantly involved in tight 370 

junctions and in maintaining the epithelial polarity. However, in our model, activation of the P2X7 371 

receptor did not appear to be a key inducer of EMT. Indeed, there was no significant change in the 372 

expression of EMT-promoting transcription factors, Zeb1, Snail1 or Twist, and the expression of 373 

the gene encoding for E-cadherin was not modified. These findings seem to be contrasting to 374 

recently published studies. In prostate cancer cells, P2X7 receptor promoted invasiveness and 375 

metastatic properties and silencing its expression attenuated ATP- or BzATP-driven changes in the 376 

expression of EMT-related genes, Snail, E-cadherin and Claudin-1 24.  Also, in osteosarcoma cells, 377 

stimulation of P2X7 receptor reduced the expression of E-cadherin, and induced those of Snail, 378 

vimentin and fibronectin. These effects were prevented by pharmacologically antagonizing the 379 

receptor or knocking down its expression 66. However, these differences might depend on the cell 380 

types studied and on their level of transition. Indeed, it was demonstrated that murine 4T1 381 

mammary cancer cells, which are highly invasive and metastatic, do not strictly demonstrate 382 

genotypic and phenotypic properties of EMT 67. It was postulated that other processes may govern 383 

metastatic capability in these cells. Furthermore, it is know that EMT is not an all-or-nothing 384 

phenomenon, and some cancer cells display intermediate or partial transition states that have been 385 

identified to be highly aggressive 68.  386 

  Here, we investigated the role of P2X7 receptor, whether it was expressed by cancer cells or 387 

by host cells, in mammary cancer progression. By using P2rx7+/+ and P2rx7-/- mice, we 388 

demonstrated that, in the syngeneic and orthotopic model of mammary cancer, there is no 389 

participation of the P2X7 receptor in the host organism in either anti- or pro-tumour activities. 390 
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Because the level of the anti-tumour response of the host organism might depend on the size of the 391 

primary tumour, we inoculated two different numbers of mammary cancer cells (low density of 392 

1x104 or high density of 1x106 cells per inoculation site) but no difference was observed. This is in 393 

apparent contradiction to previously published studies 62,63, but may be due to the specific 394 

mammary gland microenvironment 69, as compared to the subcutaneous or colic environments, or to 395 

specific anti-immune responses induced by 4T1 cells. This should be clarified in independent 396 

studies. However, in stark contrast, the expression and activity of P2X7 receptor in mammary 397 

cancer cells had a predominant effect in mammary tumour growth and metastasis development. 398 

Loss of the P2rx7 expression in two cell lines derived from 4T1 cells led to a significant delay in 399 

primary tumour growth, while the cells demonstrated a slight increase in the proliferation rate 400 

compared to the P2rx7+/+ cells. Using two different P2rx7-knocked-out clones rules out possible 401 

off-targets of the CRISPR/Cas9 technique used and demonstrates the critical involvement of cancer 402 

cell invasiveness in primary tumour growth. We demonstrated a clear reduction of metastatic 403 

colonization of organs when cancer cells did not express the P2rx7 gene. However, it is not clear 404 

whether this effect is specific or due to the important delay in primary tumour growth. Furthermore, 405 

we demonstrated that the use of two P2X7 antagonists, with different modes of action, one being 406 

competitive (A438079) while the other is non-competitive (AZ10606120), had similar effects in 407 

reducing the tumour growth in wild-type (P2rx7+/+) mice.  408 

 In conclusion, we have identified the P2X7 receptor in mammary cancer cells as a key 409 

molecular determinant of cancer cell invasiveness and mammary tumour growth, and as a possible 410 

target for pharmacological interventions.  411 

  412 

 413 

  414 
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 415 

Methods 416 

Agonists, antagonists, salts and chemicals – Adenosine 5’-triphosphate (ATP)  disodium 417 

salt and 2’-(3’)-O-(4-benzoylbenzoyl)adenosine 5’-triphosphate (BzATP) triethylammonium salt 418 

were purchased from Sigma-Aldrich (France) and prepared in PBS without Ca2+. P2X7 selective 419 

antagonists, A438079 and AZ10606120, and P2Y11 selective antagonist NF340, were purchased 420 

from Tocris Bio-Techne (France) and prepared in saline solution. All salts and pH buffers for 421 

electrophysiological solutions were purchased from Sigma-Aldrich (France). Fluorescent probes 422 

(Phalloidin DyLight® 488, DQ™-BSA and Fura2-AM) were all purchased from Invitrogen 423 

(France).  424 

Cells and cell culture - Human breast cancer cell line MDA-MB-435-luc were constructed 425 

as previously described 70. Murine mammary cancer cell line 4T1 from the Balb/c strain was 426 

purchased from LGC Standards (France), and a stable 4T1-luc cell line expressing the luciferase 427 

gene (thereafter called “4T1 cells”) was obtained by transduction with lentiviral vectors containing 428 

the luciferase gene and blasticidin resistance gene for selection (GIGA Viral Vectors, Belgium). 429 

Stable 4T1 cell lines knocked-out for the expression of the P2rx7 gene were obtained using the 430 

CRISPR/Cas9 technique by transfection with the P2rx7 Double Nickase Plasmid (Santa Cruz, 431 

France). Clonal selection was performed using 2 µg/ml puromycin. Two clones have been kept for 432 

this study, called “Crispr#1” and “Crispr#2”. A null-target Double Nickase Plasmid was also used 433 

to transfect 4T1 cells and this led to the selection of a control cell line, thereafter called “CTL” cell 434 

line. Efficiency of the CRISPR-mediated knock-down was assessed by RT-qPCR and invasion 435 

assays, and stability of clones was followed for a minimal duration of 6 weeks. Selected clones 436 

displayed similar levels of luciferase activity. 437 

MDA-MB-435-luc cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 438 

supplemented with 5% foetal calf serum (FCS). All 4T1-derived cells were cultured in RPMI 439 

medium supplemented with 10% FCS. Cells were grown at 37°C in a humidified 5% CO2 440 
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incubator. Mycoplasma contamination tests were performed routinely (Lonza, MycoAlert™ 441 

Mycoplasma Detection Kit). 442 

Small interfering RNA transfection – 4T1 mammary cancer cells were transfected with 443 

siRNA directed against mouse P2rx7 mRNA (siP2X7) or scramble siRNA-A as a control (siCTL), 444 

both of which were purchased from Tebu-Bio (France). Cells were transfected with 20 nM siRNA 445 

by using Lipofectamine RNAi max (Invitrogen, France). Experiments were performed 24 h after 446 

transfection and efficacy of silencing was assessed by qPCR. 447 

RNA extraction, reverse transcription and polymerase chain reaction – For conventional 448 

PCR experiments, total RNA was extracted using NucleoSpin® RNA II kit (Macherey Nagel 449 

EURL, Germany) and reverse transcribed with PrimeScript™ RT Reagent (Ozyme, France). PCR 450 

was performed with GoTaq® Flexi DNA Polymerase (Promega, France) according to 451 

manufacturer’s recommendations. PCR products were loaded on 2% agarose gels and visualised 452 

after UV excitation.  453 

For real-time qPCR experiments, total RNA was extracted using TRIzol™ Reagent (Invitrogen, 454 

France), and reverse-transcribed with the PrimeScript™ RT Reagent Kit (Ozyme, France). 455 

Quantitative PCR were performed using SYBR qPCR Premix Ex Taq (Ozyme, France) and CFX 456 

CONNECT (Bio-rad, France). Control gene was mGusb and primers used were those as described 457 

71. qPCR primer sequences for assessing mP2rx7 expression were those previously described 72. All 458 

primers sequences are described in Table I. 459 

Cell electrophysiology – Electrophysiological recordings of ATP-mediated currents were 460 

performed in the whole cell configuration of the patch clamp technique as already reported 6. Patch 461 

pipettes were pulled from borosilicate glass (World Precision Instruments, France) to a resistance of 462 

4-6 MΩ. Currents were recorded under voltage-clamp mode using an Axopatch 200B amplifier 463 

(Axon Instrument, USA) and analogical signals were filtered at 10 kHz and digitized using a 1322A 464 

Digidata converter. Cell capacitance and series resistance were electronically compensated. 465 

Membrane potential was held at -60 mV. Experiments were performed at room temperature (20-466 
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25°C) in a standard external physiological saline solution (PSS in mM: 147 NaCl, 10 N-2-467 

hydroxyethylpiperazine-N’-2ethansulphonic acid (HEPES), 13 D-glucose, 2 KCl, 2 CaCl2 and 1 468 

MgCl2) and pipettes were filled with the intracellular saline solution (in mM: 147 NaCl, 10 HEPES 469 

and 10 ethylene glycol-bis-(2-aminoethyl ether)-N, N, N’, N’-tetraacetic acid (EGTA) with  470 

osmolarity and pH values of 295-315 mOsm and 7.3, respectively). ATP was externally applied 471 

using a RSC160 fast-flow delivery system (BioLogic Science Instruments, France) for 10 s, at the 472 

concentrations indicated in the figure legend. P2X7 antagonist A438079 was perfused into the bath 473 

for 2 min before recording its effect in the presence of 5 mM ATP. Concentration-response curves 474 

to ATP were realized by first obtaining a maximum response to 10 mM and then by applying 475 

decreasing concentrations of agonist and the results were plotted using Origin Pro 2015 software 476 

(Microcal Software Inc., USA). EC50 was defined using the Hill equation provided by the software. 477 

Intracellular calcium measurement – ATP- and BzATP-induced intracellular calcium 478 

increases were measured using the ratiometric fluorescent probe Fura2-AM and the Flexstation3 479 

apparatus (Molecular Devices) as already described 40. Cells were incubated with Fura2-AM (1 480 

µM) for 45 min in OptiMEM medium at 37°C prior to conduct recordings. Cells were washed and 481 

then pre-incubated in the extracellular saline solution (147 mM NaCl, 2 mM KCl, 1 mM MgCl2, 10 482 

mM HEPES and 13 mM D-glucose, pH 7.4) with and without 3 mM CaCl2. F340/F380 defined the 483 

ratio of the fluorescence intensity excited alternatively at 340 nm and 380 nm and emitted at 510 484 

nm and was used to determine the free intracellular Ca2+ concentration. It was measured after the 485 

injection of either 3 mM ATP or 0.3 mM BzATP. Agonists were added after the baseline was 486 

established. Antagonists, A438079 (10 µM) or AZ10606120 (300 nM) were added 5 min before 487 

addition of agonist. 488 

Cell viability – The effects of ATP and BzATP treatments for 24 h on 4T1 cells, at doses 489 

indicated in the figure legends were evaluated by the tetrazolium salt assay (MTT) as already 490 

described 21. Briefly, cells were treated with increasing doses of ATP and BzATP for 24 h and cell 491 

viability was measured after incubation with MTT for 40 minutes at 37°C.  492 
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Cell adhesion - To assess 4T1 cancer cell adhesion, 2x104 cells were seeded in their normal 493 

culture medium in wells from a 96-well plate and placed in the incubator for 30 min at 37°C, 5% 494 

CO2. After one wash in PBS, the number of adherent cells was evaluated in wells using the MTT 495 

assay. 496 

2- and 3-Dimensions in vitro invasion assays – 2-D cancer cell invasiveness was measured 497 

as previously described 21 using 8-µm pore-size polyethylene terephtalate membrane inserts covered 498 

with Matrigel™ matrix (Becton Dickinson, France). Cells at the lower surface of the insert were 499 

stained with DAPI and nuclei were counted after collecting pictures with a Nikon TI-S microscope 500 

(France). Results were normalized to the control condition, in the absence of agonist or antagonist.  501 

For 3D invasiveness assays, cancer cell spheroids were used. To do so, 500 4T1 cells or 2,000 502 

MDA-MB-435luc cells were seeded in wells of ultra-low attachment 96-well plates (Corning, 503 

France). After allowing spheroid formation at 37°C and 5% CO2 in the incubator for 24 h for 504 

4T1luc and 48 h for MDA-MB-435luc, 4 mg/ml Matrigel™ was added to the wells, in the absence 505 

or presence of 0.3 mM BzATP, and 10 µM A438079. 3D-Matrigel invasion by spheroids was 506 

followed every hour using a Nikon TI-S microscope (France). Invasion distance and spheroid 507 

circularity were measured and calculated using ImageJ. 508 

Invadopodia activity assay - Invadopodia activity was assessed by culturing cells for 24 h 509 

on the top of a layer of Matrigel™ (4 mg/mL) matrix containing 50 µg/mL of DQ-BSA in 510 

LabTeck™ chambers, as previously reported 43. Briefly, cells were fixed in 4% paraformaldehyde 511 

for 15 min then permeabilized using 0.02% saponin for 20 minutes and incubated with 3% bovine 512 

serum albumin (BSA) for 30 min. F-actin was stained with 1.5 units/mL Phalloidin DyLight 488 513 

(Invitrogen, France). Slides were mounted using ProLong® Gold Antifade Mountant with DAPI 514 

(Invitrogen, France). Epifluorescence microscopy was performed with a Nikon TI-S (France). Co-515 

localized pixels for DQ-BSA and Phalloidin-488 were obtained using NIS-Element (Nikon, France) 516 

and fluorescence intensity, as well as the number of invadopodia were quantified with ImageJ.  517 
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Invadopodia fractionation – Invadopodia, which were embedded in the gelatin matrix, were 518 

separated from cellular bodies using the previously described protocol 43. Briefly, cells were grown 519 

on the top of a 2%-gelatin matrix. Cellular bodies were removed using osmotic shock and further 520 

fractionated to isolate a “cytosolic” and an “all membranes” fractions. Proteins from invadopodia 521 

were solubilised in a lysis buffer containing 0.1% NP-40 and 1 mM DTT and separated from gelatin 522 

by centrifugation at 17,000 x g for 30 min. Proteins in each fraction were separated according to 523 

standard SDS-PAGE protocols on 8% and 12% polyacrylamide gels and then transferred on PVDF 524 

membrane.  Primary antibodies used were:  mouse anti-HSC70 (sc-7298 Santa Cruz, Germany), 525 

rabbit anti-caveolin 1 (sc-894 Santa Cruz, Germany), rabbit anti-β-adaptin (610382 BD 526 

Biosciences, France), cathepsin B (20-CR71 Fitzgerald, USA), cortactin (05-180 Millipore, France), 527 

FAK (036SC-558 Santa Cruz, France), P2X7 (APR-008 Alomone, Israel). Secondary HRP-528 

conjugated antibodies were: goat anti-mouse (Santa Cruz, France), goat anti-rabbit (Jackson 529 

Immunoresearch Interchim, France), rabbit anti-β-actin-HRP (Santa Cruz, France). Densitometric 530 

analyses were performed using ImageJ. Full uncropped blots are shown in Supplementary Figures 5 531 

and 6. 532 

Epifluorescence experiments – Cells were grown for 24 h in LabTeck™ chambers on a 533 

layer of Matrigel matrix (4 mg/mL) containing 50 µg/mL of DQ-BSA. Cells were fixed in 4% 534 

paraformaldehyde for 15 min and then incubated with 3% BSA for 30 min. P2X7 was 535 

immunodetected using a primary antibody (APR-008, Alomone, Israel) and secondary anti-rabbit 536 

IgG AlexaFluor488 (Invitrogen, France). For actin cytoskeleton analysis, cells were grown on glass 537 

coverslips until 40 % confluency and then serum was reduced to 1% for 24 h and 0% for 24 h. Cells 538 

were treated with BzATP for 2, 4, 6, 12, 30 min and 24 h. Cells were fixed in 4% paraformaldehyde 539 

for 15 min and then permeabilized with 0.1% triton-X-100 for 5 min, incubated with 3% BSA for 540 

30 min and stained with 1.5 units/mL Phalloidin DyLight® 488 (Invitrogen, France) for 1 h. Slides 541 

were mounted using ProLong® Gold Antifade Mountant with DAPI (Invitrogen, France). For the 542 

analysis of filopodia, cells were transfected with Ibidi® LifeAct plasmid (Generous gift from Prof. 543 
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Laurent Counillon, CNRS UMR7370, University of Nice-Sophia Antipolis) using TransIT®-2020 544 

(Mirus Euromedex, France). Epifluorescence and Time-lapse microscopy was performed with a 545 

Nikon TI-S (France) (See supplementary materials SMovie 1-4). Numbers of filopodia formed per 546 

hour and filopodia velocity were quantified using the Adapt plugin for ImageJ 73.  547 

RhoGTPases pull-down assays – The activity of RhoA / Rac1 / Cdc42 small GTPases was 548 

assessed using pull-down assays according to the manufacturer’s protocols (Cat BK030 RhoA/ 549 

Rac1/Cdc42 Activation Assay Combo Biochem Kit, Cytoskeleton, Tebu-Bio, France) as previously 550 

described 52. Briefly, cells were grown until 40% confluency in 75-cm² flasks in normal growing 551 

medium, and serum was reduced to 1% for 24 h and 0% for 24 h. After treatment with 0.3 mM 552 

BzATP with or without 10 µM A438079 for 30 min in culture medium without serum, cells were 553 

lysed and samples were snap-frozen in liquid nitrogen. For each condition, 500 µg total lysates were 554 

used for pull-down assay according to the manufacturer’s instructions and then used for western 555 

blotting (Full uncropped blots are shown in Supplementary Figure 7). 556 

In vivo mammary cancer model and experiments – All experiments have been approved by 557 

the Comité d’éthique du Centre-Val de Loire (Comité d’éthique en expérimentation animale 558 

Campus CNRS d’Orléans n°3) and have been performed in accordance with the European Ethics 559 

rules (Ref 005377.01 Apafis #12960). All animals were bred and housed in isolated ventilated cages 560 

at the CNRS UPS44 – TAAM- CIPA (CNRS Campus, Orléans, France), in controlled conditions 561 

with a 12-hr light/dark cycle at 22°C, and food and water ad libitum. We developed a syngeneic and 562 

orthotopic mouse mammary cancer model in female BALB/cJ immunocompetent mice. To do so, 563 

4T1-luciferase-expressing mouse mammary cancer cells were injected into the fifth mammary fat 564 

pad of 6 weeks-old mice. The luciferase activity was mainly used to follow secondary tumour 565 

appearance and growth in vivo, subsequent to D-luciferin (150 mg/kg) intraperitoneal injection and 566 

bioluminescent imaging (IVIS Lumina II, Perkin Elmer). Primary tumour volume (mm3) and 567 

growth over time were most effectively measured with a calliper, twice a week, and calculated as (L 568 
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x l²)/2 (in mm). Metastases were counted macroscopically at the completion of studies, during 569 

autopsies. Animal weight was measured once a week. 570 

In experiments comparing the role of the number of injected cells on primary tumour growth, in 571 

mice expressing the P2rx7 gene or not, cell suspensions of either 1x106 or 1x104 4T1-luc derived 572 

CTL (P2X7 +) cancer cells were injected to BALB/cJ mice P2rx7 -/- (Generous gift of Prof. Niklas 573 

Rye Jørgensen, Department of Clinical Biochemistry, Rigshospitalet, Glostrup, Denmark) or to 574 

BALB/cJ P2rx7 +/+ litter mate control mice, which were housed in the same environmentally 575 

controlled conditions. P2rx7 -/- mice 101 were backcrossed onto the BALB/cJ background as 576 

previously described 74. 577 

In experiments assessing the effect of P2rx7 gene expression in mammary cancer cells on primary 578 

tumour growth and metastatic progression, 1x104  CTL (P2rx7+/+), Crispr#1 or Crispr#2 (P2rx7-/-) 579 

4T1-derived mammary cancer-cells (see section “Cells and cell culture”) in 100 µL of a PBS 580 

solution were injected in the mammary fat pad, under isoflurane anaesthesia, of wild-type BALB/cJ 581 

mice (Janvier Labs, Saint Berthevin, France).  582 

In experiments assessing the efficacy of P2X7 antagonism, 1x104 CTL (P2rx7+/+) cells were 583 

injected in the mammary fat pad of wild-type BALB/cJ mice (Janvier Labs, Saint Berthevin, 584 

France), and treatments have been randomly administrated once tumours reached 80 mm3. Then, 585 

230 µl of 3 mg/ml A437079 solution or 100 µl of a 300 nM AZ10606120 solution were injected 586 

intraperitoneally every two days. Primary tumours were fixed in formalin, included in paraffin, and 587 

cut in 5-µm tissue sections. Slides were deparaffinized, rehydrated, and heated in citrate buffer pH 6 588 

for antigenic retrieval. Immunohistochemistry was performed using primary antibody anti-P2X7 589 

(APR-008 Alomone, Israel) and the streptavidin-biotin-peroxidase method with diaminobenzidine 590 

as the chromogen (Kit LSAB, Dakocytomation). Slides were finally counterstained with 591 

haematoxylin. Negative controls were obtained by omission of the primary antibody or incubation 592 

with an irrelevant antibody. 593 
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Mathematical model for assessing mammary tumour growth depending on treatments – A 594 

Gompertz model was used to describe mammary tumour growth over time. This model included 595 

three parameters, i.e. the first-order growth rate constant (kgrowth), the maximum tumour volume 596 

(Vmax) and the power coefficient γ. In addition, the effect of treatment (EFF) on tumour volume 597 

was estimated as a parameter being 0 without treatment (i.e. before treatment, in both A438079 and 598 

AZ10606120 groups, and every time in the vehicle group) and estimated when treatment was 599 

administered. Model parameters were estimated using nonlinear mixed-effects modelling. This 600 

approach allows describing the inter-subject variability in the population (mean and inter-subject 601 

standard deviations) and quantifying the association of factors of variability (referred as being « 602 

covariates ») with inter-subject distribution of Gomperz parameters. The influence of treatment 603 

condition (A438079 or AZ10606120) was tested as a covariate on both kgrowth and Vmax. This 604 

analysis was carried out using MonolixSuite2018 (Lixoft®, Antony, France). The effect of 605 

treatment and treatment condition on each parameter was tested using likelihood ratio test (LRT). 606 

Data presentation and statistical analysis - Data are displayed as median ± range (n = 607 

number of cells/ independent experiments). One-way ANOVA followed by a Dunn's Multiple 608 

Comparison Test, Wilcoxon Signed Rank Test and Mann-Whitney rank sum test were used to 609 

compare different conditions, as indicated in the figure legends. Statistical significance is indicated 610 

as: *, p <0.05; **, p<0.01 and ***, p<0.001. NS stands for not statistically different. 611 

Data availability –The authors declare that all other data supporting the findings of this 612 

study are available within the paper and its supplementary information files or available from the 613 

authors upon request. 614 

  615 
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Figure legends 839 

 840 

Figure 1: P2X7 receptor is functional in mammary cancer cells and drives 2- and 3-841 

dimensions invasiveness. a, P2X1-7 mRNA expression (expression of P2rx1-P2rx7 genes) was 842 

analysed by conventional RT-PCR after 30 amplification cycles from 4T1 mouse mammary cancer 843 

cells. b, Representative whole-cell patch clamp recordings of ATP-induced currents from 4T1 844 

mouse mammary cancer cells. Membrane potential was held at -60 mV. While 10-s application of 845 

10 µM ATP (left recording) was not able to produce any current, the application of 5 mM ATP 846 

(right recording) produced a non-desensitizing P2X7-like inward current that was reduced by the 847 

use of 10 µM A438079 antagonist. c, Left side : representative inward currents recorded from one 848 

4T1 cell, in response to 10 s-long applications of increasing concentrations of ATP (0.3, 1, 3, 5 and 849 

10 mM). Right side: the ATP dose-response curve for inward currents, expressed as a ratio of the 850 

maximum current obtained with 10 mM ATP. The EC50 obtained from a sigmoidal fit and the Hill 851 

equation was 4.3 ± 0.2 mM (n = 5-6 cells). d, Intracellular levels of free Ca2+ were monitored by the 852 

use of Fura2 fluorescence expressed as a ratio of the 510 nm produced by excitations at 340 nm and 853 

380 nm wavelengths, after 300 µM BzATP agonist stimulation, in the absence (black traces, 854 

control) or presence (red traces) of P2X7 antagonist A438079 (10 µM). This same protocol was 855 

performed in the presence of 3 mM extracellular Ca2+ (left traces) or in the absence of extracellular 856 

Ca2+ (right traces). These data are averaged from 4 independent experiments. There is a statistically 857 

significant difference in BzATP-induced Ca2+ responses in the presence of 3 mM extracellular Ca2+ 858 

at p < 0.001 using two-way ANOVA, but no significant difference in the absence of extracellular 859 

Ca2+. e, Similar protocol as in d, using AZ10606120 (300 nM) as another P2X7 antagonist (blue 860 

traces) as compared to the control condition (vehicle, black traces), in the presence of 3 mM 861 

extracellular Ca2+ (left traces) or in the absence of extracellular Ca2+ (right traces). These data are 862 

averaged from 3 independent experiments. There is a statistically significant difference in BzATP-863 

induced Ca2+ responses in the presence of 3 mM extracellular Ca2+ at p < 0.001 using two-way 864 



33 
 

ANOVA, but no significant difference in the absence of extracellular Ca2+. f, 4T1 cell viability over 865 

24 h in the presence of increasing concentrations of ATP (from 0.03 to 3 mM), in the absence or 866 

presence of 10 µM A438079, and expressed relatively to the control condition (vehicle). Results are 867 

from 4 independent experiments. There is a statistically significant difference when comparing each 868 

of the two treatment groups to the control condition at *p<0.05, **p<0.01 and ***p<0.0001, but 869 

there was no significant difference between the ATP treatment and the ATP+A438079 treatment, 870 

using t-test. g, 4T1 cell viability over 24h in the presence of increasing concentrations of BzATP 871 

(from 0.01 to 1 mM), expressed relatively to the control condition (vehicle). Results are from 4 872 

independent experiments. There was no significant difference between the BzATP treatment and 873 

control condition. h, 4T1 2D-cell invasiveness was assessed over 24 h using trans-well invasion 874 

inserts in the absence or presence of BzATP (300 µM), in cells transfected with a null-target siRNA 875 

(siCTL) or a specific siRNA targeting P2rx7 expression (siP2X7). Results are from 6 independent 876 

experiments and expressed relatively to the siCTL condition, in the absence of BzATP stimulation 877 

(CTL). ** indicates a statistically significant difference at p<0.01 when comparing siCTL/BzATP 878 

to siCTL/CTL, using Mann-Whitney Rank Sum Test. i, 4T1 2D-cell invasiveness was assessed over 879 

24 h using trans-well invasion inserts in the absence or presence of BzATP (300 µM), and in the 880 

absence or presence of P2X7 antagonist A438079 (10 µM). Results are from 4-6 independent 881 

experiments and are expressed relatively to the control condition (CTL), in the absence of BzATP 882 

and of A438079. * indicates a statistically significant difference at p<0.05 when comparing BzATP 883 

treatment to CTL, using Wilcoxon Signed Rank Test. j, 4T1 3D-cell invasiveness was assessed over 884 

72 h. Image on the left show the morphology of cancer cell spheroids that was assessed before (T = 885 

0 h) or after 72 h treatment (T = 72 h) in control condition (vehicle) or with BzATP (300 µM) in the 886 

absence or presence of A438079 (10 µM). Scale bar, 100 µm. On the right side is the summary of 887 

assessment of the spheroid circularity from 14-20 independent experiments. * indicates a 888 

statistically significant difference at p<0.05 using Dunn's Multiple Comparison Test.  889 

 890 
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Figure 2: P2X7 receptor promotes invadopodial activity of extracellular matrix degradation. 891 

a, 4T1 mouse mammary and MDA-MB-435s human cancer cells were grown on Matrigel™ 892 

containing DQ-BSA as a fluorogenic substrate for proteases, emitting red fluorescence when 893 

degraded. P2X7 receptor was immunodetected using a rabbit primary antibody against P2X7 894 

protein and a secondary ant-rabbit IgG antibody conjugated to AF488. The right panel shows the 895 

fluorescence values for the two channels at the locations indicated by a blue arrow. Scale bar, 100 896 

µm. b, Invadopodia entrapped into a 2%-gelatin matrix were fractionated and separated from 897 

cytosol and membranes-enriched fractions. The quality of the fractions was assessed by western 898 

blotting after SDS-PAGE, using cytosolic (HSC70), membrane (caveolin-1, β-adaptin) and 899 

invadopodia (cathepsin B, cortactin, focal adhesion kinase) markers. P2X7 proteins were found to 900 

be present in the membrane fractions and enriched in the invadopodia fraction. This figure is 901 

representative of 5 independent experiments. c, The invadopodial activity was assessed as being F-902 

actin foci (green labelling, phalloidin-488) co-localised with focused proteolytic activities (red 903 

labelling, DQ-BSA proteolysis) from 4T1 cells grown for 24 h on Matrigel™ containing DQ-BSA 904 

in control condition (vehicle), or stimulated with 300 µM BzATP, in the presence and absence of 10 905 

µM A438079. “Coloc” indicates co-localization of degradative activity and F-actin foci, and 906 

appears as white pixels. Scale bar, 50 µm. d, The number of degradation areas per cell was counted 907 

in 20 images, from 5 independent experiments. * indicates a statistically significant difference at 908 

p<0.05 using Dunn's Multiple Comparison Test. e, The number of invadopodia (identified as being 909 

F-actin foci colocalized with matrix degradation spots) was counted per cell in the same 910 

experiments as in d. There was no significant difference among the four treatment conditions. 911 

 912 

Figure 3: P2X7 receptor stimulation promotes the acquisition of a mesenchymal phenotype. a, 913 

F-actin cytoskeleton was visualized using phalloidin-488 in 4T1 cells stimulated with 300 µM 914 

BzATP at the time indicated. Rapid morphological changes appear as rapidly as after 6 min 915 

stimulation. Scale bar, 25 µm. b, The number of new filopodia per cell was counted per hour in 916 
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cells transfected with the LifeAct plasmid and studied in the presence of 300 µM BzATP, in the 917 

presence or absence of 10 µM A438079.  * indicates a statistically significant difference at p<0.05 918 

using Dunnett's Multiple Comparison Test. c, The velocity of filopodia to form and extend (in 919 

µm/min) was measured in the same experiments as in b. There was no significant difference among 920 

the four experimental groups. d, On the left side, representative western blots show total and active 921 

GTP-bound forms of Cdc42, RhoA, and Rac1 pulled down by GST-RBD in 4T1 cells in control 922 

conditions or stimulated with 300 µM BzATP, in the presence and absence of 10 µM A438079. 923 

His-tagged proteins are used as positive controls for the quality of the pull-down experiment. On the 924 

right side, graphs show quantifications of GTP-bound RhoGTPases (active form), normalized to 925 

total protein level, and expressed relatively to that of the control condition (vehicle). Results are 926 

from 4-7 independent experiments. * indicates statistically significant difference at p<0.05, using 927 

Mann-Whitney rank sum test. e, mRNA expression levels of P2rx7, SNAI1, ZEB1, TWIST1, ZO1 928 

and CDH1 assessed by RT-qPCR in 4T1 cells stimulated by 300 µM BzATP for 24 h and expressed 929 

relatively to the GUSB reference gene and as ratios to the expression levels in control condition 930 

without BzATP (n = 9-11 independent experiments). SNAI1 was significantly higher, and ZO1 was 931 

significantly lower after BzATP treatment compared to control condition at *, p<0.05, using Mann-932 

Whitney rank sum test. 933 

 934 

Figure 4: P2X7 receptor in mammary cancer cells enhances primary tumour growth and 935 

metastatic development in vivo.  a, P2rx7 mRNA expression levels assessed by RT-qPCR in CTL, 936 

Crispr#1 and  Crispr#2 cell lines, expressed relatively to 4T1 cells. * indicated a statistically 937 

significant difference from CTL cells at p<0.05 using Mann-Whitney Rank sum test. b, 2-D cancer 938 

cell invasiveness of CTL, Crispr#1 and  Crispr#2 cell lines, in the absence or presence of 300 µM 939 

BzATP, expressed relatively to the CTL cell line without BzATP (n = 5-8 independent 940 

experiments). * indicates a statistically significant difference from CTL/no BzATP condition at 941 

p<0.05, ¤ indicates a statistically significant difference from CTL/BzATP at p<0.05, using Dunn's 942 
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Multiple Comparison Test. NS, stands for no statistically significant difference. c, Cell proliferation 943 

over 4 days of CTL, Crispr#1 and  Crispr#2 cell lines in the absence of 300 µM BzATP, expressed 944 

relatively to the CTL condition. Results are from 6-10 independent experiments. * indicates a 945 

statistically significant difference from CTL at p<0.05 using Dunn's Multiple Comparison Test. d, 946 

Cell adhesion of CTL, Crispr#1 and Crispr#2 clones, expressed relatively to CTL. Results are from 947 

10 independent experiments. * indicates a statistically significant difference from CTL at p<0.05 948 

using Dunn's Multiple Comparison Test. e-i, In vivo mouse experiments testing the effect of P2rx7 949 

gene expression in host mice on primary tumour growth and metastasis development, with two 950 

numbers of cancer cells implanted. e, Top, cartoon describing the experimental procedure, in which 951 

CTL cells, derived from 4T1-Luc expressing P2rx7 gene, were implanted to the fifth mammary fat 952 

pad of 6 weeks-old female wild-type BALB/cJ (P2rx7+/+) or P2X7 knock-out BALB/cJ (P2rx7-/-) 953 

mice. Bottom, representative bioluminescent images of a wild-type mouse, on 14 and 35 days after 954 

cell implantation, identifying primary tumours as well as metastatic foci. f, Primary mammary 955 

tumour growth in wild-type BALB/cJ (P2rx7+/+, n = 8) or P2X7 knock-out BALB/cJ (P2rx7-/-, n = 956 

8) mice as a function of time following the implantation of 1x106 CTL cells on day 0. g, Analysis of 957 

the number of metastases per mouse, identified at necropsy, in the experiment described in f. NS 958 

stands for no statistical significant difference. h, Primary mammary tumour growth in wild-type 959 

BALB/cJ (P2rx7+/+, n = 8) or P2X7 knock-out BALB/cJ (P2rx7-/-, n = 8) mice as a function of time 960 

following the implantation of 1x104 CTL cells on day 0. i, Analysis of the number of metastases per 961 

mouse, identified at necropsy, in the experiment described in h. NS stands for no statistically 962 

significant difference. j-l, In vivo mouse experiments assessing the role of P2rx7 gene expression in 963 

mammary cancer cells on primary tumour growth and metastasis development. j, Cartoon 964 

describing the experimental procedure, in which CTL (P2rx7+/+), Crispr#1 or Crispr#2 (both knock-965 

down for the P2rx7 expression) cells were implanted to the fifth mammary fat pad of 6 weeks-old 966 

female wild-type BALB/cJ (P2rx7+/+) at a density of 1x104 CTL cells per mouse (8 mice per 967 

group). k, Primary mammary tumour growth in wild-type BALB/cJ (P2rx7+/+) as a function of time 968 
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following the implantation of CTL, Crispr#1 or  Crispr#2 cells on day 0. *** indicates a statistically 969 

significant difference from the CTL group at p<0.001 using two-way ANOVA. l, Analysis of the 970 

number of metastases per mouse, in the three experimental groups, identified at necropsy, in the 971 

experiment described in j. * indicates a statistically significant difference from the CTL group at 972 

p<0.05 using Dunn's Multiple Comparison test.  973 

 974 

Figure 5: P2X7 antagonism slows mammary tumour growth.  a, In vivo mouse experiments 975 

assessing the effects of treatments with two P2X7 antagonist (A438079 or AZ10606120) on 976 

primary tumour growth, in which cancer cells and host organisms both express the P2rx7 gene. b, 977 

primary mammary tumour growth represented as a function of the duration of the treatment 978 

depending on antagonist treatments (A438079 or AZ10606120) compared to the injection of 979 

vehicle. c-e, A, Gompertz model was used to assess mammary tumour growth as a function of time 980 

for c, vehicle group, d, A438079 and e, AZ10606120.  Black, red and blue dots represent individual 981 

tumour volumes of these respective categories, blue areas are 90% model prediction intervals and 982 

lines are the median tumour growth. Estimated mean (inter-individual standard deviation) of model 983 

parameters were kgrowth = 0.64 day-1 (39%), Vmax = 1,620 mm3 (64%), EFF = 0.52 (82%) and γ 984 

= 0.17 (–). This analysis showed that tumour volume doubled in a mean time of 0.64 day, that the 985 

mean maximum tumour volume was 1,620 mm3 and that tumour growth was twice slower in the 986 

presence of A438079 or AZ10606120 treatment (p<10-10) as compared to the vehicle group. There 987 

was no difference in the efficacy of these two treatments (p = 0.08). f, Assessment of the number of 988 

metastases per mouse, in the three experimental groups; vehicle, A438079 and AZ10606120.  There 989 

was no statistical difference. g, Percent survival curve in the three experimental group indicating a 990 

significant prolonged survival of mice treated with AZ10606120  at p = 0.0464 using Gehan-991 

Breslow-Wilcoxon Test. 992 
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Figure 3
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Figure 4
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Figure 5
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Table I: PCR primers sequences and expected amplicon size 

Mouse 
genes 

 Corresponding 
proteins 

Forward primers (5’ → 3’) Reverse primers (5’ → 3’) Amplicon - 
Expected 
size (bp) 

Primers for conventional PCR 

mP2rx1 PCR P2X1 CCTCAAGTGGCCTTATCAGC GGTACCATTCACCTCCTCCA 467 

mP2rx2 PCR P2X2 ACGTTCATGAACAAAAACAAG TCAAAGTTGGGCCAAACCTTTGG 360 

mP2rx3 PCR P2X3 GGACGCTATGCCAACAGAGT ACGTCCCCTACCCTCAAGAT 461 

mP2rx4 PCR P2X4 GCGTCTGTGAAGACCTGTGA GCCTTTCCAAACACGATGAT 521 

mP2rx5 PCR P2X5 TCCCGGATGGCGAGTGTTCAG GATGGGGCAGTAGAGATTGGTGGAG 323 

mP2rx6 PCR P2X6 AACTGGGAACATGGCTTCTG CACCAGCTCCAGATCTCACA 516 

mP2rx7 PCR P2X7 TGCACATGATCGTCTTTTCC GGCAAGATGTTTCTCGTGGT 532 

Primers for real-time qPCR 

mP2rx7 qPCR P2X7 AGCACGAATTATGGCACCGT CCCCACCCTCTGTGACATTCT 172 

mCDH1 qPCR E-Cadherin CAGTTCCGAGGTCTACACCTT TGAATCGGGAGTCTTCCGAAAA 131 

mGusb qPCR β-Glucuronidase TATGGAGCAGACGCAATCCC TTCGTCATGAAGTCGGCGAA 164 

mSnai1 qPCR Snail1 CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT 133 

mTwist qPCR Twist TTCTCGGTCTGGAGGATGGA TCTCTGGAAACAATGACATCTAGG 110 

mZeb1 qPCR Zeb1 ACCGCCGTCATTTATCCTGAG CATCTGGTGTTCCGTTTTCATCA 91 

mZO1 qPCR ZO1 GCCTCAGAAATCCAGCTTCTCGAA GCAGCTAGCCAGTGTACAGTATAC 194 
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