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Abstract: P2X7 receptor activation by extracellular adenosine triphosphate (eATP) modulates different
intracellular pathways, including pro-inflammatory and tumor-promoting cascades. ATP is released
by cells and necrotic tissues during stressful conditions and accumulates mainly in the inflammatory
and tumoral microenvironments. As a consequence, both the P2X7 blockade and agonism have
been proposed as therapeutic strategies in phlogosis and cancer. Nevertheless, most studies have
been carried out on the WT fully functional receptor variant. In recent years, the discovery of P2X7
variants derived by alternative splicing mechanisms or single-nucleotide substitutions gave rise to the
investigation of these new P2X7 variants’ roles in different processes and diseases. Here, we provide
an overview of the literature covering the function of human P2X7 splice variants and polymorphisms
in diverse pathophysiological contexts, paying particular attention to their role in oncological and
neuroinflammatory conditions.
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1. Introduction

P2X7 is a member of the P2X plasma membrane purinergic receptor family (P2X1-7).
It is a trimeric receptor composed of identical subunits containing intracellular short N-and
long C-terminal tails, a large extracellular loop where ATP binds, and two transmembrane
domains [1]. Receptor activation occurs when three ATP molecules interact with the bind-
ing pocket created at the interface between two subunits [2]. P2X7 differs from the other
P2X subtypes for its double function. Transient stimulation induces cation channel activity,
allowing the efflux of K* and the influx of Na* and Ca?*. A high ATP concentration or
prolonged stimulation leads to the formation of a non-selective pore, enabling the passage
of large molecules of up to 900 Da, such as YO-PRO-1 or ethidium bromide, inducing
cell death [3]. Some evidence suggests that the pore derives from the dilatation of the
channel itself or the interaction with other proteins. Also, the lipid composition can influ-
ence its formation; sphingomyelin facilitates it, while cholesterol interferes [4]. Although
the mechanism is not fully demonstrated, the long C-terminal tail plays an essential role
in macropore generation [4]. Different cell types express P2X7, including immune cells,
exocrine/endocrine secretory cells, sympathetic/sensory and enteric neurons, astrocytes,
oligodendrocytes, osteoblasts, osteoclasts, keratinocytes, fibroblasts, smooth muscles, and
epithelial cells [5]. Generally, ATP is present at high concentrations intracellularly and at
negligible levels in healthy tissues. However, ATP can be released in response to hypoxia,
chemotherapy, radiotherapy, mechanical stress, and during necrotic and pyroptotic cell
death [6]. In the extracellular milieu, it acts as a danger signal and activates P2X7, inducing
various cellular responses. The best-characterized intracellular signaling is the activation of
the NLRP3 inflammasome, leading to the maturation and release of the pro-inflammatory
cytokines IL-1f3 and IL-18. Moreover, P2X7 stimulation can induce bone remodeling [7],
proliferation [8], cell migration [9-11], vesicle secretion [12,13], and angiogenesis [8,14-16].
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Extracellular ATP (eATP) accumulation occurs mainly in inflammatory and tumor microen-
vironments [17]. Indeed, P2X7 is associated with the development and progression of
diverse diseases, including brain disorders [18,19], autoimmune diseases [20,21], blood
malignancies [22], and cancer. [23-25].

2. P2X7 Splice Variants

The P2X7 gene consists of 13 exons [26], and, in 2005, Cheewatrakoolpong and col-
leagues reported the first eight variants identified in humans (P2X7A-P2X7H) obtained
from alternative splicing events. P2X7A is the first variant, corresponding to the full-length
protein with 595 amino acids. It derives from the translation of all 13 exons of the P2X7
gene. P2X7B, E, and G are truncated proteins in which an intron is inserted between
exons 10 and 11, which introduce a premature stop codon. P2X7B was demonstrated to be
functional, but the lack of the final 171 amino acids of the C-terminal tail and the insertion
of 18 alternative amino acids following the second transmembrane domain did not allow
for the formation of the macropore, thus maintaining only the channel activity. P2X7C
and D lack exons four and five, respectively, and P2X7F does not have both exons four
and eight. Variants G and H present a new exon named N3 inserted between exons two
and three [27]. Other variants were found in subsequent studies. P2X7I derives from a
point mutation in the splice site sequence of intron one, leading to a null allele [28]. P2X7]
lacks exon eight, and it is the shortest variant without the C-terminal tail, with only one of
the transmembrane domains and a part of the extracellular loop. It is non-functional and,
when co-expressed with P2X7A, antagonizes its function [29]. P2X7L is missing part of
the extracellular domain due to the deletion of exons seven and eight. When transfected
in HEK 293 cells, P2X7L facilitated phagocytosis in response to ATP, but did not cause
membrane blebbing, cell death, and channel and macropore opening. The presence of
P2XL together with P2X7A halved the pore activity [30]. Finally, the specific epitope E200A
characterizes the non-functional P2X7 (nfP2X7), which cannot form the cytotoxic pore [31].

3. P2X7 Splice Variants in Physiological and Pathological Conditions

The full-length protein P2X7A is considered the WT version of the human P2X7 recep-
tor, since it is entirely functional and similar in structure to the receptors expressed in other
species; for these reasons, it was the most studied over time. The discovery of the func-
tional truncated forms and isoform combinations increased the curiosity about their role
in processes generally associated with the full-length receptor. This section describes the
current knowledge about P2X7 splice variants in physiological and pathological conditions.

3.1. P2X7B in Cancer Growth, Metastasis, and Therapy Resistance

The best-characterized human splice variant is P2X7B because, as mentioned before,
it is still functional, although it only shows cation channel activity. When activated with
eATP, it increases Ca®* release from the endoplasmic reticulum (ER) and NFATc1 nuclear
translocation, promoting cell proliferation in normal and low-serum conditions [32,33].
The growth-promoting activity is comparable to that of P2X7A, and both variants are
often co-expressed in tissues that potentiate cell proliferation [32]. However, the separate
transfection of P2X7A and B in Te85 osteosarcoma cells demonstrated that they could
affect other cellular pathways differently. Te85 P2X7B increased osteoprotegerin levels,
reducing mineralization compared to non-transfected cells and Te85 P2X7A [32]. Moreover,
P2X7B promoted the migration of Te85 cells in vitro in a wound closure assay and was
transfected in the osteosarcoma cells, while MNNG-HOS increased the capacity to form
lung metastases when cells were injected into the mice’s tail veins, though it did not affect
the growth of the primary tumor in the bone as compared to the non-transfected cells [33].
This metastasis-promoting effect was demonstrated in other cancer models. In prostate
cancer, P2X7B expression was found, especially in patients with disease progression and
bone metastasis. Similar results were observed in an in vivo model in which PC3 prostate
cells, expressing the truncated P2X7, doubled the frequency of bone metastasis as compared
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to P2X7A-expressing cells, probably due to the increased release of the pro-inflammatory
cytokine IL-6, which associates with cancer cell survival and angiogenesis [34]. The analysis
of cDNA from patients with melanoma at different stages revealed a significantly increased
expression of both P2XA and P2X7B in metastatic melanomas that spread to the brain, liver,
and lungs, which are by far the most aggressive forms of this solid cancer [35]. Metastasis
formation is often due to the cells’” ability to resist drugs [36]. Cancer cells develop different
mechanisms to evade therapy, promoting disease relapse and dissemination. In acute
myeloid leukemia (AML), we demonstrated that, in patients who experienced a return of
the pathology after treatment, the expression of P2X7B significantly increased compared
to newly diagnosed patients, while P2X7A expression significantly decreased. Instead,
in remitting patients, both P2X7 variants were remarkably reduced [37]. HEK293 cells
separately transfected with P2X7A and P2X7B, and helped us to clarify in vitro the role
played by each variant when the cells were treated with daunorubicin [37], a drug that
is usually administered in AML therapy and which is known to cause the release of a
high amount of ATP [38]. HEK-P2X7A cells died more than the control cells, while the
HEK-P2X7B cells were more resistant to chemotherapy’s toxicity. The elevated eATP,
released following the daunorubicin treatment, induced the opening of the pore in HEK-
P2X7A, facilitating the entry of the drug and intensifying its death-promoting function
without having any effect on HEK-P2X7B [37]. The same behavior could be found in the
AML patients’ cells. Chemotherapy can eliminate blasts expressing P2X7A through pore
formation, while blasts with a high expression of P2X7B can survive and proliferate [37]
(Figure 1).
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Figure 1. Differential behavior of cancer cells expressing P2X7A and P2X7B. Anticancer treatment
with chemotherapy and radiotherapy induces the release of a high amount of ATP in the tumor
microenvironment. Cancer cells expressing P2X7A in the presence of elevated levels of ATP undergo
cell death due to the opening of the pore while P2X7B-expressing cells are not affected by the cytotoxic
effect of ATP. The surviving cells proliferate and allow the relapse of the disease after treatment,
promoting a more aggressive cancer that spreads and forms metastases in distant sites from the
primary tumor.

Patients can differ from each other with respect to P2X7A and B expression in their
cells, and this could be a reason why some heal completely and others have a relapse of
the pathology after therapy. The cell death-promoting role of P2X7A and the protection
of P2X7B upon chemotherapy was also demonstrated in neuroblastoma (NB), a neuronal
cancer that affects the sympathetic peripheral nervous system [39]. In a recent study by
Arnaud Sampaio and colleagues, the resistance of P2X7B-expressing cells to vincristine
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was correlated with several changes in NB cell features [39]. The expression of P2X7B
in NB cells impaired autophagy and favored the epithelial-mesenchymal transition and
drug efflux through the induction of the multidrug-resistance-associated protein 1 (MRP-1)
pump expression. Moreover, cells expressing P2XB are resistant to retinoic acid, which
acts as a negative modulator of the transporter MRP-1 [39]. Cells expressing P2X7A show
the opposite effects: they are sensitive to retinoic acid, inducing a decrease in MRP-1
pump expression and preventing drug efflux [40]. Moreover, they mediate autophagy and
exhibit an epithelial phenotype. These findings suggest that the prevalence of one of the
two isoforms in neuroblastoma cells could be useful for treatment decisions using P2X7
agonists/antagonists in combination with other compounds like retinoic acid. The same
research group has previously demonstrated that the pro-inflammatory factor bradykinin
promotes NB progression and metastasis, upregulating P2X7B [41]. Bradykinin is released
by damaged cells as ATP and modulates different pathways involved in carcinogenesis.
These effects of bradykinin were blocked by the administration of P2X7 antagonists known
to have the same pharmacological activity on both A and B isoforms [41]. These two studies
on neuroblastoma reveal that other signaling systems could favor P2X7B-expressing cells.

The release of large amounts of ATP from dying cancer cells also happens after
radiotherapy, another treatment option for many cancers. In a study on glioblastoma (GBM),
two cell lines that differed in the expression levels of P2X7A, but not of variant B, following
irradiation showed opposite behaviors [42]. High-P2X7A GBM cells were sensitive to
ATP-induced death, while low-P2X7A GBM cells were resistant to the cytotoxic effect of
ATP. Further, days after irradiation, it was observed that a cell population characterized by
the increased expression of P2X7B and decreased levels of P2X7A survived and grew [42].
The mechanism involved is supposed to be the same as seen in AML cells, where high
ATP concentrations induced by radiotherapy lead to the opening of the cytotoxic pore in
P2X7A-GBM cells, while the P2X7B-GBM cells resist and grow (Figure 1).

Interestingly, an increase in the release of cholesterol was observed following irradia-
tion. This lipid negatively affects P2X7A macropore formation [4], and cells could use this
further strategy to evade cell death. In another study, a small population of GBM stem cells
resisting pharmacological treatment showed both P2X7A and B level upregulation and an
increase in epithelial-mesenchymal transition factors, potentiating their aggressiveness [43].
The expression of P2X7B was also reported in lung adenocarcinoma (LUAD) [44]. Benza-
quen and colleagues investigated the expression of P2X7 splice variants A, B, H, and J in
cancer and immune-infiltrating cells from human LUAD patients. The expression of P2X7
A, B, H, and ] was upregulated in immune cells and downregulated in tumors. Moreover,
the expression of P2X7B was higher than that of the other variants, and was associated
with a decrease in tumor-infiltrating T and B lymphocytes and an increase in myeloid cells.
This study revealed the important role of P2X7B in modulating the immune infiltrate’s
composition and demonstrated that the macropore function of P2X7A is decreased in its
presence in the context of LUAD [45]. This last result contrasts with previous data on
the positive modulation of the co-presence of P2X7A and B [32]. However, the authors
evidenced the formation of a chimeric P2X7A-B protein, predominantly intracellularly
retained, that could cause decreased receptor activity as a macropore [45].

3.2. Other Splice Variants in Cancer and Other Diseases

Although most of the published studies focused on P2X7B, interesting evidence also
emerged on the other variants. P2X7] is present in cervical cells, mainly in cancer rather
than in normal tissue, but in the presence of the full-length P2X7A, heterotrimerizes with
it, preventing pore formation and cell death [46]. These data suggest that P2X7] may
protect tumor cells from ATP-dependent cell death, making it a potential biomarker for
cervical cancer [29] and a helpful indicator in choosing the best treatment options. nfP2X7
is exclusively expressed in cancer cells [47,48] and maintains only a channel function
promoting cell survival in an ATP-rich condition [48]. The exposure of epitope E200
distinguishes it from the functional form expressed by healthy cells. This peculiarity led
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to the use of epitope E200-targeting antibodies as a new anticancer therapy. A phase
I clinical trial on basal cell carcinoma (BCC) showed that nfP2X7-targeting antibodies
were safe to use in BCC patients and caused a reduction in the lesion surface area [31].
Moreover, combining the anti-nfP2X7 molecule with chimeric antigen receptor (CAR) T cell
immunotherapy strengthened its anticancer role [49]. Indeed, an nfP2X7-targeting CAR
was generated and showed cytotoxic activity against multiple cancer lines in vitro and
significantly reduced tumor growth in in vivo triple-negative breast cancer and prostate
cancer models [49]. The role of P2X7 splice variants in diseases other than cancers is less
well-known. P2X7A, B, H, and | isoforms were examined in the brains of patients with
Huntington’s disease (HD), a neurodegenerative disorder characterized by a mutation in
the huntingtin (HHT) gene [50]. P2X7A and B significantly increased in the striatum of HD
patients compared to healthy patients; P2X7] did not change in the two populations, and
P2X7H was not detected. Inmunohistochemistry analysis showed that P2X7A expression
was weak and restricted to the neurons’ cytoplasm and neuropil in the control striatum;
in HD samples, it was also more intense and diffuse in the neuron processes. P2X7B is
localized in the neuronal processes and cytoplasm in both control and HD brains, but the
expression is more intense in the second group [50].

4. P2X7 Single-Nucleotide Polymorphisms (SNPs)

Numerous single-nucleotide polymorphisms (SNPs) were identified in the P2X7 gene;
some of them were non-synonymous and introduced a mutation in amino acid sequences
(Table 1). Three SNPs are common in humans, with a minor allele frequency >25% [51].
The 489 C>T (rs208294) and the 835 G>A (rs7958311) are characterized by the substitution
of the histidine in positions 155 and 270 of the extracellular domain with tyrosine and
arginine, respectively. The 1068 G>A (rs1718119) has a threonine instead of alanine at
position 348 in the second transmembrane domain. Four SNPs showed a minor allele
frequency of >5% [51]. Three were localized in the carboxy-terminal tail; the glutamic acid
in positions 496 and 460 was substituted by an alanine (1513 A>C, rs3751143) and arginine
(1405 A>G, rs2230912), respectively, while the threonine in position 357 was changed
with serine (1096 C>G, rs2230911). The 370 T>C (rs17525809) yielded an alanine-to-valine
change in position 76 in the extracellular domain. The 1068 G>A and 489 C>T SNPs were
shown to be gain-of-function variants [52], while the other ones mentioned above were
associated with loss-of-function variants. The other SNPs reported in the literature showed
a minor frequency between 5% and 0.5% [51]. They include the loss-of-function SNPs 474
G>A (rs28360447), 946 G>A (rs28360457), 1729 T>A (rs1653624), and 853 G>A (rs7958316).
The 1729 T>A is located at the terminal C-tail in position 568, where the isoleucine was
substituted with asparagine. The others localized on the extracellular domain, as follows:
474 G>A induced the change in glycine at position 150 with arginine, while the 853 G>A
and 946 G>A were characterized by the replacement of arginine at positions 276 and 307
with histidine and glutamine, respectively [53].

Table 1. Main single-nucleotide polymorphism (SNP) substitutions of the human P2X7 receptor and
related pathological conditions. MAF: minor allele frequency; BC: base change; AAC: amino acid
change; HHV-6A: human herpesvirus 6A; AD: Alzheimer’s disease, B-CLL: B-chronic lymphocytic
leukemia; BD: bipolar disorder.

db SNP ID MAF BC AAC P2X7 Function Pathological Conditions
£$208294 S259% 489 C>T H155Y gain breast cancer, HHV—6A infection, infertility, AD,
systemic lupus erythematosus
rs7958311 >25% 835 G>A H270R loss breast cancer
51718119 S259% 1068 G>A A348T gain Hepatocellular cancer, depression, mania, multiple

sclerosis, acute bipolar disorder, gout
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Table 1. Cont.

db SNP ID MAF BC AAC P2X7 Function Pathological Conditions
B-CLL, breast cancer, papillary thyroid and
rs3751143 >5% 1513 A>C E496A loss hepatocellular cancers, AD, BD, osteoporosis,
tuberculosis, cardiovascular disease
52230912 S5% 1405 ASG Q460R loss Sleep alteration, depression, mania, multllple sclerosis,
acute BD, ocular toxoplasmosis

rs2230911 >5% 1096 C>G T357S loss na

rs17525809 >5% 370 T>C V76A loss na

rs28360447 5-0.5% 474 G>A G150R loss Pancreatic ductal adenocarcinoma
1528360457 5-0.5% 946 G>A R307Q loss Hepatocellular cancer

rs1653624 5-0.5% 1729 T>A 1568N loss na

rs7958316 5-0.5% 853 G>A R276H loss Pancreatic ductal adenocarcinoma

5. P2X7 SNPs in Physiological and Pathological Conditions

In human diseases, the expression of P2X7 SNPs has largely been investigated, and
many studies have demonstrated that the loss- or gain-of-function variants are related to
different pathologies (Table 1). Some SNPs influence the activity of the receptor as a channel
or pore, leading to modifications of the cell behavior. For example, monocytes and B and T
lymphocytes carrying the 1729 T>A mutation showed a very low or absent P2X7 function.
This mutation reduced not only the activity of the receptor but also its trafficking on the
cell surface [54]. On the contrary, in human monocytes treated with LPS, the 1068 G>A
mutation increased the release of the pro-inflammatory cytokine IL-1(3. This finding was
associated with patients with hyperuricemia with a higher risk of developing gout [55].
This mutation is also relevant for 3-cell function and glucose regulation. Subjects with
this variant are more insulin-sensitive and respond better during energy demand. Cells
can secrete ATP as a danger signal and enhance the glucose metabolism in the presence of
gain-of-function P2X7 SNPs on (3-cells [56]. The co-presence of the 1068 G>A and 1405 A>G
mutations form a gain-of-function receptor, increasing the mobilization of the healthy
human hematopoietic stem cell CD34* following the administration of granulocyte—colony
stimulating factors (G-CSFs) [57].

5.1. P2X7 SNPs in Oncological Conditions

Most of the studies covering the role of P2X7 SNPs in oncology are correlation anal-
yses [46]. The 1513A>C is probably the most studied SNP, leading to a non-functional
receptor formation. In B-chronic lymphocyte leukemia (B-CLL), contrasting data were
published about this SNP. It has been associated with cancer-promoting [58] and protective
functions [59]. Instead, other studies have found no association between the 1513A>C
mutation and B-CLL [60,61]. However, these investigations were carried out in some
familiar cases and at different stages of the disease without taking into account any other
variants of P2X7 [22]. There is no difference between healthy subjects and patients with
papillary thyroid cancer for the incidence of this SNP. Nevertheless, patients affected by the
follicular subtype of papillary thyroid cancer did express increased levels of the 1513A>C
SNP [62]. The authors of this research suggested that a defective P2X7 SNP can cause a
dysregulation of the host immune system, favoring tumor growth [62]. A similar mech-
anism was proposed for breast cancer, in which the decreased activity of the receptor
on the monocytes reduced the affinity for ATP and the secretion of IL-1 from immune
cells [63]. In this study, breast cancer cells were treated with anthracycline, which, as with
other chemotherapeutic agents such as oxaliplatin or dauno- and doxorubicin, induced
the release of high amounts of ATP, which activated the NLRP3 inflammasome and the
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production of IL-1, inducing immunogenic cell death (ICD) [17,38]. Therefore, the authors
suggest that the P2X7 polymorphism 1513A>C can reduce the effect of anthracycline by
dampening ICD [63]. Various other studies have taken into account the association of
more than one P2X7 polymorphism to cancer- and tumor-related symptoms. For example,
a study considering cancer-related pain demonstrated that, after mastectomy, patients
with breast cancer expressing the gain-of-function 489 C>T SNP suffered more than those
expressing the loss-of-function 835 G>A SNP [64]. This finding suggests that blocking the
P2X7 receptor could provide a new strategy to alleviate cancer pain. A case-control study
conducted on patients with hepatocellular cancer from the Chinese Han population pro-
posed that the P2X7 polymorphisms 1513A>C and 946 G>A contribute to changing cellular
microenvironment conditions. Specifically, the 1513A>C SNP affects protein expression,
while the 946 G>A SNP negatively influences cell apoptosis and the ATP interaction. On
the contrary, the 1068 G>A SNP seems to be protective, as it promotes immune responses
against cancer [65].

Another set of experiments showed that, in pancreatic ductal adenocarcinoma, the
474 G>A and 853 G>A SNPs decreased and increased the risk of cancer development,
respectively. Moreover, cancer cells expressing the 474 G>A variant showed a reduction in
the migration capacity, suggesting that this variant might have a protective role against
metastasis [66].

5.2. P2X7 SNPs in Mood Disorders

Mood disorders, including depression, suicidal behavior, bipolar disorder, and anxiety,
have been, by far, the conditions in which P2X7 SNPs have been explored the most in-depth.
Several papers, reviews, and meta-analyses have been conducted covering this subject,
and we refer the readers to these overviews for a more comprehensive understanding
of the field [67-71]. Data on SNPs, together with preclinical tests carried out on animal
models, have led to the development of new brain-permeant P2X7 antagonists such as JNJ-
54175446, which was also tested in patients with major depressive disorder [72]. This trial,
while demonstrating minor side and adverse effects of the P2X7 antagonist, failed to prove
any amelioration of mood-related symptoms, with the exception of anhedonia in major
depressive disorder patients exposed to total sleep deprivation for 36 h [72]. However,
the availability of brain-permeant P2X7 blockers opens the way to the treatment of many
other diseases of the central nervous system, including other mood disorders, but also of
neurodegenerative and neuroinflammatory conditions [73].

5.3. P2X7 SNPs in Other Diseases

The P2X7 receptor is central for many other diseases with an immune/inflammatory
correlation, where its polymorphic variants have been suggested to play a role.

In Alzheimer’s disease, the 1513A>C nucleotide change seems to be protective, as
a decrease in the frequency of allele C and an increase in both AA and AC genotypes in
patients was observed as compared to healthy individuals, suggesting that a fully functional
receptor is necessary in the Alzheimer’s etiology [74]. In accordance with these data, the
gain-of-function variant 489 C>T SNP is also associated with Alzheimer’s disease [75].

A combination of the 1068 G>A and 1405 A>G mutations was correlated with the
progressive disability of patients with multiple sclerosis [76]. The 1045 A>G SNP was
also identified as a potential biomarker to identify patients at risk of developing ocular
toxoplasmosis [77]. The gain-of-function 489 C>T SNP was also associated with systemic
Lupus erythematosus [78], HHV-6A infection, and related infertility [79]. The loss-of-
function variant 1513 A>C was upregulated in osteoporosis [80], tuberculosis [81,82], and
cardiovascular diseases [83]. In osteoporosis, allele C impaired ATP-induced apoptosis in
osteoclasts, which are central to maintenance, repair, and bone remodeling [84].



Int. J. Mol. Sci. 2024, 25, 6673 8of 11

6. Conclusions

Since the P2X7 receptor modulates many intracellular pathways, alterations in its
structure, expression, and function can cause substantial changes in cell behavior, leading
to the onset of inflammatory-related diseases and cancer. Many studies revolving around
the P2X7 splice or partially functional variants have focused on liquid and solid cancers,
suggesting that therapies targeting these receptors’ isoforms could be helpful in preventing
cancer growth, dissemination, and resistance to traditional anti-tumoral therapies [36].
However, more effort is required to develop molecules able to block exclusively specific
receptor variants. Moreover, the ample variation in the P2X7 genotype can be exploited in
tailored diagnostic and therapeutic approaches. However, most of the studies on the P2X7
SNPs present some limitations. They often only provide an association analysis with the dis-
eases obtained from small sample sizes or specific closed populations. In the future, we will
need appropriate pathology models to validate the results using experimental protocols.

Author Contributions: A.P. and E.A. conceived and supervised the work, wrote most of the
manuscript, and were responsible for its revision. M.G., L.R. (Luigia Ruo), and L.R. (Ludovica
Ricci) helped with the figures and table preparation, paper writing, and revision. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the PUR-THER TRANSCAN-3 JTC2021 project, Italian Associa-
tion for Cancer Research (AIRC) grant (IG22837), and the COPE IBD PRIN project (Progetti di Ricerca
di Interesse Nazionale) to E.A.

Acknowledgments: This article is based upon work from PRESTO COST Action CA21130.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

Di Virgilio, F,; Jiang, L.H.; Roger, S.; Falzoni, S.; Sarti, A.C.; Vultaggio-Poma, V.; Chiozzi, P.; Adinolfi, E. Structure, function and
techniques of investigation of the P2X7 receptor (P2X7R) in mammalian cells. Methods Enzymol. 2019, 629, 115-150. [CrossRef]
[PubMed]

Jiang, L.H.; Caseley, E.A.; Muench, S.P.; Roger, S. Structural basis for the functional properties of the P2X7 receptor for extracellular
ATP. Purinergic Signal. 2021, 17, 331-344. [CrossRef] [PubMed]

Di Virgilio, F; Schmalzing, G.; Markwardt, F. The Elusive P2X7 Macropore. Trends Cell Biol. 2018, 28, 392—404. [CrossRef]
[PubMed]

Karasawa, A.; Michalski, K.; Mikhelzon, P.; Kawate, T. The P2X7 receptor forms a dye-permeable pore independent of its
intracellular domain but dependent on membrane lipid composition. eLife 2017, 6, e31186. [CrossRef] [PubMed]

Burnstock, G. Introduction to Purinergic Signaling. Methods Mol. Biol. 2020, 2041, 1-15. [CrossRef] [PubMed]

Di Virgilio, F; Sarti, A.C.; Falzoni, S.; De Marchi, E.; Adinolfi, E. Extracellular ATP and P2 purinergic signalling in the tumour
microenvironment. Nat. Rev. Cancer 2018, 18, 601-618. [CrossRef]

Adinolfi, E.; Amoroso, F.; Giuliani, A.L. P2X7 Receptor Function in Bone-Related Cancer. ]. Osteoporos. 2012, 2012, 637863.
[CrossRef] [PubMed]

Adinolfi, E.; Raffaghello, L.; Giuliani, A.L.; Cavazzini, L.; Capece, M.; Chiozzi, P.; Bianchi, G.; Kroemer, G.; Pistoia, V.; Di Virgilio,
F. Expression of P2X7 receptor increases in vivo tumor growth. Cancer Res. 2012, 72, 2957-2969. [CrossRef]

Jelassi, B.; Chantome, A.; Alcaraz-Perez, F,; Baroja-Mazo, A.; Cayuela, M.L.; Pelegrin, P.; Surprenant, A.; Roger, S. P2X(7) receptor
activation enhances SK3 channels- and cystein cathepsin-dependent cancer cells invasiveness. Oncogene 2011, 30, 2108-2122.
[CrossRef]

Giannuzzo, A.; Pedersen, S.F.; Novak, I. The P2X7 receptor regulates cell survival, migration and invasion of pancreatic ductal
adenocarcinoma cells. Mol. Cancer 2015, 14, 203. [CrossRef]

Bai, X.; Li, Q.; Peng, X; Li, X.; Qiao, C.; Tang, Y.; Zhao, R. P2X7 receptor promotes migration and invasion of non-small cell lung
cancer A549 cells through the PI3K/ Akt pathways. Purinergic Signal. 2023, 19, 685-697. [CrossRef] [PubMed]

Lombardi, M.; Gabrielli, M.; Adinolfi, E.; Verderio, C. Role of ATP in Extracellular Vesicle Biogenesis and Dynamics. Front.
Pharmacol. 2021, 12, 654023. [CrossRef] [PubMed]

Adinolfi, E.; De Marchi, E.; Grignolo, M.; Szymczak, B.; Pegoraro, A. The P2X7 Receptor in Oncogenesis and Metastatic
Dissemination: New Insights on Vesicular Release and Adenosinergic Crosstalk. Int. J. Mol. Sci. 2023, 24, 13906. [CrossRef]
[PubMed]

Amoroso, E; Capece, M.; Rotondo, A.; Cangelosi, D.; Ferracin, M.; Franceschini, A.; Raffaghello, L.; Pistoia, V.; Varesio, L.;
Adinolfi, E. The P2X7 receptor is a key modulator of the PI3K/GSK3beta/VEGF signaling network: Evidence in experimental
neuroblastoma. Oncogene 2015, 34, 5240-5251. [CrossRef] [PubMed]


https://doi.org/10.1016/bs.mie.2019.07.043
https://www.ncbi.nlm.nih.gov/pubmed/31727237
https://doi.org/10.1007/s11302-021-09790-x
https://www.ncbi.nlm.nih.gov/pubmed/33987781
https://doi.org/10.1016/j.tcb.2018.01.005
https://www.ncbi.nlm.nih.gov/pubmed/29439897
https://doi.org/10.7554/eLife.31186
https://www.ncbi.nlm.nih.gov/pubmed/28920575
https://doi.org/10.1007/978-1-4939-9717-6_1
https://www.ncbi.nlm.nih.gov/pubmed/31646477
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1155/2012/637863
https://www.ncbi.nlm.nih.gov/pubmed/22970409
https://doi.org/10.1158/0008-5472.CAN-11-1947
https://doi.org/10.1038/onc.2010.593
https://doi.org/10.1186/s12943-015-0472-4
https://doi.org/10.1007/s11302-023-09928-z
https://www.ncbi.nlm.nih.gov/pubmed/36854856
https://doi.org/10.3389/fphar.2021.654023
https://www.ncbi.nlm.nih.gov/pubmed/33790800
https://doi.org/10.3390/ijms241813906
https://www.ncbi.nlm.nih.gov/pubmed/37762206
https://doi.org/10.1038/onc.2014.444
https://www.ncbi.nlm.nih.gov/pubmed/25619831

Int. J. Mol. Sci. 2024, 25, 6673 9of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tassetto, M.; Scialdone, A.; Solini, A.; Di Virgilio, F. The P2X7 Receptor: A Promising Pharmacological Target in Diabetic
Retinopathy. Int. . Mol. Sci. 2021, 22, 7110. [CrossRef] [PubMed]

De Marchi, E.; Pegoraro, A.; Turiello, R.; Di Virgilio, F.; Morello, S.; Adinolfi, E. A2A Receptor Contributes to Tumor Progression
in P2X7 Null Mice. Front. Cell Dev. Biol. 2022, 10, 876510. [CrossRef] [PubMed]

Adinolfi, E.; De Marchi, E.; Orioli, E.; Pegoraro, A.; Di Virgilio, F. Role of the P2X7 receptor in tumor-associated inflammation.
Curr. Opin. Pharmacol. 2019, 47, 59-64. [CrossRef] [PubMed]

Jimenez-Mateos, E.M.; Smith, J.; Nicke, A.; Engel, T. Regulation of P2X7 receptor expression and function in the brain. Brain Res.
Bull. 2019, 151, 153-163. [CrossRef] [PubMed]

Engel, T.; Nicke, A.; Deussing, ].M.; Sperlagh, B.; Diaz-Hernandez, M. Editorial: P2X7 as Common Therapeutic Target in Brain
Diseases. Front. Mol. Neurosci. 2021, 14, 656011. [CrossRef]

Cao, F; Hu, L.Q.; Yao, S.R; Hu, Y.; Wang, D.G,; Fan, Y.G.; Pan, G.X;; Tao, S.S.; Zhang, Q.; Pan, H.E; et al. P2X7 receptor: A
potential therapeutic target for autoimmune diseases. Autoimmun. Rev. 2019, 18, 767-777. [CrossRef]

You, R.; He, X.; Zeng, Z.; Zhan, Y.; Xiao, Y.; Xiao, R. Pyroptosis and Its Role in Autoimmune Disease: A Potential Therapeutic
Target. Front. Immunol. 2022, 13, 841732. [CrossRef] [PubMed]

De Marchi, E.; Pegoraro, A.; Adinolfi, E. P2X7 Receptor in Hematological Malignancies. Front. Cell Dev. Biol. 2021, 9, 645605.
[CrossRef] [PubMed]

Lara, R.; Adinolfi, E.; Harwood, C.A.; Philpott, M.; Barden, J.A.; Di Virgilio, F.; McNulty, S. P2X7 in Cancer: From Molecular
Mechanisms to Therapeutics. Front. Pharmacol. 2020, 11, 793. [CrossRef] [PubMed]

Rabelo, I.L.A.; Arnaud-Sampaio, V.E; Adinolfi, E.; Ulrich, H.; Lameu, C. Cancer Metabostemness and Metabolic Reprogramming
via P2X7 Receptor. Cells 2021, 10, 1782. [CrossRef] [PubMed]

De Marchi, E.; Pegoraro, A.; Adinolfi, E. Administration of P2X7 Receptor Blockers in Oncological Experimental Models. Methods
Mol. Biol. 2022, 2510, 303-314. [CrossRef] [PubMed]

Buell, G.N.; Talabot, E; Gos, A.; Lorenz, J.; Lai, E.; Morris, M.A.; Antonarakis, S.E. Gene structure and chromosomal localization
of the human P2X7 receptor. Recept. Channels 1998, 5, 347-354.

Cheewatrakoolpong, B.; Gilchrest, H.; Anthes, J.C.; Greenfeder, S. Identification and characterization of splice variants of the
human P2X7 ATP channel. Biochem. Biophys. Res. Commun. 2005, 332, 17-27. [CrossRef] [PubMed]

Skarratt, K.K.; Fuller, S.J.; Sluyter, R.; Dao-Ung, L.P;; Gu, B.J.; Wiley, ].S. A 5 intronic splice site polymorphism leads to a null
allele of the P2X7 gene in 1-2% of the Caucasian population. FEBS Lett. 2005, 579, 2675-2678. [CrossRef] [PubMed]

Feng, YH.; Li, X,; Wang, L.; Zhou, L.; Gorodeski, G.I. A truncated P2X7 receptor variant (P2X7-j) endogenously expressed
in cervical cancer cells antagonizes the full-length P2X7 receptor through hetero-oligomerization. J. Biol. Chem. 2006, 281,
17228-17237. [CrossRef]

Skarratt, K.K.; Gu, B.J.; Lovelace, M.D.; Milligan, C.J.; Stokes, L.; Glover, R.; Petrou, S.; Wiley, ].S.; Fuller, S.J. A P2RX7 single
nucleotide polymorphism haplotype promotes exon 7 and 8 skipping and disrupts receptor function. FASEB . 2020, 34, 3884-3901.
[CrossRef]

Gilbert, S.M.; Gidley Baird, A.; Glazer, S.; Barden, J.A.; Glazer, A.; Teh, L.C.; King, J. A phase I clinical trial demonstrates that
nfP2X(7) -targeted antibodies provide a novel, safe and tolerable topical therapy for basal cell carcinoma. Br. J. Dermatol. 2017,
177,117-124. [CrossRef] [PubMed]

Giuliani, A.L.; Colognesi, D.; Ricco, T.; Roncato, C.; Capece, M.; Amoroso, F; Wang, Q.G.; De Marchi, E.; Gartland, A.; Di Virgilio,
F.; et al. Trophic activity of human P2X7 receptor isoforms A and B in osteosarcoma. PLoS ONE 2014, 9, e107224. [CrossRef]
Tattersall, L.; Shah, K.M.; Lath, D.L.; Singh, A.; Down, ].M.; De Marchi, E.; Williamson, A.; Di Virgilio, F; Heymann, D.; Adinolfi,
E.; et al. The P2RX7B splice variant modulates osteosarcoma cell behaviour and metastatic properties. J. Bone Oncol. 2021,
31, 100398. [CrossRef] [PubMed]

Song, H.; Arredondo Carrera, HM.; Sprules, A ; Ji, Y.; Zhang, T.; He, ].; Lawrence, E.; Gartland, A.; Luo, J.; Wang, N. C-terminal
variants of the P2X7 receptor are associated with prostate cancer progression and bone metastasis—Evidence from clinical and
pre-clinical data. Cancer Commun. 2023, 43, 400-404. [CrossRef] [PubMed]

Pegoraro, A.; De Marchi, E.; Ferracin, M.; Orioli, E.; Zanoni, M.; Bassi, C.; Tesei, A.; Capece, M.; Dika, E.; Negrini, M.; et al. P2X7
promotes metastatic spreading and triggers release of miRNA-containing exosomes and microvesicles from melanoma cells. Cell
Death Dis. 2021, 12, 1088. [CrossRef] [PubMed]

Zanoni, M.; Pegoraro, A.; Adinolfi, E.; De Marchi, E. Emerging roles of purinergic signaling in anti-cancer therapy resistance.
Front. Cell Dev. Biol. 2022, 10, 1006384. [CrossRef] [PubMed]

Pegoraro, A.; Orioli, E.; De Marchi, E.; Salvestrini, V.; Milani, A.; Di Virgilio, F.; Curti, A.; Adinolfi, E. Differential sensitivity of
acute myeloid leukemia cells to daunorubicin depends on P2X7A versus P2X7B receptor expression. Cell Death Dis. 2020, 11, 876.
[CrossRef] [PubMed]

Lecciso, M.; Ocadlikova, D.; Sangaletti, S.; Trabanelli, S.; De Marchi, E.; Orioli, E.; Pegoraro, A.; Portararo, P; Jandus, C.; Bontadini,
A.; et al. ATP Release from Chemotherapy-Treated Dying Leukemia Cells Elicits an Immune Suppressive Effect by Increasing
Regulatory T Cells and Tolerogenic Dendritic Cells. Front. Immunol. 2017, 8, 1918. [CrossRef]

Arnaud-Sampaio, V.F; Bento, C.A.; Glaser, T.; Adinolfi, E.; Ulrich, H.; Lameu, C. P2X7 receptor isoform B is a key drug resistance
mediator for neuroblastoma. Front. Oncol. 2022, 12, 966404. [CrossRef]


https://doi.org/10.3390/ijms22137110
https://www.ncbi.nlm.nih.gov/pubmed/34281162
https://doi.org/10.3389/fcell.2022.876510
https://www.ncbi.nlm.nih.gov/pubmed/35663396
https://doi.org/10.1016/j.coph.2019.02.012
https://www.ncbi.nlm.nih.gov/pubmed/30921559
https://doi.org/10.1016/j.brainresbull.2018.12.008
https://www.ncbi.nlm.nih.gov/pubmed/30593878
https://doi.org/10.3389/fnmol.2021.656011
https://doi.org/10.1016/j.autrev.2019.06.009
https://doi.org/10.3389/fimmu.2022.841732
https://www.ncbi.nlm.nih.gov/pubmed/35693810
https://doi.org/10.3389/fcell.2021.645605
https://www.ncbi.nlm.nih.gov/pubmed/33763425
https://doi.org/10.3389/fphar.2020.00793
https://www.ncbi.nlm.nih.gov/pubmed/32581786
https://doi.org/10.3390/cells10071782
https://www.ncbi.nlm.nih.gov/pubmed/34359950
https://doi.org/10.1007/978-1-0716-2384-8_17
https://www.ncbi.nlm.nih.gov/pubmed/35776333
https://doi.org/10.1016/j.bbrc.2005.04.087
https://www.ncbi.nlm.nih.gov/pubmed/15896293
https://doi.org/10.1016/j.febslet.2005.03.091
https://www.ncbi.nlm.nih.gov/pubmed/15862308
https://doi.org/10.1074/jbc.M602999200
https://doi.org/10.1096/fj.201901198RR
https://doi.org/10.1111/bjd.15364
https://www.ncbi.nlm.nih.gov/pubmed/28150889
https://doi.org/10.1371/journal.pone.0107224
https://doi.org/10.1016/j.jbo.2021.100398
https://www.ncbi.nlm.nih.gov/pubmed/35340569
https://doi.org/10.1002/cac2.12391
https://www.ncbi.nlm.nih.gov/pubmed/36582013
https://doi.org/10.1038/s41419-021-04378-0
https://www.ncbi.nlm.nih.gov/pubmed/34789738
https://doi.org/10.3389/fcell.2022.1006384
https://www.ncbi.nlm.nih.gov/pubmed/36200041
https://doi.org/10.1038/s41419-020-03058-9
https://www.ncbi.nlm.nih.gov/pubmed/33071281
https://doi.org/10.3389/fimmu.2017.01918
https://doi.org/10.3389/fonc.2022.966404

Int. J. Mol. Sci. 2024, 25, 6673 10 of 11

40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

Robey, R.W.; Pluchino, K.M.; Hall, M.D.; Fojo, A.T.; Bates, S.E.; Gottesman, M.M. Revisiting the role of ABC transporters in
multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452-464. [CrossRef]

Ulrich, H.; Ratajczak, M.Z.; Schneider, G.; Adinolfi, E.; Orioli, E.; Ferrazoli, E.G.; Glaser, T.; Correa-Velloso, J.; Martins, PC.M.;
Coutinho, F; et al. Kinin and Purine Signaling Contributes to Neuroblastoma Metastasis. Front. Pharmacol. 2018, 9, 500. [CrossRef]
[PubMed]

Zanoni, M.; Sarti, A.C.; Zamagni, A.; Cortesi, M.; Pignatta, S.; Arienti, C.; Tebaldi, M.; Sarnelli, A.; Romeo, A.; Bartolini, D.;
et al. Irradiation causes senescence, ATP release, and P2X7 receptor isoform switch in glioblastoma. Cell Death Dis. 2022, 13, 80.
[CrossRef] [PubMed]

Ziberi, S.; Zuccarini, M.; Carluccio, M.; Giuliani, P,; Ricci-Vitiani, L.; Pallini, R.; Caciagli, F.; Di Iorio, P; Ciccarelli, R. Upregulation
of Epithelial-To-Mesenchymal Transition Markers and P2X7 Receptors Is Associated to Increased Invasiveness Caused by P2X7
Receptor Stimulation in Human Glioblastoma Stem Cells. Cells 2019, 9, 85. [CrossRef] [PubMed]

Boldrini, L.; Giordano, M.; Ali, G.; Servadio, A.; Pelliccioni, S.; Niccoli, C.; Mussi, A.; Fontanini, G. P2X7 protein expression and
polymorphism in non-small cell lung cancer (NSCLC). J. Negat. Results Biomed. 2014, 13, 16. [CrossRef]

Benzaquen, J.; Dit Hreich, S.J.; Heeke, S.; Juhel, T,; Lalvee, S.; Bauwens, S.; Saccani, S.; Lenormand, P.; Hofman, V.; Butori, M.; et al.
P2RX7B is a new theranostic marker for lung adenocarcinoma patients. Theranostics 2020, 10, 10849-10860. [CrossRef]
Pegoraro, A.; De Marchi, E.; Adinolfi, E. P2X7 Variants in Oncogenesis. Cells 2021, 10, 189. [CrossRef]

Sluyter, R. The P2X7 Receptor. Adv. Exp. Med. Biol. 2017, 1051, 17-53. [CrossRef] [PubMed]

Gilbert, S.M.; Oliphant, C.J.; Hassan, S.; Peille, A.L.; Bronsert, P.; Falzoni, S.; Di Virgilio, F; McNulty, S.; Lara, R. ATP in the
tumour microenvironment drives expression of nfP2X(7), a key mediator of cancer cell survival. Oncogene 2019, 38, 194-208.
[CrossRef] [PubMed]

Bandara, V.; Foeng, J.; Gundsambuu, B.; Norton, T.S.; Napoli, S.; McPeake, D.J.; Tyllis, T.S.; Rohani-Rad, E.; Abbott, C.; Mills,
S.J.; et al. Pre-clinical validation of a pan-cancer CAR-T cell immunotherapy targeting nfP2X7. Nat. Commun. 2023, 14, 5546.
[CrossRef]

Olla, I.; Santos-Galindo, M.; Elorza, A.; Lucas, J.J. P2X7 Receptor Upregulation in Huntington’s Disease Brains. Front. Mol.
Neurosci. 2020, 13, 567430. [CrossRef]

Schafer, W.; Stahler, T.; Pinto Espinoza, C.; Danquah, W.; Knop, ].H.; Rissiek, B.; Haag, F.; Koch-Nolte, F. Origin, distribution, and
function of three frequent coding polymorphisms in the gene for the human P2X7 ion channel. Front. Pharmacol. 2022, 13, 1033135.
[CrossRef]

Roger, S.; Mei, Z.Z.; Baldwin, ].M.; Dong, L.; Bradley, H.; Baldwin, S.A.; Surprenant, A.; Jiang, L.H. Single nucleotide polymor-
phisms that were identified in affective mood disorders affect ATP-activated P2X7 receptor functions. J. Psychiatr. Res. 2010, 44,
347-355. [CrossRef] [PubMed]

Sluyter, R.; Stokes, L. Significance of P2X7 receptor variants to human health and disease. Recent. Pat. DNA Gene Seq. 2011, 5,
41-54. [CrossRef] [PubMed]

Wiley, ].S.; Dao-Ung, L.P; Li, C.; Shemon, A.N.; Gu, B.J.; Smart, M.L.; Fuller, S.J.; Barden, ].A.; Petrou, S.; Sluyter, R. An Ile-568 to
Asn polymorphism prevents normal trafficking and function of the human P2X7 receptor. J. Biol. Chem. 2003, 278, 17108-17113.
[CrossRef] [PubMed]

Li, M.Y;; Fang, X.; Ma, Y.; Pan, X.Y,; Dai, X.J.; Li, X.M.; Li, X.L.; Wang, Y.P,; Tao, J.H.; Li, X.P. The functional change of the P2X7R
containing the Ala(348) to Thr polymorphism is associated with the pathogenesis of gout. Sci. Rep. 2023, 13, 5603. [CrossRef]
[PubMed]

Todd, J.N.; Poon, W.; Lyssenko, V.; Groop, L.; Nichols, B.; Wilmot, M.; Robson, S.; Enjyoji, K.; Herman, M.A; Hu, C; et al.
Variation in glucose homeostasis traits associated with P2RX7 polymorphisms in mice and humans. J. Clin. Endocrinol. Metab.
2015, 100, E688-E696. [CrossRef] [PubMed]

Koldej, R.; Collins, J.; Ritchie, D. P2X7 polymorphisms and stem cell mobilisation. Leukemia 2018, 32, 2724-2726. [CrossRef]
Wiley, J.S.; Dao-Ung, L.P.; Gu, B.J; Sluyter, R.; Shemon, A.N.; Li, C.; Taper, J.; Gallo, ]J.; Manoharan, A. A loss-of-function
polymorphic mutation in the cytolytic P2X7 receptor gene and chronic lymphocytic leukaemia: A molecular study. Lancet 2002,
359, 1114-1119. [CrossRef]

Thunberg, U.; Tobin, G.; Johnson, A.; Soderberg, O.; Padyukov, L.; Hultdin, M.; Klareskog, L.; Enblad, G.; Sundstrom, C.; Roos,
G.; et al. Polymorphism in the P2X7 receptor gene and survival in chronic lymphocytic leukaemia. Lancet 2002, 360, 1935-1939.
[CrossRef]

Zhang, L.Y,; Ibbotson, R.E.; Orchard, J.A.; Gardiner, A.C.; Seear, R.V.; Chase, A.].; Oscier, D.G.; Cross, N.C. P2X7 polymorphism
and chronic lymphocytic leukaemia: Lack of correlation with incidence, survival and abnormalities of chromosome 12. Leukemia
2003, 17,2097-2100. [CrossRef]

Starczynski, J.; Pepper, C.; Pratt, G.; Hooper, L.; Thomas, A.; Hoy, T.; Milligan, D.; Bentley, P.; Fegan, C. The P2X7 receptor gene
polymorphism 1513 A-->C has no effect on clinical prognostic markers, in vitro sensitivity to fludarabine, Bcl-2 family protein
expression or survival in B-cell chronic lymphocytic leukaemia. Br. J. Haematol. 2003, 123, 66-71. [CrossRef] [PubMed]
Dardano, A.; Falzoni, S.; Caraccio, N.; Polini, A.; Tognini, S.; Solini, A.; Berti, P.; Di Virgilio, F.; Monzani, F. 1513A>C polymorphism
in the P2X7 receptor gene in patients with papillary thyroid cancer: Correlation with histological variants and clinical parameters.
J. Clin. Endocrinol. Metab. 2009, 94, 695-698. [CrossRef] [PubMed]


https://doi.org/10.1038/s41568-018-0005-8
https://doi.org/10.3389/fphar.2018.00500
https://www.ncbi.nlm.nih.gov/pubmed/29867502
https://doi.org/10.1038/s41419-022-04526-0
https://www.ncbi.nlm.nih.gov/pubmed/35075119
https://doi.org/10.3390/cells9010085
https://www.ncbi.nlm.nih.gov/pubmed/31905754
https://doi.org/10.1186/1477-5751-13-16
https://doi.org/10.7150/thno.48229
https://doi.org/10.3390/cells10010189
https://doi.org/10.1007/5584_2017_59
https://www.ncbi.nlm.nih.gov/pubmed/28676924
https://doi.org/10.1038/s41388-018-0426-6
https://www.ncbi.nlm.nih.gov/pubmed/30087439
https://doi.org/10.1038/s41467-023-41338-y
https://doi.org/10.3389/fnmol.2020.567430
https://doi.org/10.3389/fphar.2022.1033135
https://doi.org/10.1016/j.jpsychires.2009.10.005
https://www.ncbi.nlm.nih.gov/pubmed/19931869
https://doi.org/10.2174/187221511794839219
https://www.ncbi.nlm.nih.gov/pubmed/21303345
https://doi.org/10.1074/jbc.M212759200
https://www.ncbi.nlm.nih.gov/pubmed/12586825
https://doi.org/10.1038/s41598-023-32365-2
https://www.ncbi.nlm.nih.gov/pubmed/37020014
https://doi.org/10.1210/jc.2014-4160
https://www.ncbi.nlm.nih.gov/pubmed/25719930
https://doi.org/10.1038/s41375-018-0232-8
https://doi.org/10.1016/S0140-6736(02)08156-4
https://doi.org/10.1016/S0140-6736(02)11917-9
https://doi.org/10.1038/sj.leu.2403125
https://doi.org/10.1046/j.1365-2141.2003.04563.x
https://www.ncbi.nlm.nih.gov/pubmed/14510944
https://doi.org/10.1210/jc.2008-1322
https://www.ncbi.nlm.nih.gov/pubmed/19017759

Int. J. Mol. Sci. 2024, 25, 6673 11 0f 11

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Ghiringhelli, F; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.; Ortiz, C.; Vermaelen, K.; Panaretakis, T.; Mignot, G.; Ullrich, E.; et al.
Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors. Nat.
Med. 2009, 15, 1170-1178. [CrossRef] [PubMed]

Sorge, R.E.; Trang, T.; Dorfman, R.; Smith, S.B.; Beggs, S.; Ritchie, J.; Austin, J.S.; Zaykin, D.V.; Vander Meulen, H.; Costigan, M.;
et al. Genetically determined P2X7 receptor pore formation regulates variability in chronic pain sensitivity. Nat. Med. 2012, 18,
595-599. [CrossRef] [PubMed]

Duan, S; Yu, J.; Han, Z.; Cheng, Z.; Liang, P. Association Between P2RX7 Gene and Hepatocellular Carcinoma Susceptibility: A
Case-Control Study in a Chinese Han Population. Med. Sci. Monit. 2016, 22, 1916-1923. [CrossRef] [PubMed]

Magni, L.; Yu, H.; Christensen, N.M.; Poulsen, M.H.; Frueh, A.; Deshar, G.; Johansen, A.Z.; Johansen, ].S.; Pless, S.A.; Jorgensen,
N.R; et al. Human P2X7 receptor variants Gly150Arg and Arg276His polymorphisms have differential effects on risk association
and cellular functions in pancreatic cancer. Cancer Cell Int. 2024, 24, 148. [CrossRef] [PubMed]

Deussing, ].M.; Arzt, E. P2X7 Receptor: A Potential Therapeutic Target for Depression? Trends Mol. Med. 2018, 24, 736-747.
[CrossRef]

Andrejew, R.; Oliveira-Giacomelli, A.; Ribeiro, D.E.; Glaser, T.; Arnaud-Sampaio, V.E.,; Lameu, C.; Ulrich, H. The P2X7 Receptor:
Central Hub of Brain Diseases. Front. Mol. Neurosci. 2020, 13, 124. [CrossRef]

Liu, J.; Liu, T.T.; Mou, L.; Zhang, Y.; Chen, X.; Wang, Q.; Deng, B.L.; Liu, ]. P2X7 receptor: A potential target for treating comorbid
anxiety and depression. Purinergic Signal. 2024. [CrossRef]

Czamara, D.; Muller-Myhsok, B.; Lucae, S. The P2RX7 polymorphism 152230912 is associated with depression: A meta-analysis.
Prog. Neuropsychopharmacol. Biol. Psychiatry 2018, 82, 272-277. [CrossRef]

Kristof, Z.; Gal, Z.; Torok, D.; Eszlari, N.; Sutori, S.; Sperlagh, B.; Anderson, LM.; Deakin, B.; Bagdy, G.; Juhasz, G.; et al. Embers
of the Past: Early Childhood Traumas Interact with Variation in P2RX7 Gene Implicated in Neuroinflammation on Markers of
Current Suicide Risk. Int. J. Mol. Sci. 2024, 25, 865. [CrossRef] [PubMed]

Recourt, K.; de Boer, P; van der Ark, P.; Benes, H.; van Gerven, ] M.A ; Ceusters, M.; van Nueten, L.; Drevets, W.C.; Bhatacharya,
A.; Browning, M.; et al. Characterization of the central nervous system penetrant and selective purine P2X7 receptor antagonist
JNJ-54175446 in patients with major depressive disorder. Transl. Psychiatry 2023, 13, 266. [CrossRef] [PubMed]

Illes, P. P2X7 Receptors Amplify CNS Damage in Neurodegenerative Diseases. Int. |. Mol. Sci. 2020, 21, 5996. [CrossRef]
[PubMed]

Gubert, C.; Andrejew, R.; Jacintho Moritz, C.E.; Dietrich, E; Vasconcelos-Moreno, M.P,; Dos Santos, B.; Fijtman, A.; Kauer-
Sant’Anna, M.; Kapczinski, F.; da Silva Magalhaes, P.V,; et al. Bipolar disorder and 1513A>C P2RX7 polymorphism frequency.
Neurosci. Lett. 2019, 694, 143-147. [CrossRef] [PubMed]

Sanz, ].M.; Falzoni, S.; Rizzo, R.; Cipollone, F.; Zuliani, G.; Di Virgilio, F. Possible protective role of the 489C>T P2X7R
polymorphism in Alzheimer’s disease. Exp. Gerontol. 2014, 60, 117-119. [CrossRef] [PubMed]

Guerini, FR.; Agliardi, C.; Bolognesi, E.; Zanzottera, M.; Caputo, D.; Pasanisi, M.B.; Rovaris, M.; Clerici, M. Two Single Nucleotide
Polymorphisms in the Purinergic Receptor P2X7 Gene Are Associated with Disease Severity in Multiple Sclerosis. Int. ]. Mol. Sci.
2022, 23, 15381. [CrossRef] [PubMed]

Naranjo-Galvis, C.A.; McLeod, R.; Gomez-Marin, J.E.; de-la-Torre, A.; Rocha-Roa, C.; Cardona, N.; Sepulveda-Arias, ].C. Genetic
Variations in the Purinergic P2X7 Receptor Are Associated with the Immune Response to Ocular Toxoplasmosis in Colombia.
Microorganisms 2023, 11, 2508. [CrossRef] [PubMed]

Hu, S.; Yu, F; Ye, C.; Huang, X,; Lei, X.; Dai, Y.; Xu, H.; Wang, Y.; Yu, Y. The presence of P2RX7 single nuclear polymorphism is
associated with a gain of function in P2X7 receptor and inflammasome activation in SLE complicated with pericarditis. Clin. Exp.
Rheumatol. 2020, 38, 442-449. [PubMed]

Pegoraro, A.; Bortolotti, D.; Marci, R.; Caselli, E.; Falzoni, S.; De Marchi, E.; Di Virgilio, F.; Rizzo, R.; Adinolfi, E. The P2X7
Receptor 489C>T Gain of Function Polymorphism Favors HHV-6A Infection and Associates With Female Idiopathic Infertility.
Front. Pharmacol. 2020, 11, 96. [CrossRef]

Huang, H.; He, YM,; Lin, M.M.; Wang, Y.; Zhang, X.; Liang, L.; He, X. P2X7Rs: New therapeutic targets for osteoporosis.
Purinergic Signal. 2023, 19, 207-219. [CrossRef]

Chaudhary, A.; Singh, ].P.; Sehajpal, PK.; Sarin, B.C. P2X7 receptor polymorphisms and susceptibility to tuberculosis in a North
Indian Punjabi population. Int. J. Tuberc. Lung Dis. 2018, 22, 884-889. [CrossRef] [PubMed]

Areeshi, M.Y,; Mandal, R.K; Panda, A.K.; Haque, S. Association of P2X7 A1513C (rs3751143) gene polymorphism with risk of
tuberculosis: Evidence from a meta-analysis. Genet. Test. Mol. Biomark. 2013, 17, 662-668. [CrossRef] [PubMed]

Gidlof, O.; Smith, J.G.; Melander, O.; Lovkvist, H.; Hedblad, B.; Engstrom, G.; Nilsson, P; Carlson, J.; Berglund, G.; Olsson, S.;
et al. A common missense variant in the ATP receptor P2X7 is associated with reduced risk of cardiovascular events. PLoS ONE
2012, 7, €37491. [CrossRef] [PubMed]

Wang, N.; Agrawal, A.; Jorgensen, N.R.; Gartland, A. P2X7 receptor regulates osteoclast function and bone loss in a mouse model
of osteoporosis. Sci. Rep. 2018, 8, 3507. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nm.2028
https://www.ncbi.nlm.nih.gov/pubmed/19767732
https://doi.org/10.1038/nm.2710
https://www.ncbi.nlm.nih.gov/pubmed/22447075
https://doi.org/10.12659/msm.895763
https://www.ncbi.nlm.nih.gov/pubmed/27272229
https://doi.org/10.1186/s12935-024-03339-9
https://www.ncbi.nlm.nih.gov/pubmed/38664691
https://doi.org/10.1016/j.molmed.2018.07.005
https://doi.org/10.3389/fnmol.2020.00124
https://doi.org/10.1007/s11302-024-10007-0
https://doi.org/10.1016/j.pnpbp.2017.11.003
https://doi.org/10.3390/ijms25020865
https://www.ncbi.nlm.nih.gov/pubmed/38255938
https://doi.org/10.1038/s41398-023-02557-5
https://www.ncbi.nlm.nih.gov/pubmed/37482560
https://doi.org/10.3390/ijms21175996
https://www.ncbi.nlm.nih.gov/pubmed/32825423
https://doi.org/10.1016/j.neulet.2018.11.055
https://www.ncbi.nlm.nih.gov/pubmed/30521946
https://doi.org/10.1016/j.exger.2014.10.009
https://www.ncbi.nlm.nih.gov/pubmed/25456845
https://doi.org/10.3390/ijms232315381
https://www.ncbi.nlm.nih.gov/pubmed/36499708
https://doi.org/10.3390/microorganisms11102508
https://www.ncbi.nlm.nih.gov/pubmed/37894166
https://www.ncbi.nlm.nih.gov/pubmed/31376246
https://doi.org/10.3389/fphar.2020.00096
https://doi.org/10.1007/s11302-021-09836-0
https://doi.org/10.5588/ijtld.18.0023
https://www.ncbi.nlm.nih.gov/pubmed/29991397
https://doi.org/10.1089/gtmb.2013.0202
https://www.ncbi.nlm.nih.gov/pubmed/23947898
https://doi.org/10.1371/journal.pone.0037491
https://www.ncbi.nlm.nih.gov/pubmed/22662160
https://doi.org/10.1038/s41598-018-21574-9
https://www.ncbi.nlm.nih.gov/pubmed/29472582

	Introduction 
	P2X7 Splice Variants 
	P2X7 Splice Variants in Physiological and Pathological Conditions 
	P2X7B in Cancer Growth, Metastasis, and Therapy Resistance 
	Other Splice Variants in Cancer and Other Diseases 

	P2X7 Single-Nucleotide Polymorphisms (SNPs) 
	P2X7 SNPs in Physiological and Pathological Conditions 
	P2X7 SNPs in Oncological Conditions 
	P2X7 SNPs in Mood Disorders 
	P2X7 SNPs in Other Diseases 

	Conclusions 
	References

