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RESUMO 

 

Sampaio, V. F. A.  As isoformas do receptor P2X7 e o neuroblastoma: o papel 

crucial da isoforma B na quimiorresistência. 2022. 235p. Tese – Programa de Pós-

Graduação em Ciências Biológicas (Bioquímica). Instituto de Química, Universidade 

de São Paulo, São Paulo. 

 

 O uso de agentes citotóxicos é a base de grande parte dos tratamentos oncológicos, 

e a quimiorresistência é o desafio central para sua efetividade. Mesmo as alternativas 

terapêuticas mais recentes, embora representem importantes contribuições, não são 

capazes de contornar ou combater a seleção natural das células resistentes ou 

restringir sua ampla capacidade adaptativa. No neuroblastoma, a recorrência tumoral 

ocorre em até 50% dos pacientes de alto risco. Desta forma, a identificação de novos 

alvos terapêuticos capazes de modular a sobrevivência ou morte celular em resposta 

aos tratamentos farmacológicos é crucial para a evolução da terapia anticâncer. Neste 

trabalho, investigamos o papel do receptor P2X7 na quimiorresistência e elucidamos 

as contribuições de suas isoformas A e B. Demonstramos que a isoforma B favorece 

a resistência aos fármacos estudados, por diversos mecanismos, incluindo o efluxo 

de fármacos via bombas do tipo MRP, resistência a retinoides, retenção das células 

em fenótipo indiferenciado, supressão da autofagia e indução de EMT, enquanto a 

isoforma A desempenha funções opostas e/ou complementares. 

 

Palavras-chave: receptor P2X7; isoforma P2X7B; quimiorresistência; câncer infantil; 

células-tronco tumorais; transição epitélio-mesenquimal. 

 



 

ABSTRACT 

 

Sampaio, V. F. A.  P2X7 receptor isoforms and neuroblastoma: the key role of 

P2X7B in drug resistance. 2022. 235p. PhD Thesis – Graduate Program in 

Biochemistry. Instituto de Química, Universidade de São Paulo, São Paulo. 

 

Drug resistance is a major challenge for all oncological treatments that involve the use 

of cytotoxic agents. Recent therapeutic alternatives cannot circumvent the ability of 

cancer cells to adapt or alter the natural selection of resistant cells, so the problem 

persists. In neuroblastoma, recurrence can occur in 50% of high-risk patients. 

Therefore, the identification of novel therapeutic targets capable of modulating survival 

or death following classical antitumor interventions is crucial to address this problem. 

In this study, we investigated the role of the P2X7 receptor in chemoresistance. Here, 

we elucidated the contributions of P2X7 receptor A and B isoforms to neuroblastoma 

chemoresistance, demonstrating that the B isoform favors resistance through a 

combination of mechanisms including drug efflux via MRP-type transporters, 

resistance to retinoids, retaining cells in a stem-like phenotype, suppression of 

autophagy, and EMT induction, while the A isoform has opposite and/or 

complementary roles. 

 

Keywords: P2X7 receptor; P2X7B isoform; chemoresistance, childhood cancer; 

cancer stem cells; epithelial-mesenchymal transition. 
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1. General Introduction: 

1.1. Cancer, the classic problem 

According to data from 2018, cancers are the second leading global cause of death, 

accounting for 1 in 6 deaths worldwide (WHO 2018). Originating from the uncontrolled 

proliferation of mutated cells, cancers have a diverse and complex biology, challenging 

scientists and health professionals for decades. Likewise, their etiology is diverse and 

multifactorial, encompassing environmental and genetic factors, in addition to aging, 

whose importance varies according to tumor type. 

In summary, cancers are proliferative lesions that evolve into malignant tumors. Their 

pathology was summarized very elegantly in the so-called “hallmarks of cancer”, 

proposed in 2000, reformulated in 2011 and ultimately reviewed in 2022, which consist 

of a set of changes necessary for tumorigenesis and tumor progression (Hanahan and 

Weinberg 2011; Hanahan 2022). As fundamental characteristics for the accumulation 

of these changes, genetic instability, which leads to mutations, and inflammation 

promoted by the tumor itself have been highlighted (Darwiche 2020). 

The classical therapeutic approach is based on cytotoxic treatments – chemo- and 

radiotherapy – and surgical interventions. Such approaches were effectively able to 

treat countless patients, extending their life expectancy. However, their limitations have 

become progressively evident (Zugazagoitia et al. 2016). As early as the 2000s, a 

plateau of similar efficacy for different chemotherapy drugs was observed (Schiller et 

al. 2002). 

Various advances have been made in the oncology field, such as the advent of 

immunotherapy. Over the years, the sum of efforts has effectively led to a decrease in 
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cancer-attributable deaths, especially in high-income countries (Hulvat 2020). 

Metastasis and drug resistance, however, persist as the main challenges responsible 

for the aggressiveness of high-risk diseases capable of inducing resistance and tumor 

recurrence. Thus, cancer remains the second leading cause of mortality worldwide. 

1.2.  Neuroblastoma 

In young people and children (0 to 19 years old), cancer corresponds to the main global 

cause of death, the most preeminent ones being leukemias, brain tumors, lymphomas, 

and solid tumors, including neuroblastoma and Wilms tumor. New diagnoses 

worldwide reach 300,000 children per year (WHO 2018). 

Survivors of childhood tumors have a high degree of morbidities throughout their lives: 

among those who respond to treatment and reach adulthood, 60 to 90% have chronic 

diseases (Hulvat 2020). These include subsequent neoplasms, in addition to persistent 

effects of chemotherapy and radiotherapy. 

Neuroblastoma is a solid and extracranial tumor that affects portions of the sympathetic 

peripheral nervous system, mainly adrenal glands and paravertebral ganglia, and is 

the most prevalent tumor type in children under 5 years of age. Evidence points out 

that the tumor arises in neural crest cells committed to the sympathetic-adrenal 

lineage, which will later be distributed to sympathetic tissues. As such, neuroblastoma 

is a tumor of embryonic origin (Maris et al. 2007). Recently, Schwann cell precursors 

have been shown to also give rise to chromaffin cells, which produce catecholamines 

that integrate the adrenal medulla (Furlan et al. 2017), raising the possibility of a 

diverse embryonic origin for neuroblastoma (Delloye-Bourgeois and Castellani 2019). 
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In support of the heterogeneity of neuroblastoma tumors, the cells that constitute the 

tumors were classically divided into two lineages: N-type cells, neuroblastic, with 

neuronal adrenergic properties; S-type, nonneuronal Schwann-like cells, similar to 

substrate-adherent melanocytes; or type I, intermediate. This classification continues 

to be improved. More recent studies have classified neuroblastoma cells into two 

types, determined by the activation of different superenhancers by panels of specific 

transcription factors, leading to different gene expression profiles and different 

molecular markers: MES-like (mesenchymal) cells, poorly differentiated and 

presenting mesenchymal features, identified by CD133 expression; and ADRN-like 

(adrenergic) cells, with a higher degree of differentiation and sympathetic 

noradrenergic characteristics, expressing the PHOX2A, PHOX2B and DBH genes 

(Van Groningen et al. 2017). The prevalence and regulation of such phenotypes is 

related to tumor aggressiveness. 

Neuroblastoma cases are stratified according to risk classification, which is related to 

the type of genomic alteration observed, the patient's age and, of course, the 

prognosis. High-risk patients are typically diagnosed after 18 months of age and have 

segmental chromosomal abnormalities and MYCN amplification, and their long-term 

survival rate is less than 50%. The most common metastatic sites are bone and bone 

marrow (National Cancer Institute - NIH). In these cases, treatments may include 

chemotherapy, radiation therapy, surgery, myeloablative therapy followed by 

autologous hematopoietic stem cell transplantation, and treatment with isotretinoin to 

induce cell differentiation and/or immunotherapy, achieving a 5-year survival rate of up 

to 62% (National Cancer Institute - NIH). 
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1.3. Chemotherapy agents, drug resistance and main mechanisms 

Antineoplastic chemotherapeutics are drugs capable of acting preferentially on tumor 

cells, reducing their ability to survive or multiply (Bhoopathi et al. 2021). The selectivity 

of tumor cells over healthy cells is based almost exclusively on replicating activity, 

which is markedly high in most tumor cells. However, the tumor mass is known to be 

heterogeneous, which leads to two problems: first, not all tumor cells are affected by 

the treatment; and second, damage to healthy cells and tissues occurs (American 

Cancer Society). 

Classic chemotherapy agents have different mechanisms of action, but all of them 

culminate in deleterious effects for the survival or multiplication of tumor cells. They 

are categorized as DNA alkylating agents, antimetabolites, antibiotics, topoisomerase 

inhibitors, antimitotics, or corticosteroids (American Cancer Society). 

In addition to the activity of anticancer agents, chemoresistance occurs through several 

mechanisms, either intrinsic or acquired. When intrinsic, they are genetically 

determined, with selection of resistant populations occurring when the treatment is 

administered. When acquired, cells respond to environmental pressures by triggering 

adaptive processes. The most common resistance mechanisms are evasion of 

apoptosis, repair of damage caused to DNA or other targets by the chemotherapy 

agent, cell cycle escape and quiescence, drug efflux or inactivation mechanisms, and 

induction of changes in the pharmacological target, among others (Longley and 

Johnston 2005). 

In the heterogeneous tumor mass, there are cells of different lineages. In addition to 

the tumor cells themselves, stromal cells make up the microenvironment: immune 

cells, fibroblasts, mesenchymal and endothelial cells (Bremnes et al. 2011; Arnaud-
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Sampaio et al. 2020a). Among the tumor cells, variations also occur, related to the 

phenotype and degree of differentiation. 

Cancer stem cells (CSCs) correspond to a population of tumor cells that retain the 

capacity for self-renewal and differentiation, which can lead to tumor recurrence by 

allowing the regeneration of the different cell types that constitute the tumor mass. 

Authors differ between the hypothesis that they would originate from a reserve of stem 

cells from the healthy tissue, or that they would result from the “dedifferentiation” of 

tumor cells. In the second case, the stem-like phenotype would not be stable and could 

be reversed or reacquired according to signals received from the tumor 

microenvironment (Ratajczak et al. 2010; Tang 2012). 

CSCs have a high proliferative capacity, but they are also able to remain dormant or 

quiescent, replicating very slowly or remaining static for a long time, making them 

invisible to the action of anticancer drugs. Such a state of quiescence is reversible, and 

the reactivation of these cells can occur many years after the primary tumor has 

remitted. Although it is often described in less differentiated cells, dormancy is not a 

specific attribute of undifferentiated cells or stem cells (Phan and Croucher 2020). 

A phenomenon to which is attributed a great contribution to cellular plasticity and tumor 

heterogeneity is the epithelial-mesenchymal transition (EMT). EMT consists of the 

acquisition of mesenchymal characteristics by cells whose initial phenotype is 

predominantly epithelial. However, it is important to emphasize that the product of this 

process is not necessarily typical mesenchymal cells but a spectrum of cells with 

phenotypes more or less similar to that of typical mesenchymal cells (Pal et al. 2021). 

Epithelial cells have apical-basal polarity and are held together by intercellular 

junctions, constituting an organized tissue on the basement membrane, while 



20 

 

mesenchymal cells have an elongated morphology, are not connected by intercellular 

junctions and have greater mobility and ability to reorganize the extracellular matrix 

(Shibue and Weinberg 2017). EMT can be triggered by epigenetic mechanisms or 

gene expression regulation, such as signaling by transcription factors. It occurs, as 

well as its reverse process (MET, mesenchymal-epithelial transition), at different 

stages of embryogenesis, regulating phenotypes to allow the movement of cells and 

the constitution of new embryonic tissues, in addition to the healing of injured tissues. 

However, when appropriated by tumor cells, such mechanisms result in cells with 

greater plasticity and capacity to adapt to environmental stresses – such as the 

presence of chemotherapeutic drugs – plus greater mobility. Therefore, cells became 

more able to migrate and reorganize the extracellular matrix. Furthermore, EMT 

generates cells with a lower degree of differentiation, similar to CSCs (Smith and 

Macleod 2019). 

CSCs show high expression of drug transporters capable of expelling drugs, such as 

ATP-binding cassette transporters (ABC transporters), also known as efflux pumps 

(Dean 2009). Such transporters expel drugs from the cells, preventing their intracellular 

effects. 

Physiologically, ABC transporters are responsible for regulating intracellular levels of 

hormones, ions, lipids and other molecules, in addition to protecting cells from 

xenobiotics and exogenous agents, so the deficiency of some transporters is often 

related to diseases such as cystic fibrosis (Tarling et al. 2013). However, in tumor cells, 

their functions end up protecting tumor cells from drugs, conferring resistance. 

ABC transporters are composed of four typical transmembrane domains, two of which 

are NBD (nucleotide binding domains) that hydrolyze ATP and two TMD 
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(transmembrane binding domains) that recognize the substrates to be transported 

(Dean et al. 2001). They are divided into 7 subfamilies, totaling 48 carriers. Among 

them, P-glycoprotein (P-gp, ABCB1), MRP1 (ABCC1) and BCRP (ABCG2), the first 

transporters characterized and whose preeminent clinical relevance remains 

supported by recent evidence, are of special interest (Robey et al. 2018). 

The wide range of existing transporters relies on the heterogeneity of TMD domains, 

allowing the transport of the most diverse substrates. In fact, the ability to promote drug 

resistance is especially related to transporters with lower selectivity, which are capable 

of loading a wider range of substrates, and sometimes to high levels of expression of 

the transporters, since expression at low levels may not be enough to expel the 

molecules in a way that significantly interferes with their clinical effect (Robey et al. 

2018). 

In addition to the expression of transporters, cells have another mechanism to remove 

unnecessary or harmful components from cells: autophagy, also appropriated by tumor 

cells. 

Autophagy is the process of cell self-degradation, consisting of the digestion of 

intracellular components that are either harmful or no longer useful. This process 

generates byproducts that can be used either as substrates for anabolism or for the 

generation of cellular energy (Uchiyama et al. 2008). Thus, it is an extremely relevant 

process in cellular plasticity scenarios and possibly in phenotypic changes related to 

dormancy state, CSC generation, and EMT. However, autophagy also triggers cell 

death, and its roles are highly relevant for the removal of senescent or neoplastic cells 

from tissues (Santana-Codina et al. 2017; D’Arcy 2019). In the context of antitumor 

drug resistance, autophagy can either contribute to the survival of tumor cells or 
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participate in the induction of death (Yonekawa and Thorburn 2013; Santana-Codina 

et al. 2017). Most evidence on different types of cancer and using diverse 

chemotherapy protocols point out that anticancer treatments usually induce autophagy 

and therefore lead to drug resistance (Smith and Macleod 2019). 

In addition to providing substrates and energy to dormant cells, autophagy also 

participates in the turnover of transcription factors crucial for maintaining cell cycle 

suppression and pluripotency, in addition to preventing the transition to a permanently 

senescent state. Tumor cell dormancy is dependent on autophagy, both for the survival 

of disseminated cells in a quiescent state and for their reactivation, allowing the growth 

of previously dormant cells to establish a secondary tumor (Sosa et al. 2014; Vera-

Ramirez et al. 2018). 

Evidence demonstrates that CSCs are dependent on the autophagy process for the 

maintenance of the stemness state (Smith and Macleod 2019). The reprogramming of 

somatic cells to the pluripotent state, for example, generating cells known as iPSCs 

(induced pluripotent stem cells), depends on high levels of autophagy (Ma et al. 2015). 

Environmental signals that lead to EMT, such as hypoxia and stimulation by TGF-β, 

also induce autophagy (Smith and Macleod 2019). Likewise, transcription factors 

related to the induction of pluripotency, such as SOX-2 and NANOG, are also related 

to autophagy, reducing mTOR activity (Wang et al. 2013). 

1.4.  The purinergic system 

Purinergic signaling is the transmission of autocrine and paracrine intercellular signals 

mediated by nucleotides and nucleosides, either purinergic or pyrimidinergic. The main 
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signaling molecule of the purinergic system is extracellular ATP (eATP), in addition to 

adenosine, its dephosphorylated form (Burnstock 2007). 

Purinergic receptors are ubiquitously expressed and are divided into three classes: P1 

receptors, which are metabotropic and adenosine-responsive; P2X channels, which 

are ionotropic and ATP-responsive; and P2Y receptors, metabotropic and responsive 

to ATP, UTP, ADP, UDP and UDP-glucose (Burnstock 2007). The extracellular 

concentration of these molecules is finely regulated by several mechanisms, including 

the activity of nucleoside transporters, which control the release and uptake of 

nucleotides and nucleosides, and ectoenzymes, which control the degradation of 

nucleotides in the extracellular space. 

1.5.  The P2X7 receptor and its splicing variants 

The P2X7 receptor (P2X7R) is a trimeric ionotropic receptor whose subunits are 

composed of a cytosolic N-terminal domain, two transmembrane segments separated 

by an extracellular loop, and a C-terminal tail, also cytosolic (MacKenzie et al. 1999). 

Its expression has already been confirmed in several cell types, such as macrophages, 

T cells, mast cells, microglia, epithelial cells and glial cells (Kopp et al. 2019). 

Upon activation of this receptor by ATP, an ion channel permeable to small cations is 

opened, allowing the entry of Ca2+ and Na+ and the exit of K+, leading to downstream 

events responsible for the basal functions of the receptor (Di Virgilio et al. 2001). 

Among them are cell proliferation, promotion of inflammation, phagocytosis, and 

nociception. However, the sustained activation of the receptor leads to the opening of 

a non-selective pore that is permeable to molecules of up to 900 Da. This phenomenon 

triggers cell death, which is the first function ever described for the P2X7 receptor (Di 

Virgilio et al. 2001; Adinolfi et al. 2005). 
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In physiological situations, eATP concentrations are in the range of hundreds of 

nanomolars. However, situations that lead to the release or extravasation of ATP from 

the cell, as pathogenic or stressful stimuli, result in concentrations reaching hundreds 

of micromolars and culminating in the activation of the P2X7 receptor, the P2X channel 

that has the lowest binding affinity for ATP (Surprenant et al. 1996; North and Barnard 

1997; Pellegatti et al. 2008; Conley et al. 2017). 

Depending on the activation tone of the P2X7 receptor – that is, activation intensity 

and intermittence – the triggered effects vary (Baricordi et al. 1999; Adinolfi et al. 2005). 

These variations may also be attributed to the existence of different splicing variants, 

summing up 10 different isoforms in human cells, named P2X7A to P2X7J 

(Cheewatrakoolpong et al. 2005; Feng et al. 2006). 

The human p2rx7 gene is located in the chromosomal region 12q24.31 and has 13 

exons (Zhou et al. 2009), which give rise to a protein of 595 amino acids (Buell et al. 

1998). The transcriptional product that generates the complete protein corresponds to 

the P2X7A isoform, the best studied and known to open the macropore in the cell 

membrane, a function attributed to the C-terminal portion of the protein (Arnaud-

Sampaio et al. 2020b). Retention of the intron located between exons 10 and 11 results 

in the retention of a stop codon, terminating translation prior to the formation of the 

complete C-terminal portion and generating a truncated protein, which is P2X7B. In 

addition to these isoforms, variants P2X7E, P2X7G and P2X7J are also truncated, 

lacking the C-terminal tail. Among them, P2X7B is the only one capable of constituting 

a functional ion channel (Cheewatrakoolpong et al. 2005; Giuliani et al. 2014; Arnaud-

Sampaio et al. 2020b). Macropore opening, however, is not triggered in the absence 
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of the C-terminal tail, and as such, P2X7B does not trigger cell death or allow dye 

uptake, as occurs with P2X7A (Adinolfi et al. 2010; Arnaud-Sampaio et al. 2020b). 

While the P2X7G and P2X7H isoforms are generated by the deletion of the TM1 

transmembrane portion, the P2X7C and P2X7F isoforms are generated by changes in 

the extracellular loop. All four of these isoforms are not capable of constituting 

functional receptors. Finally, P2X7J, one of the truncated versions of the receptor, 

exerts a function opposite to the P2X7A isoform, protecting against cell death, a 

phenomenon called negative dominance (Cheewatrakoolpong et al. 2005; Feng et al. 

2006; Arnaud-Sampaio et al. 2020b). 

1.6.  Implications of P2X7 in aspects of tumor progression 

The great attention received by the P2X7 receptor as a possible therapeutic target for 

cancer treatment is based on some premises. First, there is evidence of high 

expression of this receptor in several tumor types (Adinolfi et al. 2002; Slater et al. 

2004; Solini et al. 2008; Ryu et al. 2011). Additionally, the concentration of eATP, the 

endogenous P2X7 receptor agonist, is markedly elevated in tumors, reaching 

hundreds of micromolars (Pellegatti et al. 2008; Conley et al. 2017), a concentration 

capable of activating the P2X7 receptor (North and Barnard 1997). 

The best-known functions of the P2X7 receptor are the triggering of cell death and the 

activation of inflammatory processes. First, researchers characterized the cell death 

triggered by cell lysis upon macropore opening, leading to necrosis. However, 

progressively, evidence has emerged demonstrating that processes related to 

apoptosis, such as membrane depolarization, activation of caspases, membrane 

blebbing, metabolic reprogramming and reorganization of signaling lipids on the cell 

surface, also occur following P2X7 receptor activation (Wiley and Dubyak 1989; 
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Spranzi et al. 1993; Di Virgilio 2021; Rabelo et al. 2021). Naturally, if P2X7 receptor 

agonism induces cell death and the receptor is widely expressed in tumor cells, it is 

reasonable to assume that the P2X7 receptor is a promising target for antitumor 

therapy. 

In fact, this possibility has been investigated since the 1980s, and encouraging results 

have been achieved in several settings (Rapaport 1988; White et al. 2005; Shabbir et 

al. 2008). More recently, it has been shown that glioma cells with high levels of P2X7 

receptor expression were more sensitive to radiotherapy and that expression levels 

could even be used as indicators of a better prognosis in radiotherapy treatment 

(Gehring et al. 2012, 2015). Likewise, the administration of ATP was also able to 

potentiate the cytotoxic action of temozolomide in glioblastoma cells, demonstrating a 

possible synergistic action with chemotherapy. Another study further linked the P2X7 

receptor to ATP-induced cytotoxicity in glioblastoma cells (Tamajusuku et al. 2010; 

D’Alimonte et al. 2015). 

It is important to note that in the tumor microenvironment, several cell types coexist. 

Tumor-infiltrated immune cells also show high levels of P2X7 expression and are 

therefore also affected by the high extracellular concentration of ATP in the tumor 

microenvironment (Arnaud-Sampaio et al. 2020a; Di Virgilio 2021). 

The antitumor immune response is strongly influenced by the expression and activity 

of the P2X7 receptor, and its deletion or pharmacological inhibition has already been 

shown to impair the organization of an effective antitumor response on several 

occasions (Hofman et al. 2015; Arnaud-Sampaio et al. 2020b; Grassi and De Ponte 

Conti 2021). On the other hand, animals knocked out for the P2X7 receptor start to 

exhibit an immunosuppressive immune response and accelerated tumor progression 
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(Adinolfi et al. 2015; De Marchi et al. 2019). Thus, considerations about the expression 

and activity of the P2X7 receptor in tumors should always be aware of possible 

confounding factors related to their roles in different cell types. 

Controversies began to arise when the first evidence of trophic effects emerged, 

including demonstrations that transfection of the receptor into HEK-293 cells, which do 

not naturally express P2X7, conferred advantages for cell growth, rather than favoring 

cytotoxicity (Baricordi et al. 1999; Adinolfi et al. 2005, 2012). Since then, numerous 

studies have been carried out, and the evidence was divided between pro- or antitumor 

roles of the receptor, finally leading to the understanding that the activation tone would 

be crucial for the determination of the triggered response (Di Virgilio 2021). In addition, 

while its expression in immune cells is generally favorable for an effective antitumor 

response, its overexpression in cancer cells is often related to trophic responses and 

tumor progression. 

Recently, it was demonstrated that after irradiating glioblastoma cells, there was a 

switch of predominant isoforms in the surviving cells, with a pronounced reduction of 

P2X7A and a corresponding increase in P2X7B expression levels, associated with an 

increase in pluripotency markers and cellular senescence. Additionally, administering 

receptor antagonists after irradiation potentiated the cytotoxicity (Zanoni et al. 2022). 

Corroborating these results, another study showed that the sensitivity of acute myeloid 

leukemia cells to daunorubicin is dependent on the expression of P2X7 receptor 

isoforms, with P2X7A being related to greater sensitivity to chemotherapy, while 

P2X7B is related to tumor recurrence and is positively modulated by the treatment 

(Pegoraro et al. 2020). 
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In fact, such findings are congruent with what is known about the P2X7B isoform: 

although it retains the functionality of the ion channel, this isoform does not allow the 

opening of the macropore related to cytotoxicity, so its trophic effects predominate 

(Adinolfi et al. 2010; Pegoraro et al. 2020). 

Tumor progression depends on the suppression of mechanisms that lead tumor cells 

to death, in addition to favoring signaling pathways that promote their growth, survival 

and adaptation. Thus, the role of P2X7B seems especially suitable for such cells. In 

fact, studies in the oncology area support the hypothesis that P2X7B has 

predominantly pro-tumor roles (Pegoraro et al. 2021a). 

In addition to the P2X7B isoform, the variant named nfP2X7, whose conformation is 

characterized by an unconventional folding of the protein, also corresponds to a 

nonfunctional isoform in terms of opening a macropore. The expression of nfP2X7 has 

been shown to be increased in the presence of high levels of eATP, similar to those 

seen in the tumor microenvironment (Gilbert et al. 2019). nfP2X7 is widely expressed 

in tumor sections of several types of cancer, and a specific antibody was able to reduce 

skin lesions in basal cell carcinoma, showing that this could be a promising therapeutic 

alternative (Gilbert et al. 2017) and reinforcing the hypothesis that variants incapable 

of triggering cytotoxicity even in the presence of high concentrations of eATP may play 

protumor roles. 

In neuroblastoma, poorly studied regarding its relationship with the P2X7 receptor, the 

existing evidence points out that 1. the P2X7 receptor is highly expressed in 

neuroblastoma tumors, and this high expression is reproduced in neuroblastoma cell 

lines; 2. high expression levels are correlated with worse prognoses; 3. receptor 

activation leads to trophic responses; and 4. chronic receptor antagonism in a murine 
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model reduced tumor progression and metastasis (Raffaghello et al. 2006; Amoroso 

et al. 2015; Ulrich et al. 2018). Together, these observations suggest that, in the 

neuroblastoma tumors studied, the trophic functions of the receptor prevail over 

cytotoxic or antitumor immunity, and it is therefore reasonable to assume that the 

functions of P2X7B predominate. However, very little is known about P2X7 receptor 

isoforms in neuroblastoma, and no approaches focused on drug resistance have ever 

been pursued. 

In this sense, there remains a clear gap in the understanding of how the controversial 

responses of the P2X7 receptor and its isoforms influence chemoresistance in 

neuroblastoma and how this knowledge could evolve toward realistic progress in 

therapeutic opportunities for childhood cancer. 

1.7. Relevance and objectives 

Considering all the above, the aim of this work was to investigate the relevance of 

different P2X7 receptor isoforms in neuroblastoma drug resistance and elucidate the 

involved mechanisms. In fact, this questioning is fundamental to move forward in the 

study of the P2X7 receptor as a viable therapeutic alternative. Although it has been 

demonstrated how promising this path can be, studies aiming to resolve and reconcile 

apparently contradictory but certainly complementary evidence are essential to move 

on. Understanding the effects of the P2X7 receptor on drug resistance would allow the 

exploration of such knowledge for therapeutic purposes, addressing the persistent 

needs that thousands of patients each year face in the fight against resistant cancers. 

Additionally, little is known about the specific aspects related to neuroblastoma tumors, 

a cancer of such importance in pediatric oncology. 
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In response to such questions, studies were carried out giving rise to the article “P2X7 

receptor isoform B is a key drug resistance mediator for neuroblastoma” (Arnaud-

Sampaio et al. 2022) reproduced in full, without changes, in the following chapter of 

this thesis. 

In addition, two comprehensive reviews of the scientific literature were conducted on 

the roles of the P2X7 receptor in other important aspects of tumor biology, including 

metastasis and immune response, giving rise to articles 4.2.2 and 4.2.3 in the 

attachments of this thesis. 

The article reproduced below was published in the journal Frontiers in Oncology, 

12:966404, doi: 10.3389/fonc.2022.966404, in Open Access format, and complies with 

the CC-BY 4.0 license, which authorizes its reproduction for various purposes with 

citation of the appropriate sources. and original authors. All of the statements 

necessary as determined in the terms of the license are provided below. 
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2.1. Introduction 

Drug resistance is undoubtedly the greatest challenge in the fight against cancer 

(Vasan et al. 2019). Although new treatment options are progressively developed, few 

surviving cancer cells are enough to promote disease relapse, and the multiple factors 

that influence the ability of cancer cells to evade therapy are highly complex. In the 

case of neuroblastoma, a childhood tumor affecting cells of the sympathetic peripheral 

nervous system, nearly 50% of high-risk patients either relapse or do not respond to 

first-line therapy protocols (Zafar et al. 2021). Therefore, the investigation of molecular 

targets involved in cancer cell fate determination, which shift cells toward either death 

or survival, is crucial for advancing cancer research. 

The P2X7 receptor, an ion channel of the P2X family of ATP-gated ionotropic 

purinergic receptors, is of particular interest given its long-known cell death-inducing 

properties (Lara et al. 2020). Thus, it has been previously hypothesized that P2X7 

receptor stimulation in cancer cells could present a survival challenge, contributing to 
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successful cancer therapy. Indeed, P2X7 receptor upregulation in brain tumor cells is 

a good prognostic predictor for radiation therapy response, and P2X7 receptor 

agonists have been shown to potentialize the cytotoxic effect of anticancer agents 

(Gehring et al. 2012, 2015; D’Alimonte et al. 2015). 

The cell death-promoting role of the P2X7 receptor depends on the formation of a large 

nonselective membrane pore that is permeable to molecules of up to 900 Da. 

Macropore opening is triggered by sustained receptor stimulation and leads both to 

altered membrane permeability, allowing the influx of large molecules, and to ATP 

efflux (Pellegatti et al. 2005), increasing the ATP concentration in the extracellular 

space. 

However, very high concentrations of extracellular ATP (5-10 mM) are required to 

activate the cytotoxic activity of the P2X7 receptor, and although these concentrations 

are probably achieved following classical cancer therapies leading to necrosis, such 

as chemotherapy or radiotherapy, they are rarely present in the untreated tumor 

microenvironment (TME) due to the activity of ubiquitous ectonucleotidases (Lara et 

al. 2020; Kepp et al. 2021). Therefore, the P2X7 receptor is usually active only as an 

ion channel within the TME, and as such, it has been shown to promote cell growth, 

neovascularization, matrix degradation and metastasis in various solid and liquid tumor 

models, including neuroblastoma (Amoroso et al. 2012; Lara et al. 2020; De Marchi et 

al. 2021; Pegoraro et al. 2021b). 

In addition to the biphasic gating of the P2X7 receptor ion channel, the existence of 

distinct splice variants of the p2rx7 gene also plays a role in determining distinct cellular 

responses (Lara et al. 2020). Among the isoforms generated by alternative splicing of 

the human p2rx7 gene, the A and B isoforms are the only well-characterized functional 
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ion channels and are ubiquitously expressed (Pegoraro et al. 2021a). While P2X7A 

corresponds to the full-length variant, P2X7B arises from the retention of an intron 

containing a stop codon, which shortens the protein length (Cheewatrakoolpong et al. 

2005; Arnaud-Sampaio et al. 2020b). This truncated version lacks the C-terminal tail 

that has been described as crucial to macropore opening. However, the P2X7B variant 

is still functional, as it retains the capability of opening the ion channel, leading to 

downstream cellular effects (Di Virgilio et al. 2018; Arnaud-Sampaio et al. 2020b). In 

previous studies, the P2X7A variant has produced death-promoting antitumor effects, 

while the P2X7B variant has been implicated in the trophic, metastatic and resistance-

prone properties of tumor cells (Adinolfi et al. 2010; Giuliani et al. 2014; Pegoraro et 

al. 2020). Furthermore, our group has observed that the malignancy of neuroblastoma 

cells is related to increased P2X7B expression (Ulrich et al. 2018). 

Therefore, we aimed to resolve the differential contributions of P2X7 receptor splice 

variants to the drug resistance of neuroblastoma by further analyzing the mechanisms 

involved. Our results point to multifaceted drug resistance, comprising many 

mechanisms that together build up a consistent resistant phenotype. On the one hand, 

we demonstrated that P2X7A favors retinoid sensitivity to neuroblastoma cell 

differentiation and autophagy and downregulates efflux pumps. On the other hand, we 

showed the complementary role of the P2X7B isotype in suppressing autophagy, 

inducing drug efflux, and favoring EMT. The obtained results are highly relevant for 

explaining the dual role of the P2X7 receptor in tumor biology, paving the way for 

innovative therapies for chemoresistant tumors. 
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2.2. Materials and Methods 

2.2.1. Cell lines 

ACN human neuroblastoma cells derived from bone marrow metastasis 

(RRID:CVCL_1068) and HEK 293 cells (ATCC® CRL-1573™) were genetically 

modified as previously described (Adinolfi et al. 2010, 2012). ACN cells were silenced 

with shRNAs from OriGene™ as detailed in Table 1, resulting in three derived cell 

lines. 

HEK 293 cells, which do not natively express P2X receptors, were transfected for P2X7 

receptor isoform A or B expression, resulting in the following derived cell lines: HEK 

293-A, expressing P2X7A; HEK 293-B, expressing P2X7B; and HEK 293-mock, not 

expressing any P2X7 receptor isoform. Procedures for obtaining transfection 

constructs are described in detail elsewhere (Adinolfi et al. 2010). 

Table 1: Target sequences of shRNAs used for ACN cell silencing 

 
Target sequence (5’-3’) Predicted phenotype  

shRNA1 

c.n. TI202483 

ACGTTTGCTTTGCTCTGGT

GAGTGACAAG 
P2X7A-/B-  

shRNA2 

c.n. TI202486 

CATTAGGATGGTGAACCA

GCAGCTACTAG 
P2X7A-/B+  

scrambled shRNA 

c.n. TR30012 

– P2X7A+/B+  
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2.2.2. Cell culture 

The culture medium for ACN cells consisted of RPMI 1460 medium supplemented with 

10% bovine fetal serum, 1% NEAA 100X solution (Gibco™, c.n. 15140122), 100 U/mL 

penicillin, 100 mg/mL streptomycin, and the clone selection antibiotic puromycin at a 

500 nM final concentration. Cells were kept at 37°C and 5% CO2. 

HEK 293 cells were cultivated in DMEM/F12 culture medium supplemented with 10% 

bovine fetal serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and specific clone 

selection antibiotics (G48 sulfate at 200 ng/ml for HEK 293-A and HEK 293-mock cells 

and hygromycin B at 100 µg/ml for HEK 293-B cells). Cells were kept at 37°C and 5% 

CO2. 

2.2.3. Cell line characterization 

For cell line validation and characterization of P2X7 receptor isoform expression 

patterns, PCRs were performed. 

For ACN cells, TaqMan™ real-time RT–PCR assays were conducted. After RNA 

extraction and cDNA synthesis, as described below in the specific section, Taqman™ 

reactions were prepared containing 1 µl of cDNA, 1X Taqman™ Fast Advanced Master 

Mix, Applied Biosystems™, 1.8 µM final concentration of primers, 0.5 µM of FAM-MGB 

probe, and 1X GAPDH predesigned Taqman™ assay Hs02758991_g1 VIC-MGB. 

Cycling conditions consisted of 2 min at 50°C, 2 min at 95°C, followed by 40 cycles of 

1 s at 95°C plus 20 s at 60°C in the thermocycler StepOnePlus®, Life Technologies. 

For quantification, we used the calculation method 2-ΔΔCt, normalizing scrambled-

transfected sample values to 1. 
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The probe sequences were as follows: P2X7A 5′ CACAGCGGCCAGACCG 3′ - 6FAM; 

P2X7B 5′ ACAAGCGCTGCGTTAGT 3′ - 6FAM. 

The primers used were as follows: P2X7A Forward 5′ CGGCTCAACCCTCTCCTACT‐

3′; P2X7A Reverse 5′ GGAGTAAGTGTCGATGAGGAAGTC-3′; P2X7B Forward 

5′GGAAAATGGTTTGGAGAAGGAAGTG-3′; and P2X7B Reverse 

5′CGATGAGGAAGTCGATGAACACA-3′. 

For HEK 293 cells, conventional reverse transcription PCRs were used. After RNA 

extraction and cDNA synthesis, as described below in the specific section, PCRs were 

prepared with 1.25 U Taq DNA polymerase, Invitrogen™ in 1X Buffer, 2 mM MgCl2, 

0.2 mM dNTPs, forward and reverse primers at 0.5 µM each, and 1 µL of cDNA in a 

25 µL reaction. After denaturation at 94°C for 2 min, the reaction proceeded with 40 

cycles of 94°C for 1 min + 50°C for 1 min + 68°C for 2 min. Finally, a final cycle of 68°C 

for 10 min was conducted to guarantee the final extension of DNA strands. 

The obtained products were subjected to electrophoresis in a 1.5% agarose gel 

prepared with TAE buffer. Samples were run at 80 V for 30 min, and images were 

obtained on a UV transilluminator. 

The primers used were as follows: P2X7B Forward: 5’ CCCATCGAGGCAGTGGA 3’; 

P2X7B Reverse: 5’ TAAAGCATGGAAAAGAGAATCTC 3’; panP2X7 Forward: 5’ 

AGATCGTGGAGAATGGAGTG 3’; panP2X7 Reverse: 5’ 

TTCTCGTGGTGTAGTTGTGG 3’; GAPDH Forward: 5’ 

CCTCTGACTTCAACAGCGAC 3’; GAPDH Reverse: 5’ 

CATGACAAGGTGCGGCTCCC 3’. 
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2.2.4. Tumorsphere culture 

 For culturing cells as tumorspheres, cells were seeded in 0.2% F-127 pluronic acid-

coated hydrophobic suspension dishes in defined DMEM High medium containing 20 

ng/ml EGF, 20 ng/ml FGF and 1X N-2 supplement, Gibco™, for at least 96 h. For flow 

cytometry, tumorspheres were dissociated with 2 mM EDTA and vigorously pipetted. 

2.2.5. Cell viability – alamarBlue® 

For cell viability assessments, cells were seeded on 96-well plates with black borders 

and clear bottoms at a density of 104 cells per well with complete medium overnight. 

After adherence and 2 h of starvation in serum-depleted medium, the chemotherapy 

drugs vincristine (300 nM) or doxorubicin (100 µM) were added, combined or not with 

the treatments (described in Table 2 and detailed in each figure), in supplemented 

medium without clone selection antibiotics (unless specifically stated) for 48 h. 

For comparison of culture conditions, cells were also subjected to 2 h of starvation in 

serum-depleted medium and then incubated with the tested culture medium. To 

observe the effects of nutrient availability on drug resistance, a culture condition 

gradient composed of four conditions was tested: EBSS buffer, EBSS buffer + 2 g/dL 

glucose, MEM-EBSS medium, and MEM-EBSS + 10% FBS. For autophagy induction 

through serum starvation, the culture conditions consisted of the control group cultured 

in RPMI 1640 10% FBS and the starved group cultured in RPMI 1640 0% FBS. 

After specific interventions, the cells were incubated for a 2 h period with a 1:10 

alamarBlue® solution prepared in culture medium protected from light at 37°C and 5% 

CO2. Fluorescence readings were performed in FlexStation III, Molecular Devices™, 

at 530-560/590 nm excitation/emission wavelengths, as specified by the manufacturer. 
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Cell viability values were calculated as percentages, adopting a control group 

considered 100%. 

 When analyzing the influences of a specific drug (detailed in Table 2) or culture 

condition on the effects of vincristine or doxorubicin, calculations were performed as 

described. First, the cell viability values of the group treated with the additional drug 

alone were calculated considering the cell viability value of the untreated group of the 

same cell line as 100%. A one-tailed paired t test analysis determined whether the 

treatment alone was cytotoxic considering a confidence interval of 95%. 

If p>0.05: Cell viability values of all groups in the analysis were calculated considering 

the cell viability of the untreated group as 100% and compared altogether using one- 

or two-way ANOVA variance analysis, according to experimental design. 

If p<0.05, additional treatment was considered cytotoxic, and as such, groups that 

received the cytotoxic additional drug were normalized considering the cell viability 

values of the group treated exclusively with the cytotoxic drug as 100%, and related 

groups were compared for statistically relevant differences using t tests (when only two 

samples) or ANOVA, according to the experimental design. 
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Table 2: Details of pharmacologic treatments other than chemotherapy drugs 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

2.2.6. Cell death – propidium iodide (PI) 

For cell death analysis, cells were seeded in 12-well plates at a density of 3x105 cells 

per well with complete medium and incubated overnight. After adherence and 2 h of 

starvation in serum-depleted medium, chemotherapy drugs were added, combined or 

not with the treatments detailed in Table 2, in supplemented medium without clone 

selection antibiotics (unless specifically stated) for 48 h. After detachment with 2 mM 

EDTA, cells were washed in PBS, passed through a 40 µm cell strainer, and stained 

 Description Concentration 

ATP P2X7 receptor agonist 1 mM 

BzATP P2X7 receptor agonist 100 µM 

γSATP P2X7 receptor agonist 100 µM 

A438079 P2X7 receptor 

antagonist 

10 µM 

BBG P2X7 receptor 

antagonist 

300 nM 

Retinoic Acid Neural differentiation 

inducer 

5 µM 

TGF-β EMT inducer 5 ng/ml 

EGF EMT inducer 50 ng/ml 

Probenecid MRP-type inhibitor 1 mM 

Verapamil Pgp inhibitor 5 µM 

Ko143 hydrate BCRP inhibitor 30 nM 

Rapamycin Autophagy inducer 200 nM 
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for 10 min with a 2 µg/ml PI solution in PBS at 4°C. The positive control consisted of a 

mixed cell sample incubated in 2 µg/ml PI + 0.1% Triton X-100 PBS solution, while the 

negative control was a mixed cell sample incubated in pure PBS. 

Cell death rates were determined in an Attune™ Acoustic Focusing Cytometer, Life 

Technologies™, with minimal acquisition of 50,000 events per sample at 200 µL/min 

flow speed. The obtained data were analyzed in FlowJo software (BD Biosciences). 

2.2.7. Dose–response curves 

To characterize the response pattern of the employed cell lines to the chemotherapy 

drugs, cell viability drug-response curves were performed employing crescent drug 

concentrations in intervals of 0.5 log units: 0-100 µM for vincristine, 0-10 mM for 

doxorubicin, and 0-30 mM for cyclophosphamide. For cell death (PI staining) drug-

response curves, the concentration ranges were 0-10 µM for vincristine, 0-100 µM for 

doxorubicin, and 0-10 mM for cyclophosphamide. IC50 and EC50 concentrations were 

calculated based on nonlinear regression analysis performed in GraphPad Prism 5™ 

software. 

2.2.8. RNA extraction 

For relative gene expression analysis, cells were seeded on 6-well plates at a density 

of 3 x 106 cells per well. After adherence and 2 h of starvation in serum-depleted 

medium, the respective treatments were applied in supplemented medium without 

clone selection antibiotics (unless specifically stated). 

The cells were then washed with PBS, collected directly in TRIzol and frozen at -80°C 

until extraction with cold chloroform, precipitated in isopropanol and washed in 75% 

ethanol, as instructed by the manufacturer’s protocol. 
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2.2.9. cDNA synthesis and relative expression analysis – RT–qPCR 

Reverse transcription reactions using both oligoDT and random hexamers were 

performed after treating RNA samples with DNAse. We used a RevertAid® reverse 

Transcription Kit from Invitrogen (Thermo Fisher) to synthesize cDNA from 2 µg of 

purified RNA from each sample following the manufacturer’s protocol. Cycling 

conditions consisted of 5 min at 65°C, followed by 10 min at 25°C, 42°C for 60 min and 

70°C for 10 min. 

Primer pairs with the sequences specified in Table 3 and SYBR Green Master Mix 2x 

reagent were incubated with 1 µl of 10x diluted cDNA synthesis product. The cycling 

conditions for amplification were 95°C for 1 min for denaturation, 40X 95°C for 30 s, 

and 60°C for 1 min, followed by melting curve analysis performed in 3°C increments. 

The thermocycler StepOnePlus®, Life Technologies, was used. For quantification, we 

used the calculation method 2-ΔΔCt, normalizing control sample values to 1. As an 

endogenous housekeeping control, primers targeting the EMC7 gene were employed. 

2.2.10. Protein expression analysis – Flow Cytometry 

Protein expression levels were quantified by flow cytometry. Cells were detached from 

culture plates with 2 mM EDTA, fixed in PFA 4% for a minimum of 1 h, and 

blocked/permeabilized in 4% FBS + 0.1% Triton X-100 PBS solution. An overnight 

incubation was then performed with primary antibodies (Abcam© ab129450, ab3380, 

ab32574, ab207612, and ab1316; Molecular Probes® L10382) at a 1:100 dilution in 

1% FBS PBS, followed by staining with Alexa Fluor® 555 anti-mouse or Cy5® anti-

rabbit secondary antibodies in 4% FBS + 0,1% Triton X-100 PBS solution for 15 min. 
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Cytometric measurements were performed in an Attune™ Acoustic Focusing 

Cytometer, Life Technologies™, with BL-2 or RL-1 filter settings (Alexa Fluor® 555 

anti-mouse or Cy5® anti-rabbit, respectively). Fluorescent thresholds were determined 

by negative samples incubated with secondary antibody in FlowJo software (BD 

Biosciences). 

Table 3: qPCR primer sequences 

Target Sequence (5’→ 3’) 

P-gp (ABCB1) Forward CGTGGGGCAAGTCAGTTCA 

P-gp(ABCB1) Reverse TCCTTCCAATGTGTTCGGCA 

MRP1 (ABCC1) Forward ACTAGGAAGCAGCCGGTGAA 

MRP1 (ABCC1) Reverse CTTCTGTGGGGACTTGACGA 

BCRP (ABCG2) Forward TGAAAAGGATGTCTAAGCAGGGA 

BCRP (ABCG2) Reverse GCAGGCCCGTGGAACATAA 

N-cadherin Forward GCCCAAGACAAAGAGACCCA 

N-cadherin Reverse TCAACTTCTGCTGACTCCTTCA 

Fibronectin Forward TGGGCAACTCTGTCAACGAA 

Fibronectin Reverse CCACTCATCTCCAACGGCAT 

Nanog Forward AGAAAGAGGTCTCGTATTTGCTG 

Nanog Reverse ACACTCGGTGAAATCAGGGT 

Twist2 Forward GACAGCAGTGACATCGGACA 

Twist2 Reverse GACCCAGAAGAAAAATCCAAACAGA 

Twist1 Forward CCACTGAAAGGAAAGGCATCAC 

Twist1 Reverse TATGGTTTTGCAGGCCAGTT 
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2.2.11. Cell cycle analysis 

Cells were detached from culture plates with 2 mM EDTA, washed in PBS, fixed in 

70% ethanol for 1 h at 4°C, passed through a 40 µm cell strainer, blocked and 

permeabilized in 1% FBS + 0.1% Triton X-100 PBS solution for 30 min with agitation. 

Next, the cells were incubated with anti-ki67 Millipore® antibody (AB9260) in 1% FBS 

+ 0,1% Triton X-100 PBS solution for 45 min with agitation and further incubated with 

Alexa Fluor® 555 anti-rabbit IgG antibody for 15 min. Finally, the cells were washed 

and incubated with RNAse A 50 µg/ml solution in 0.1% Triton X-100 + 0.5% Tween 20 

PBS solution for 15 min. Populations were measured in an Attune™ Acoustic Focusing 

Cytometer, Life Technologies™, with minimal acquisition of 50,000 events per sample 

at 200 µL/min. The obtained data were analyzed using FlowJo software (BD 

Biosciences). 

2.2.12. Efflux activity – Hoechst 33342® staining followed by 

image cytometry (TissueFAXS®) 

For efflux activity assessments, cells were seeded on 96-well plates with black borders 

and clear bottoms at a density of 104 cells per well with complete medium overnight. 

Efflux activity by ATP-binding cassette (ABC) transporters was measured using the 

dye Hoechst 33342 at a 100 ng/ml solution prepared in culture medium, followed by 

incubation for 30 min and fixation in 4% PFA. A propidium iodide solution (PI) at 3 

µg/mL was used to stain cell nuclei. Plates were scanned in the TissueFAXS®, 

TissueGnostics, fluorescence microscope, and cytometric quantifications were 

performed by StrataQuest® software. 
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Detection of PI staining by the nuclei mask tool in StrataQuest® software allowed 

mapping of the cell nuclei area in the images. Next, the fluorescence intensity for 

Hoechst 33342 was measured in the determined area and visualized as dot plots. As 

a negative control, samples stained with PI only were employed, while a positive 

control was prepared by cell fixation with 4% PFA before Hoechst 33342 staining. 

Thus, the method identified low Hoechst 33342 staining populations that were able to 

efflux the dye. 

2.2.13. Drug interaction analysis 

For drug interaction analysis, we employed the Bliss Independence model followed by 

t tests comparing transformed values of predicted and observed survival fractions to 

determine the statistical relevance of the observations, as described elsewhere 

(Demidenko and Miller 2019). 

2.2.14. Statistical analysis 

For the cell viability and efflux assays, variances among groups were compared by 

paired t tests and one- or two-way ANOVA according to the experimental design 

followed by Bonferroni posttests, considering a 95% confidence interval. For relative 

expression analysis, one-way ANOVA was employed, followed by Bonferroni posttest, 

also considering the 95% confidence interval. 
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2.3. Results 

2.3.1. The P2X7B isoform is implicated in drug resistance, while the 

P2X7A variant is related to cell death induction 

To investigate the influence of the P2X7 receptor and its isoforms on drug resistance 

and to confirm the function of each isoform, we chose two cell lines: a human 

neuroblastoma cell line (ACN cells) and HEK 293 cells. When submitted to 48 h 

treatments with drugs commonly used for neuroblastoma treatment, ACN cells 

responded well to doxorubicin, i.e., presented a significant decrease in their viability 

upon treatment, as expected in chemotherapy, but not to cyclophosphamide – which 

is also expected as cyclophosphamide is a prodrug activated by hepatic metabolism – 

and had pronounced resistance to vincristine, reaching a plateau with a surviving ~50% 

population observed in both cell viability and cell death assays (Fig. 1A and 1B). 

Similarly, HEK 293 cells did not show significant death rates upon vincristine or 

cyclophosphamide treatment (Fig. 1C). 

A shRNA-based silencing approach was used to selectively decrease the expression 

levels of P2X7 receptor isoforms. shRNA1, with a sequence designed to silence P2X7 

receptor isoforms A and B, successfully decreased their expression levels, whereas 

shRNA2 selectively silenced the B isoform according to what was expected based on 

its sequence (Fig. S1A). HEK 293 cells, a cell type endogenously lacking P2X7 

receptors (Morelli et al. 2003), were transfected with the coding sequence of the 

isoform of interest, as described in the Methods section, generating three cell line 

subtypes: mock cells (control), HEK 293-A cells (P2X7A overexpression), and HEK 

293-B cells (P2X7B overexpression) (Fig. S1B). 
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In our experiments, shRNA1-silenced ACN cells were the most susceptible to both 

vincristine and doxorubicin treatments, presenting the highest decrease in cell viability 

values (reminiscent viable population of 43.87% ± SE 5.2 (shRNA1) vs. 76.08% ± SE 

6.75 (scrambled), and 69.08% ± SE 7.65 (shRNA2), p=0.0034) (Fig. 1D). In contrast, 

shRNA2-silenced cells had the highest doxorubicin resistance (reminiscent viable 

population of 52.75 ± SE 11.37 (shRNA2) vs. 9.81 ± SE 2.76 (shRNA1), and 27.25 ± 

SE 4.72 (scrambled), p=0.0007), robustly demonstrated in several different culture 

conditions (Fig. 1D and S2A). 

For HEK 293 cells, isoform expression was also relevant to the vincristine response 

but not to doxorubicin. P2X7A overexpression was related to the highest decrease in 

cell viability upon vincristine treatment, reinforcing the previously demonstrated cell 

death-promoting roles of this isoform (Fig. S2B). 

Although these findings may sound controversial, they are indeed complementary. In 

the ACN neuroblastoma cell model, nonsilenced cells express the P2X7A isoform, but 

not exclusively: they also express P2X7B, and the trimeric receptor may occur in a 

heterogeneous composition, representing a scenario closer to reality. In the HEK 293 

model, the isoforms occur alone and are overexpressed, isolating and highlighting the 

function of each isoform. 

As P2X7 receptor activity in neuroblastoma cells is less evident than that observed in 

the HEK 293 cell overexpression model, we treated ACN cells with P2X7 receptor 

agonists and antagonists. Vincristine treatment alone significantly decreased the 

viability of shRNA1 cells only (69.95% ± SE 7.99 vs. 100% in the control group, 

p≤0.05). However, the combination of vincristine and ATP, the endogenous P2X7 

receptor agonist, promoted a similar effect in the nonsilenced cells (73.2% ± SE 9.46 
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vs. 60.73% ± SE 13.72 in the presence of ATP) (Fig. 2A). This finding corroborates the 

role of the P2X7A isoform in promoting vincristine-induced death, as observed in HEK 

293 cells overexpressing this isoform. However, ACN shRNA2 cells did not respond to 

vincristine either in the presence or absence of ATP, suggesting that the P2X7B 

receptor alone is related to a drug-resistant phenotype (Fig. 2

 

Figure 1. Dose‒response curve of chemotherapy in cells differentially expressing the P2X7 
receptor and its isoforms. Dose–response curves of vincristine (n=6), doxorubicin (n=3) and 
cyclophosphamide (n=3) in neuroblastoma cells. A) Viability assays and B) cell death assays 
performed in ACN cells containing scrambled shRNA. C) Drug-response curves of the 
chemotherapy drugs vincristine, doxorubicin and cyclophosphamide in HEK 293 cells obtained 
by PI staining quantification by flow cytometry. D) Cell viability measurements of ACN cells 
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expressing (scrambled), silenced for both A and isoforms (shRNA1) and silenced for B isoform 
(shRNA2) after treatment with vincristine or doxorubicin. Data normalized by the respective 
cell type untreated control (n≥3). *p<0.05; **p<0.01; ***p<0.001. 

Increased doxorubicin resistance of nonsilenced or shRNA2-silenced cells was 

attenuated by antagonism with Brilliant Blue-G (BBG), while shRNA1-silenced cell drug 

sensitivity remained unchanged (Fig. 2B). Regarding vincristine resistance, shRNA2-

silenced cells showed decreased resistance upon selective antagonism with A438079, 

an effect that was not observed in nonsilenced cells, indicating that in this context, drug 

resistance is related to the specifically assembled P2X7 receptor with the B isoform 

(Fig. 2C). 

 

Figure 2. P2X7 receptor activity in response to chemotherapy. A) Cell viability measurements 
of ACN cells stimulated or not with ATP, the endogenous P2X7 receptor agonist, alone or in 
combination with vincristine (n≥3). B) Cell viability measurements of ACN cells stimulated with 
doxorubicin (doxo) in the presence or absence of the P2X7 receptor antagonist Brilliant Blue-
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G (BBG) (n≥4). C) Cell viability measurements of ACN cells stimulated with vincristine in the 
presence or absence of the P2X7 receptor-specific antagonist A438079 (n≥4). Values were 
calculated as detailed in Methods section item 2.2.5. *p<0.05 and **p<0.01. 

 

2.3.2. While the P2X7A isoform is critical for retinoid-induced neural 

differentiation of neuroblastoma cells, the P2X7B variant is related 

to EMT marker upregulation in HEK 293 cells and enhanced EMT-

induced drug resistance of neuroblastoma cells 

Because stemness and epithelial-mesenchymal transition (EMT) are closely related to 

chemoresistance 14, we characterized our cell lines, which differentially expressed 

P2X7 receptor isoforms with respect to the degree of differentiation and epithelial-

mesenchymal phenotype transformation (Fig. 3). We assessed the mRNA transcript 

levels of vimentin and fibronectin, which are mesenchymal phenotype markers, and E-

cadherin protein levels, which are indicative of the epithelial-like phenotype (Zeisberg 

and Neilson 2009). The mRNA levels of NANOG, a marker of neural progenitor cells 

(Vincent et al. 2017), were used as an indicator of stemness for neuroblastoma cells. 

In ACN shRNA1-silenced cells, absence of the P2X7 receptor was related to increased 

expression of vimentin, fibronectin, and E-cadherin and decreased expression of 

NANOG (Fig. 3A), pointing to a mixed EMT-MET phenotype that cannot be restricted 

to a simple polarizing definition. The presence of the P2X7B isotype alone was related 

to decreased NANOG and fibronectin levels compared to nonsilenced cells, 

suggesting that these cells were not intrinsically more mesenchymal- or stem-like than 

those expressing both isoforms (Fig. 3A). 
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Treatment of ACN cells with BzATP, a stable P2X7 receptor agonist, increased E-

cadherin levels in control cells, an effect that was not observed in either shRNA1- or 

shRNA2-silenced cells, suggesting an epithelial-prone P2X7A-related effect (Fig. 3B). 

When treated with EGF and TGF-β, two known EMT-inducing factors, we observed 

that the lowest concentrations tested (50 ng/ml and 5 ng/ml, respectively) were optimal 

for inducing EMT in our model, producing the expected increase in vimentin expression 

levels. For this reason, we used these concentrations henceforth (Fig. 3C). 

This increase in vimentin expression upon treatment with EMT-inducing growth factors 

matched the enrichment of P2X7 receptor expression (Fig. 3C) and increased cell 

quiescence (G0 state) in nonsilenced cells (Fig. 3D), culminating in decreased cell 

death with vincristine treatment (Fig. 3E). 

Importantly, EMT made neuroblastoma cells more resistant to death induced by 

treatment with vincristine alone or in combination with BzATP, the P2X7 agonist. This 

finding suggests that the mesenchymal phenotype overcomes P2X7A receptor 

activation, which produces death-promoting antitumor effects that were observed in 

neuroblastoma cells expressing P2X7A and not treated with EMT-inducing growth 

factors (Fig. 2A). 



51 

 

 

Figure 3. P2X7 receptor isoforms in epithelial-mesenchymal transition and stemness of 
neuroblastoma cells. A) mRNA expression levels of vimentin, fibronectin and NANOG (n=3) 
and protein levels of E-cadherin (n=3) measured in scrambled, shRNA1 and shRNA2 cells. B) 
E-cadherin protein levels measured by flow cytometry in BzATP-treated vs. nontreated ACN 
cells (n=3). C) Vimentin and P2X7 receptor mRNA expression levels in scrambled ACN cells 
treated with combinations of low/high concentrations of TGF-β (5 or 25 ng/ml) and EGF (50 or 
100 ng/ml) (n=3). D) Cell cycle phase distribution of scrambled ACN cells treated with EMT 
inducers at optimal concentrations (TGF-β 5 ng/ml + EGF 50 ng/ml) (n=3). E) Cell death 
measurements (PI-staining) of scrambled ACN cells treated with the P2X7 receptor agonist 
BzATP and/or vincristine, with or without treatment with EMT inducers at optimal 
concentrations (TGF-β 5 ng/ml + EGF 50 ng/ml) (n=3). *p<0.05; **p<0.01; ***p<0.001. 

 

HEK 293-A cells shifted the expression levels of Twist-2, a transcription factor 

indicative of EMT. This effect was prevented by ATP treatment, which was also 

observed in mock cells, demonstrating that this ATP-induced effect was not related to 

the P2X7 receptor. When HEK 293-B cells were induced to undergo EMT, N-cadherin 

levels increased, but Twist2 levels increased only with concomitant addition of ATP, 

suggesting that P2X7B favors EMT and that direct stimulation with ATP enhances this 
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effect, pushing cells toward a more mesenchymal phenotype. Because EMT did not 

occur in mock cells but only in P2X7B-overexpressing cells, we hypothesize that the 

acquisition of a mesenchymal phenotype is mediated by the B isoform, highlighting 

P2X7B as an EMT-favoring isoform (Fig. 4A). 

When ACN neuroblastoma cells were EMT-induced and treated with either vincristine 

or doxorubicin, shRNA2 cells showed a significant increase in remaining cell viability 

(83.60% ± SE 8.79 vs. 70.95% ± SE 7.27 in nontreated cells, p=0.0443), an effect not 

observed in shRNA1 cells (Fig. 4B), suggesting that cells predominantly expressing 

the P2X7B isoform undergo EMT more effectively and thus become more drug-

resistant. 

When the expression of VEGF-A receptor, an EMT marker, was assessed, we found 

no differences among the untreated cell types, but this receptor was enriched in all 

groups when submitted to vincristine treatment, reinforcing the relevance of EMT in 

vincristine resistance of neuroblastoma cells (Fig. 4C). 

Cancer cells cultured as tumorspheres are often used as a model for cancer stem cell 

enrichment in culture. Therefore, we compared neuroblastoma cells cultured in 

monolayers or as tumorspheres. 

While shRNA1-silenced ACN cells cultured in monolayers responded better to 

vincristine when their counterparts were cultured as tumorspheres, isoform expression 

patterns were not relevant for drug responses, maintaining cell death rates within the 

same range for all cell types (Fig. 4D). This means that whatever advantages P2X7-

silenced cells had for treatment sensitivity, they were suppressed in tumorspheres, and 

these cells become as resistant as their nonsilenced or shRNA2-silenced counterparts. 

Therefore, phenotype modulation promoted by tumorsphere culture compensated for 
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the absence of the P2X7 receptor. Thus, nonsilenced and shRNA2-silenced cells did 

not further increase drug resistance in the face of these stimuli. 

shRNA1-silenced cells, when cultured as tumorspheres, reduced vimentin expression 

levels to 33.8% of the levels observed in the monolayer culture (RQ of 1.42 ± SE 0.2 

(monolayer) vs. 0.48 ± SE 0.09 (tumorspheres), p=0.0021) (Fig. 4E), which may be 

interpreted as an indication of lower EMT grade. This may appear controversial to the 

fact that these cells respond poorly to vincristine in comparison to monolayer-cultured 

cells. In addition, both nonsilenced and shRNA1 cells had reduced fibronectin levels 

when cultured as tumorspheres (Fig. 4E). However, in our experiments, epithelial 

phenotype did not seem to be a good predictor of drug response, and EMT induction 

was only effective in enhancing drug resistance in shRNA2 cells, linking EMT-induced 

drug resistance to the P2X7B isoform. 
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Figure 4. Epithelial-mesenchymal transition and stemness of cells cultured in monolayers or 
as tumorspheres. A) mRNA expression levels of EMT-related transcription factors in HEK 293 
cells, untreated, or treated with ATP and/or EMT inducers (EGF + TGF-β) (n=3). B) Cell viability 
measurements of vincristine- (n≥5) or doxorubicin-treated (n=4) ACN cells in the presence or 
absence of EMT inducers. Values were calculated as detailed in Methods section item 2.2.5. 
C) Expression levels of the VEGF-A receptor protein in ACN cells treated with or without 
vincristine. Measurements were performed by flow cytometry. (n=3) D) Cell death ratio of ACN 
cells cultured in monolayers or as tumorspheres upon treatment with vincristine. For 
normalization of cell death intrinsic to tumorsphere manipulation, values were calculated as 
detailed in Methods section item 2.2.5. E) mRNA expression levels of vimentin and fibronectin 
in ACN cells cultured in monolayers or as tumorspheres (n=3). *p<0.05; **p<0.01; ***p<0.001. 

 

To investigate neuroblastoma cell capability to differentiate, considering that the ACN 

cell line is poorly differentiated and mesenchymal-like per se (Van Groningen et al. 

2017), we stimulated cells with retinoic acid, a neural differentiation inducer (Janesick 

et al. 2015). Retinoic acid treatment successfully decreased the expression levels of 

the neural progenitor marker NANOG in nonsilenced cells, as would be expected (RQ 
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1.42 ± SE 0.08 vs 0.48 ± SE 0.23 in retinoic acid-treated cells, p=0.0441). However, 

this reduction was not observed in shRNA1- and shRNA2-silenced cells; in fact, 

NANOG levels increased in shRNA1-silenced cells (RQ 0.41 ± SE 0.32 vs. 2.01 ± SE 

0.69 in retinoic acid-treated cells, p<0.01) (Fig. 5A). This finding suggests that the 

absence of the P2X7A isoform prevented neural differentiation of ACN cells, 

maintaining cells in an undifferentiated phenotype. 

Retinoic acid treatment increased the vincristine resistance of cells lacking the P2X7A 

variant (Fig. 5B), indicating that the absence of this isoform not only prevented neural 

differentiation but also enhanced resistance to vincristine, although not to doxorubicin 

(Fig. 5B). 

Cellular quiescence is a dormant-like cellular state that allows cells to evade cancer 

therapy, which largely targets proliferating cells (Recasens and Munoz 2019). P2X7 

receptor activation with γsATP, an ATP analog that is more resistant to hydrolysis, 

enriched quiescent populations of ACN cells and consequently decreased those in G1 

phase (Fig. 5C and 5D). However, the presence of the selective P2X7 receptor 

antagonist A438079 reversed this effect in cells expressing the P2X7A isoform, while 

in shRNA1- and shRNA2-silenced cells, the effect was persistent (Fig. 5C and 5D), 

suggesting a P2X7A-related role. 
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Figure 5. Retinoic acid-induced differentiation and cell cycle in neuroblastoma cells 
differentially expressing P2X7 receptor isoforms. A) NANOG mRNA expression levels in ACN 
cells treated with the neural differentiation inducer retinoic acid (RA) at a 5 µM concentration 
(n=4). B) Cell viability measurements of ACN cells treated with RA and/or vincristine or 
doxorubicin (n=3). Values were calculated as detailed in Methods section item 2.2.5. C) 
Complete representation of cell cycle phases of ACN cells after treatment with P2X7 receptor 
agonist and/or antagonist (n=5). D) Distribution of ACN cells in cell cycle phases G0 and G1 
after treatments with ysATP (an ATP analog resistant to hydrolysis), A438079 (selective P2X7 
receptor antagonist) or both (n=5). *p<0.05; **p<0.01; ***p<0.001. 

 

2.3.3. shRNA2-silenced cells exhibit decreased levels of autophagy 

markers, and its stimulation with rapamycin attenuates vincristine 

resistance, whereas starvation attenuates doxorubicin resistance. 

When testing culture conditions, we observed that ACN neuroblastoma cells appeared 

to respond well to doxorubicin under most culture conditions, whereas vincristine 

resistance was severely impaired. The expression patterns of isoforms in ACN cells 
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appeared to determine both vincristine and doxorubicin responses (Fig. 6A). 

Nonsilenced cells responded effectively to vincristine in EBSS-glucose and MEM-

EBSS but not MEM-EBSS + FBS, pointing to a detrimental role of serum 

supplementation for drug efficacy when both P2X7 receptor isoforms are present, 

possibly indicating that growth factors and other molecules present in serum depend 

on the P2X7 receptor to induce proliferation or enhance cell survival. In shRNA1-

silenced cells, the drug response was better in MEM-EBSS and MEM-EBSS + FBS, 

reinforcing the hypothesis that the P2X7 receptor participates in the cellular response 

to serum compounds favoring drug resistance. Finally, shRNA2-silenced cells 

responded poorly under all conditions. For HEK 293 cells, culture conditions were the 

only determinant of doxorubicin effects (Fig. S2B). 

These differences suggest that metabolic pathways play an extremely important role 

in determining the drug resistance phenotype of both ACN and HEK 293 cells. 

HEK 293 cells overexpressing P2X7A presented the lowest serum-induced growth 

ratio, followed by P2X7B-overexpressing cells, both of which were lower than mock 

cells. This demonstrates that these cells can grow efficiently in the absence of serum, 

and as such, adding serum does not increase the growth efficiency as much (Fig. 6B). 

The ability to grow in serum absence is a malignancy-related ability, as it allows cell 

survival in stressful situations. This is consistent with the increased drug resistance 

observed in P2X7 receptor-expressing neuroblastoma cells, such as nonsilenced and 

shRNA2-silenced subtypes (Fig. 1E). 

Autophagy is tightly regulated and related to nutrient supply and stress stimuli. 

Therefore, we hypothesized that this important metabolic phenomenon might be 

involved in the observed drug resistance. To investigate this possibility, we measured 
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autophagy markers in ACN cells and tested whether autophagy manipulation could 

modulate the drug response. 

LC3 expression was decreased in shRNA2-silenced cells compared with the other cell 

groups, indicating low autophagic activity in cells that expressed the B isoform only. In 

addition, Beclin-1 levels increased in control and shRNA1-silenced cells treated with 

vincristine, but this shift was not observed in shRNA2-silenced cells (Fig. 6C and 6D). 

This finding suggests that shRNA2 cells do not exhibit increased autophagy in 

response to the stress stimuli induced by vincristine. 

On the other hand, treatment with rapamycin, an autophagy inducer, decreased 

vincristine resistance in nonsilenced and shRNA2-silenced cells (Fig. 6E). This finding 

indicates that compensation for the impaired autophagy observed in shRNA2 cells may 

be a strategy to attenuate drug resistance in this cell type. However, this was not the 

case with doxorubicin (Fig. 6E). 

When ACN cells were cultured under serum deprivation and in low glucose conditions, 

in comparison to high glucose plus serum supplementation, cell death rates in 

response to vincristine treatment increased independently of P2X7 receptor 

expression silencing (Fig. 6F). However, for doxorubicin, this shift in cell death upon 

starvation was observed only in shRNA2-silenced cells (Fig. 6F), suggesting that this 

attenuation in doxorubicin resistance may be related to starvation-induced autophagy 

upregulation. 
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Figure 6. Culture conditions and autophagy in drug resistance. A) Contributions of culture 
conditions and P2X7 receptor isoform silencing to the ACN cell drug response to doxorubicin 
(doxo) or vincristine (vinc) (n=3). B) Cell viability percentage ratio of HEK 293 cells grown in 
serum-containing medium over serum deprivation, representing the serum-induced growth of 
HEK 293 cells according to the presence of P2X7 receptor isoforms (n=3). C) Cytometric 
measurements of the autophagy markers LC3 (n=4) and Beclin (n=3). D) Representative 
cytometry dot plot of LC3+ cells in the scrambled or shRNA2 cell group. E) Cell viability 
measurements of ACN cells treated with vincristine (n=5) or doxorubicin (n=3) in the presence 
or absence of rapamycin. F) Cell viability measurements of ACN cells treated with vincristine 
or doxorubicin with or without serum starvation (n=3). Values were calculated as detailed in 
Methods section item 2.2.5. *p<0.05; **p<0.01; ***p<0.001. 
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2.3.4. P2X7A has an efflux-preventing role, and P2X7B is associated 

with higher efflux activity, probably mediated by MRP-type ABC 

transporters 

To investigate whether P2X7 receptor-mediated drug resistance is related to efflux 

pumps, an efflux activity assay was performed. shRNA2-silenced cells showed the 

highest efflux ability, followed by shRNA1-silenced cells (Fig. 7). This suggests that 

P2X7A has an efflux-preventing role. 

 

Figure 7. Effects of P2X7 receptor isoforms on the activity of drug efflux pumps in 
neuroblastoma cells. A) Fluorescence microscopy images of ACN cells differently silenced for 
P2X7 receptor isoforms costained with PI (nuclear marker, red) and Hoechst 33342 (efflux-
prone dye, blue), obtained with a TissueFAXS® fluorescence microscope. Scale bars = 200 
µM. The redness of cell nuclei is indicative of lower Hoechst 33342 staining and thus higher 
efflux activity. B) Dot plots quantifying the fluorescence intensity of PI and Hoechst 33342 on 
P2X7 receptor isoform-silenced or nonsilenced ACN cells. Thresholds set based on negative 
and positive control samples select a low Hoechst 33342-staining population. C) Percent 
representation of ACN cell populations with high efflux activity (low Hoechst 33342 staining). 
(n=3) *p<0.05; **p<0.01; ***p<0.001. 
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Although P-gp is the most expressed efflux pump among those verified in this study, 

MRP pumps appear to be the most relevant for vincristine resistance in neuroblastoma 

cells, as all ACN cell types exhibited increased MRP1 expression upon vincristine 

treatment (Fig. 8A). In shRNA2-silenced cells, vincristine resistance was attenuated by 

MRP pump inhibition (probenecid) (Fig. 8B), and Bliss independence analysis showed 

that probenecid acts synergistically with vincristine, reducing drug resistance (Fig. 8C). 

P-gp inhibition only attenuated the drug resistance of shRNA1-silenced cells to 

doxorubicin, which does not seem to be a highly relevant resistance phenomenon 

because doxorubicin is highly effective in shRNA1-silenced cells (Fig. S3). When the 

BCRP antagonist was administered concomitantly with anticancer drugs, no relevant 

differences were observed. 
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Figure 8. Functions of ABC transporters in neuroblastoma cells differentially expressing A and 
B isoforms. A) Cytometric measurements of MRP-1, BCRP and P-glycoprotein transporter-
expressing ACN cells untreated vs. treated with vincristine (n≥3). B) Cell viability values of 
ACN cells treated with vincristine and/or the ABC transporter modulator probenecid (MRP-1), 
ko143-hydrate (BCRP) or verapamil (P-glycoprotein) (n≥3). C) Synergy investigation of 
vincristine combined with ABC transporter modulators in ACN cells using the Bliss 
Independence method (de Mello et al. 2022), based on the natural logarithm of experimental 
survival fractions of populations treated with both drugs in combination, compared to the 
predicted survival fraction called Bliss Factor (n≥3). *p<0.05; **p<0.01; ***p<0.001. 

 



63 

 

Upon EMT induction, HEK 293 mock cells raised MRP1 expression levels but 

decreased BCRP expression and was dependent on ATP treatment to raise P-gp 

levels, an obviously not P2X7 receptor-mediated effect. When the P2X7A isoform was 

overexpressed, MRP1 and BCRP levels responded to EMT induction similarly to mock 

cells. However, P-gp levels were reduced, possibly due to P2X7A overexpression. In 

the case of P2X7B overexpression, the increased MRP1 levels upon EMT induction 

were dependent on the presence of ATP (Fig. 9), suggesting a critical role for the 

P2X7B variant in inducing MRP1 efflux pump expression, similar to the observed 

Twist2 expression patterns. 

 

Figure 9. Contributions of P2X7 receptors and EMT to ABC transporter expression. mRNA 
expression levels of MRP1, P-glycoprotein (P-gp) and BCRP in HEK 293 cells treated or not 
treated with ATP and/or EMT inducers (EGF 50 ng/ml + TGF-β 5 ng/ml) (n≥3). *p<0.05; 
**p<0.01; ***p<0.001. 
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2.4. Discussion 

The therapeutic combination of vincristine, doxorubicin, and cyclophosphamide 

constitutes one of the cycles of induction therapy widely used for the treatment of high-

risk neuroblastoma (National Cancer Institute - NIH). These drugs have 

complementary mechanisms of action, and the cytotoxicity of the combination is based 

mainly on targeting DNA (Škubník et al. 2021). When used individually, their effects 

are expected to diverge in terms of potency and specificity, considering the differences 

between their mechanisms and properties. 

In our study, we observed high resistance of neuroblastoma cells to vincristine, which 

is a tubulin-binding compound that acts through microtubule disruption (Škubník et al. 

2021). Vincristine is efficiently effluxed from cells via P-gp, leading to strong resistance 

to vincristine treatment in cell types overexpressing this efflux pump (Škubník et al. 

2021). Indeed, we observed that >90% of the ACN neuroblastoma cell population 

expressed P-gp, regardless of P2X7 receptor isoform expression patterns. 

The responses observed upon agonism or antagonism of the P2X7 receptor are 

consistent with previous findings. While the P2X7 receptor is widely known as a cell 

death-promoting receptor, absence of the complete C-terminal tail prevents macropore 

opening, compromising the ability to induce cell lysis (Adinolfi et al. 2005; Feng et al. 

2006; Di Virgilio et al. 2018; Arnaud-Sampaio et al. 2020b). Whenever both isoforms 

A and B are expressed, they tend to coassemble, forming a heterotrimeric receptor. In 

this particular setting, the B isoform may enhance the responses mediated by P2X7A 

(Adinolfi et al. 2010). Additionally, P2X7B expression alone is the phenotype mostly 

related to growth promotion (Giuliani et al. 2014), supporting our evidence implicating 

P2X7B isoform importance in drug resistance. Consistently, we observed that P2X7A-
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expressing HEK 293 cells have higher death ratios in response to chemotherapy 

drugs. ACN cells with basal expression of the P2X7 receptor were more drug resistant 

than their counterparts silenced for both isoforms A and B, also corroborating the 

survival and proliferation functions previously observed for endogenous expression of 

the P2X7 receptor (Baricordi et al. 1999; Di Virgilio et al. 2018). Recent studies have 

suggested a role for P2X7B in resistance to daunorubicin and radiotherapy, such that 

cancer treatments that increase the extracellular ATP levels in the TME may lead to 

death of P2X7A-overexpressing cells while promoting the survival of cells 

overexpressing P2X7B (Pegoraro et al. 2020; Zanoni et al. 2022). 

Here, we demonstrated that P2X7A is crucial for shifting the cell phenotype toward a 

more differentiated state, reducing cell stemness in response to retinoic acid. This 

finding is complementary to what was observed by Glaser et al: P2X7 receptor 

expression in embryonic cells was suppressed to allow neural differentiation (Glaser 

et al. 2014). The most relevant isoform in this case is P2X7A, and when this isoform is 

absent in immature cells, differentiation is not triggered. Indeed, when used for 

neuroblastoma treatment, retinoic acid also faces resistance, a phenomenon termed 

retinoid resistance (Duffy et al. 2017). If P2X7A expression relates to retinoid acid 

sensitivity, the detection of this isoform in the tumor mass might be a marker for guiding 

treatment decisions. Combining retinoic acid treatment with a P2X7 receptor agonist 

could also be a promising approach and is worth further investigation. Further 

preclinical studies could explore whether P2X7 receptor agonism together with retinoic 

therapy, prior to chemotherapy, would modulate the tumor mass toward a more drug-

responsive phenotype, avoiding the selection of less differentiated resistant cells. 

Although there are still no specific agonists or antagonists for each isoform, both of 
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them seem to be necessary for cell differentiation, meaning that a general agonist 

might work. 

On the other hand, the P2X7B isoform was related to enhanced expression of EMT 

markers upon stimulation with well-known EMT inducers and increased EMT-triggered 

drug resistance. This finding is absolutely novel. Although relationships between EMT, 

invasiveness and the P2X7 receptor have been demonstrated (Ziberi et al. 2019; 

Arnaud-Sampaio et al. 2020b; Zhang et al. 2021), investigation of the involved isoforms 

has never been pursued. Because P2X7B is a main player in drug resistance and is 

also implicated in EMT, targeting this isoform in cancer seems promising for preventing 

EMT, thus overcoming drug resistance and tumor relapse. 

shRNA2-silenced neuroblastoma cells expressing only the P2X7B isoform showed 

decreased levels of autophagy markers. Induction of autophagy either 

pharmacologically or through starvation decreased resistance to the drugs used in our 

study, suggesting that this autophagy impairment may be an actual contributor to 

neuroblastoma cell resistance. Although it is usually thought that autophagy would be 

cytoprotective and thus enhance resistance, autophagy triggering is a mechanism of 

inducing cell death. Indeed, enhanced sensitivity to doxorubicin when autophagy is 

inhibited has been reported for several cancers (Chen et al. 2018), and increased 

autophagy levels in response to a class I phosphatidylinositol 3 kinase/mTORC1 

inhibitor enhanced doxorubicin-induced apoptosis of neuroblastoma cells (Westhoff et 

al. 2013), consistent with our observations. Regarding vincristine, inhibition of 

autophagy is also generally beneficial to decrease cancer cell drug resistance (Škubník 

et al. 2021). 



67 

 

Previous evidence points to the P2X7 receptor either as a positive or negative regulator 

of autophagy (Takenouchi et al. 2009; Sun et al. 2015; Young et al. 2015; Fabbrizio et 

al. 2017; Orioli et al. 2017; Arnaud-Sampaio et al. 2020b). In one study, P2X7 receptor 

agonism enhanced autophagic flux in a macropore-dependent way, leading to cell 

death, which was prevented by autophagy inhibition (Young et al. 2015). In other 

words, the activation tonus of the receptor was decisive: while autophagy was 

increased upon tonic short-term stimulation with ATP, sustained stimulation with higher 

concentrations decreased autophagic flux (Fabbrizio et al. 2017). Once more, adding 

the isoforms to the equation helps clarify these divergences: while the P2X7A receptor 

is crucial to macropore-dependent autophagy-mediated cell death, as Fabbrizio et al. 

have shown (Fabbrizio et al. 2017), P2X7B receptor-expressing cells have lower 

autophagy levels and thus are less susceptible to autophagy-mediated cell death (Fig. 

10), as suggested by our data. 

While the P2X7A receptor was important for preventing efflux, the P2X7B isoform was 

related to the highest efflux phenotype in neuroblastoma cells. This finding reinforces 

the perspective that for several functions, A and B isoforms have counterbalancing 

roles, as demonstrated for drug susceptibility, EMT, cell differentiation, and autophagy 

(Fig. 10). This difference in efflux activity is most likely mediated by MRP-type pumps, 

as probenecid increased the susceptibility of P2X7B-expressing cells to vincristine. It 

has been demonstrated that treatment with retinoic acid decreases MRP1 expression 

levels in neuroblastoma cells (Bordow Sharon B et al. 1994), which is consistent with 

our findings and helps conciliate all the evidence observed in the present work. If the 

absence of the P2X7A isoform maintains cells in a pluripotent state, as suggested by 

our data, and P2X7B isoform expression increases drug resistance partly through 

MRP-type pump modulation, the inability of retinoic acid treatment to decrease 
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pluripotency and thus MRP1 expression may be related to its inability to decrease drug 

resistance. In P2X7A variant-expressing cells, however, retinoic acid successfully 

decreased pluripotency and possibly MRP1 levels, as observed in the aforementioned 

study, explaining the reduced drug resistance. 

  

Figure 10. Schematic representation of the roles of splice variants of the p2rx7 gene in 
neuroblastoma chemoresistance. The alternative splicing of the p2rx7 gene localized on 
chromosome 12 generates several mRNA variants that are translated into nonfunctional or 
only two well-characterized functional ion channels, the A and B isoforms. P2X7A corresponds 
to the full-length variant, and P2X7B is produced by the retention of an intron containing a stop 
codon, which shortens the protein length. This truncated version lacks the C-terminal tail that 
has been described as crucial to macropore opening observed in cells expressing P2X7A. 
These structural differences in splice variants determine distinct contributions of the P2X7 
receptor to neuroblastoma drug resistance. The P2X7A receptor is crucial for macropore-
dependent autophagy-mediated cell death and quiescence induction and downregulates efflux 
pumps. P2X7A favors retinoid sensitivity for neuroblastoma cell differentiation and epithelial 
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phenotype. The B isoform plays a primary role in cell proliferation 16 to favor drug resistance. 
The P2X7B receptor is important for resistance to retinoids, retaining cells in a stem-like 
phenotype, and efflux of drugs via MRP-type transporters. B isoform-expressing cells show 
impaired autophagy and a mesenchymal-prone phenotype. Taken together, these findings 
reveal counterbalancing roles for the A and B isoforms in neuroblastoma cells. Created with 
BioRender.com. 

 

2.5. Conclusion 

Tumor malignancy depends on a complex setting of characteristics shared by its 

constituent cells. Cancer cell stemness, mesenchymal-epithelial grade, efflux activity, 

metabolic regulation, and crosstalk with stromal cells are just a few countless 

processes that influence tumor aggressiveness. Following the conclusion that the 

P2X7 receptor isoform expression pattern was critical for drug resistance of 

neuroblastoma cells, we observed some of the main candidates that could explain 

P2X7B-mediated drug resistance. Our results point to cooperatively built drug 

resistance, which is the result of many aspects that individually present only moderate 

effects but together build up a relevantly resistant phenotype. Given the pleiotropic role 

of the P2X7 receptor in modulating various cellular functions, this is not surprising. On 

the one hand, we demonstrated that P2X7A participates in triggering neuroblastoma 

cell differentiation, retinoid sensitivity and autophagy and downregulates efflux, and on 

the other hand, we showed the complementary role of P2X7B in suppressing 

autophagy, inducing drug efflux, and promoting EMT (Fig. 10). The present work is 

thus highly relevant for resolving controversial findings in previous studies and 

proposing an integrated perspective to explore the P2X7 receptor. 
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4.1. Supplementary material 

 

Figure S1. Differential expression of isoforms A and B in neuroblastoma cells and HEK 
293 cells. A) mRNA expression levels of P2X7 receptor isoforms A and B in neuroblastoma 
cells stably transfected with the small hairpin RNAs scrambled, shRNA1 and shRNA2 
(sequences described in Table 1); n=3. B) Agarose gel electrophoresis picture of PCR-reaction 
products performed for detection of P2X7 receptor isoforms in HEK 293 cells transfected for 
overexpression of isoforms A or B. *p<0.05 compare to scrambled.  
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Figure S2. A) Cell viability values of ACN cells treated with vincristine or doxorubicin in 
progressively enriched culture conditions. MEM-EBSS medium was used as the control 
condition for normalization of cell viability values (n=3). B) Cell viability values of HEK293 cells 
treated with vincristine or doxorubicin in progressively enriched culture conditions. MEM-EBSS 
medium was used as the control condition for normalization of cell viability values (n=3). 
*p<0.05; **p<0.01; ***p<0.001. 
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Figure S3. A) Synergy investigation of doxorubicin combined with ABC transporter modulators 
in ACN cells using the Bliss Independence method based on the natural logarithm of 
experimental survival fractions of populations treated with both drugs in combination compared 
to the predicted survival fraction called the Bliss Factor (n>=3). B) Cell viability values of ACN 
cells treated with vincristine and/or the ABC transporter modulators probenecid, ko143-hydrate 
or verapamil (n>=3). *p<0.05; **p<0.01; ***p<0.001. 
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