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Abstract: P2X receptors are Ca’"-permeable cationic channels in the cell membranes,
where they play an important role in mediating a diversity of physiological and
pathophysiological functions of extracellular ATP. Mammalian cells express seven P2X
receptor genes. Single nucleotide polymorphisms (SNPs) are widespread in the P2RX
genes encoding the human P2X receptors, particularly the human P2X7 receptor.
This article will provide an overview of the non-synonymous SNPs (NS-SNPs) that have
been associated with or implicated in altering the susceptibility to pathologies or disease
conditions, and discuss the consequences of the mutations resulting from such NS-SNPs on
the receptor functions. Disease-associated NS-SNPs in the P2RX genes have been valuable
in understanding the disease etiology and the receptor function, and are promising as
biomarkers to be used for the diagnosis and development of stratified therapeutics.
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1. Introduction

Adenosine triphosphate (ATP) is best known as an intracellular energy supplier for a wide range of
activities inside the cell. However, ATP is also released into the extracellular milieu where it acts as
a signalling molecule. It was first shown in a seminal study that ATP released from sensory nerves
caused vasodilation [1]. The theory of purinergic signalling was posited in 1972 [2] but remained
controversial until molecular cloning of the genes encoding the receptors for extracellular ATP in the
1990s [3—6]. It is now firmly established that two structurally and functionally distinctive families of
P2 purinergic receptors in the cell membranes mediate intracellular signalling evoked by extracellular
ATP; ligand-gated ion channel P2X receptors and G-protein-coupled P2Y receptors [7].

Mammalian cells express seven genes encoding seven P2X receptor subunits, P2X1-P2X7 [§].
These subunits are capable of forming homomeric receptors on their own, with the exception of the
P2X6 subunit, or heteromeric receptors, with P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/5, P2X2/6 and
P2X4/6 receptors being defined so far [9]. P2X receptors are expressed in many tissues and cells,
where they are important in mediating a diversity of physiological processes from neurotransmission,
muscle contraction and hearing to immune responses. P2X receptors function as Ca* -permeable
cationic channels that open in response to brief receptor activation. Prolonged activation of many of
the P2X receptors, most saliently the P2X7 receptor, can induce formation of large pores that confer
permeability of the cell membranes to much larger cations and fluorescent dyes [8]. The cellular
distribution, pharmacological properties, and physiological and pathophysiological functions of
the P2X receptors have been extensively discussed in several recent reviews [9-13]. The P2RX genes
encoding the human P2X receptors, particularly the human P2X7 receptor, are highly polymorphic and
contain a large set of single nucleotide polymorphisms (SNPs). Genetic association studies support
non-synonymous SNPs (NS-SNPs) in the P2RX genes as an important genetic factor that alters
the susceptibility of individuals to various disease conditions. Characterisation of the mutations in
P2X receptors resulting from NS-SNPs have shed light on general and receptor-specific
structure-function relationships of these receptors [9]. Furthermore, by combining these approaches,
studies of disease-associated NS-SNPs have provided novel insights into disease mechanisms
(e.g., [14]). In this short review, we will discuss the NS-SNPs in the P2RX genes, focusing on those
which are associated with or implicated in various pathologies. We will give a brief introduction of the
context and describe the studies that support association of NS-SNPs with particular disease(s).
We will also discuss the consequences of such NS-SNP mutations on receptor function in order to
facilitate a better understanding of the disease mechanisms and structure-function relationships of P2X
receptors. Disease-associated NS-SNPs in the P2RX genes are promising as biomarkers to be used for
the diagnosis and development of stratified therapeutics.
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2. Non-Synonymous Single Nucleotide Polymorphisms (NS-SNPs) in the P2RX Genes and
Disease Association

2.1. NS-SNPs in the P2RX2 Gene Increase Susceptibility to Hearing Loss

The human P2RX2 gene has a chromosomal location of 12q24.33 and is composed of 11 exons [15].
Expression of the P2X2 receptor is found in the cochlea of the inner ear, particularly in spiral ganglion
neurons, epithelial cells in Reissner’s membrane, and hair cell stereocilia in the organ of Corti [16—18].
Furthermore, there is evidence to suggest that noise up-regulates P2X2 receptor expression in the
cochlea [19]. Such observations have led to numerous investigations into the role of the P2X2 receptor
in regulating multiple processes in hearing, including auditory neurotransmission [18,20], outer hair
cell electromotility [21], K" recycling [22,23], and control of inner ear gap junctions [22]. Overall,
these studies have provided clear evidence to support a critical role for the P2X2 receptor in maintaining
normal hearing. Consistently, P2X2-deficient mice manifested severe progressive hearing loss and
high-frequency hearing loss as a result of exposure to continuous moderate noise in young
adulthood [24,25].

Noise-induced hearing loss and age-related hearing loss are the two major forms of hearing loss in
humans. DFNA41 is an autosomal dominant and non-syndromic form of deafness which presents as
bilateral and symmetrical post-lingual sensorineural hearing loss, often with high frequency
tinnitus occurring simultaneously [26]. The age of DFNA41 onset ranges from 12 to 20 years and is
progressive throughout the sufferer’s life time, resulting in hearing loss across all frequencies.
The gene(s) responsible for the hearing loss have been mapped to a locus between the marker
D12S1609 and 12qter [26]. A rare heterozygous allele containing 178G>T in the P2RX2 gene has
recently been discovered through linkage analysis of genomic DNA from DFNA41 members in two
unrelated Chinese families, but not in a large group of control subjects [25]. Moreover, this NS-SNP,
resulting in the substitution of valine with leucine at position 60 (V60L) in the human P2X2 receptor,
confers loss of receptor function [25]. The members of these two families who were heterozygous for
the 178G>T or carried the V60L mutation exhibited significantly greater high-frequency hearing loss
following noise exposure in young adulthood [25]. Another recent linkage analysis study of an Italian
family has identified a distinctive NS-SNP, 1057G>C [27]. This NS-SNP changes glycine at position
353 to arginine (G353R) in the human P2X2 receptor.

2.2. NS-SNP in the P2RX4 Gene
2.2.1. 1248 A>G Is Associated with High Pulse Pressure

The human P2RX4 gene is located on chromosome 12q24.31 [28,29] and has 12 exons. Expression
of the P2X4 receptor has been documented in endothelial cells. Activation of the P2X4 receptor induced by
ATP, released from vascular endothelial cells in response to fluid shear stress, can lead to extracellular
Ca’" influx. This subsequently induces the generation of nitric oxide and vessel dilation [30-32].
Genetic deletion of the P2X4 receptor in mice impaired blood flow-dependent control of vascular tone
and loss of adaptive vascular remodelling (i.e., decrease in vessel size in response to a chronic decrease
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in blood flow) [33]. These studies have underscored a critical role for the P2X4 receptor in the
mechanisms that enable vascular remodelling in response to changes in blood flow.

Pulse pressure, the difference between systolic and diastolic blood pressures, is dependent on the
elastic properties of large arteries as well as cardiac stroke volume, and has gained increasing
recognition as an important and independent indicator of morbidity and mortality in cardiovascular
diseases. A recent study has genotyped two Australian cohorts composed of 430 and 2874 subjects
respectively and identified the 1248A>G polymorphism (rs28360472) as a potential risk factor for
high pulse pressure [34]. This NS-SNP results in the substitution of tyrosine at position 315 with
cysteine in the human P2X4 receptor, which impairs receptor function. Analysis of the second cohort
suggests an association between the 1248A>G polymorphism and high pulse pressure [34].

2.2.2. 1248 A>G Increases Susceptibility to Age-Related Macular Degeneration (AMD)

Macular degeneration is a major cause of blindness amongst the elderly [35]. The pathogenesis of
age-related macular degeneration (AMD) includes genetic changes which compromise the innate
immunity required for clearance of debris in the retina. The P2X4 receptor, together with the P2X7
receptor, which will be introduced in the next section, is found in microglia and macrophages in the
central nervous system (CNS) and in the eye [36,37]. A recent study has investigated the 1248A>G
polymorphism in the P2RX4 gene and eleven NS-SNPs in the P2RX7 gene in a cohort of
744 Caucasian AMD patients and 557 control subjects [36]. This study found an association of
the 1248 A>G polymorphism in the P2RX4 gene, but none of the NS-SNPs in the P2RX7 gene, with
increased susceptibility to AMD. The P2X7 receptor is known to exhibit significant scavenger receptor
activity [38]. P2X7 receptor-mediated phagocytosis was strongly suppressed in cells co-expressing
the P2X7 receptor with the P2X4 receptor carrying the Y315C mutation [36], supporting the notion
that a functional partnership between these two receptors is important in maintaining the scavenger
function of macrophages and microglia in the eye.

2.3. NS-SNPs in the P2RX7 Gene

The human P2RX7 gene shares approximately the same chromosomal location as the P2RX4 gene,
within 130 kb based on radiation hybrid mapping, and contains 13 exons [28]. The P2X7 receptor is
widely expressed in immune cells such as monocytes, macrophages, mast cells, lymphocytes,
leukocytes, and dendritic cells. It is important in underpinning the role of extracellular ATP in immune
responses, including the production of pro-inflammatory cytokines, such as interleukin (IL)-1p, and
elimination of dead cells and intracellular pathogens, and also in stimulating cell proliferation and cell
death [39]. The P2X7 receptor is also expressed by microglia, astrocytes and oligodendrocytes in the
CNS and plays a role in glia-neuron interactions via mediating the release of neurotransmitters as well
as the generation of IL-1f from microglia [11,39]. The P2X7 receptor present on satellite glial cells of
the dorsal root ganglions (DRG) in the peripheral nervous system (PNS) has a similar role in mediating
ATP release. Furthermore, the P2X7 receptor is found on bone cells. In osteoblasts the receptor is
engaged in the activation of downstream extracellular signal-regulated kinase as a result of fluid flow
and stimulation of mineralisation [40—43]. In osteoclasts the P2X7 receptor has been implicated in
the formation of multinucleated cells, apoptosis, NF-kB activation, and it is required for intercellular
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Ca”" signalling between osteoclasts and osteoblasts [44]. In P2X7-KO mice, the trabecular bone
resorption in the tibias was increased, but the overall and cortical bone content, periosteal
circumference in the femurs, and periosteal bone formation were reduced [45] and the effect of
mechanical loading on periosteal bone formation was also attenuated [42]. These findings support
a crucial role for the P2X7 receptor in bone formation, metabolism and remodelling.

A number of studies of SNPs in the P2RX7 gene have been carried out over a period of more than
a decade in order to examine a potential role of the human P2X7 receptor in the aetiology of a variety
of clinical conditions, including chronic lymphocytic leukaemia (CCL) [46-51], affective mood
disorders [52-55], multiple sclerosis [56], chronic pain [14], systemic lupus erythematosus, rheumatoid
arthritis [57-59], childhood febrile seizure [60], ischemic stroke, ischemic heart disease [61],
tuberculosis [62—66], sepsis [67], toxoplasmosis [68,69], osteoporosis, and bone fracture [70-74].
Table 1 provides a brief summary of the NS-SNPs that have been associated with or implicated in
altering susceptibility to particular disease condition(s). One point of note is that the 1513A>C
polymorphism was proposed in earlier studies to be associated with CLL [46,47], but such association
has not been supported by subsequent studies [48—51]. In several other cases the supporting evidence
remains limited. In the following section we will discuss the studies that support association of
NS-SNPs in the P2RX7 gene with disease(s).

2.3.1. 1405A>G and 1068G>A Are Implicated in Susceptibility to Affective Mood Disorders

Affective mood disorders, including bipolar disorder (BD), major depressive disorder (MDD) and
anxiety disorder (AD), define a large group of common depression conditions, all characterized by
consistent and pervasive alterations in mood that change thoughts, emotions and behaviours and
thereby result in social impairments [75-79]. The P2RX7 gene has been identified as a locus of
susceptibility to affective mood disorders [80]. Several groups have conducted genetic association
analysis of SNPs in the P2RX7 gene in order to probe the role of the human P2X7 receptor in the
pathogenesis of affective mood disorders. The first two studies were reported in 2006, one examining
a cohort consisting of 231 Canadian BD patients (182 type-I and 31 type-II) and 214 control subjects [52],
and the other study a cohort comprising 1000 German Caucasian patients diagnosed with MDD and
1029 control subjects [53]. Both studies have revealed an association of the 1405A>G polymorphism
for the Q460R mutation with BD [52] and MDD [53]. A subsequent study of 604 BD patients and
560 control subjects with UK and Irish background has confirmed this association [55]. This study,
when combined with the previous studies by Barden et al. [52] and Lucae et al. [53], has found
an even more robust association with affective mood disorders. Another study analysing 171
Hungarian patients with MDD, type-I and type-II BD and 178 control subjects also supports the
association of the 1405A>G polymorphism with affective mood disorders [81]. However, no
significant association with the 1405A>G polymorphism was observed in a UK cohort of 687 patients
with type-I BD, 1036 patients with unipolar recurrent major depression and 1204 control subjects [82]
and also in a cohort of 1445 type-I BD patients and 2006 control subjects from four Central and
Eastern European countries (Germany, Poland, Romania, and Russia) [83]. A meta-analysis study of
6962 patients and 9262 control subjects from 13 different studies deposited in various databases has
also concluded no association of the 1405A>G polymorphism with affective mood disorders overall,
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but has found significant association in family-based cohorts [84]. A study examining a cohort of
179 Caucasian patients with AD and syndromal panic attacks and 462 control subjects has shown a
trend for association of the 1068G>A polymorphism, encoding the gain-of-function A348T mutation,
with AD [54]. However, several recent large-scale genome-wide association studies have failed to
identify P2RX7 as a locus of susceptibility to BD [85—87]. Future studies of large and clearly annotated
samples are required to clarify or validate the association of these NS-SNPs in the P2RX7 gene with
affective mood disorders.

2.3.2.370T>C and 489C>T Increase Susceptibility to Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a CNS neurodegenerative disease, characterized by white matter lesions
with demyelination, inflammation and axonal degeneration [88]. Increased P2X7 expression has been
found in lesion sites in the spinal cord and brain of MS patients [89,90]. A study, using experimental
autoimmune encephalomyelitis of mice, a rodent model of human MS, has shown that inhibition of
the P2X7 receptor using selective antagonists can reduce demyelination as well as improving
MS-associated neurological deficits, thus providing strong evidence to support a role for the P2X7
receptor in the pathogenesis of MS [91]. A recent study has examined a cohort of 734 MS Spanish
patients and found that the 370T>C and 489C>T polymorphisms are prevalent in these patients and
associated with an increased susceptibility to MS [56]. These two NS-SNPs introduce gain-of-function
A76V and H155Y mutations in the human P2X7 receptor.

2.3.3.489C>T and 835G>A Alter Chronic Pain Sensitivity

It has long been known that extracellular ATP is nociceptive. The P2X2/3 receptor, which is
exclusively expressed in DRG neurons, mediates ATP-induced pain and inflammatory and neuropathic
pain [13]. The P2X4 receptor also contributes to chronic neuropathic and inflammatory pain with its
up-regulated expression in the activated spinal microglia following peripheral nerve injury being
critical in the development of neuropathic pain [13]. Moreover, the P2X4 receptor in tissue-residing
macrophages is critically involved for inflammatory pain [13]. As mentioned above, the P2X7 receptor
mediates ATP-induced IL-1P release from immune cells and glia-neuron interactions and therefore
plays an important role in chronic inflammatory and neuropathic pain. Consistently, studies using
rodent models have shown that P2X7 deficiency or pharmacological inhibition of the P2X7 receptor
can attenuate neuropathic and inflammatory pain [92,93]. It is worth mentioning that the P2X7
receptor expressed in DRG satellite glial cells plays a role in attenuating pain. This is achieved
by constituting an inhibitory mechanism along with the P2Y1 receptor in DRG neurons in order to
down-regulate P2X3 protein surface expression on DRG neurons, thereby reducing the pain signalling
mediated by P2X receptors containing the P2X3 subunit [94].

A recent genome-wide study of SNPs in the genes encoding the mouse and human P2X7
receptors has provided further support for a critical role of the P2X7 receptor in chronic pain [14].
More importantly, detailed analysis of the effect of a pain-related NS-SNP on the functional properties
of the P2X7 receptor has shed light on the disease mechanism at the receptor level. This study first
assessed a number of SNPs in several genes in relation to the severity of nerve injury-induced tactile
hypersensitivity or mechanical allodynia in 18 strains of mice. One of the NS-SNPs identified in the
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mouse p2rx7 gene, which was strongly associated with altered sensitivity to chronic neuropathic pain,
introduces P451L mutation in the C-terminal tail of the mouse P2X7 receptor. Mice expressing
the Leu®'-containing P2X7 receptor were substantially less sensitive to neuropathic pain than mice
expressing the Pro*'-containing P2X7 receptor. Further functional characterizations of the P2X7
receptors expressed in macrophage cells from these mice indicate that the P451L mutation strongly
impairs the large pore-forming functionality, without altering ion channel function. These results
suggest that the ability of the P2X7 receptor to induce or form large pores has a critical role in
determining the sensitivity to chronic neuropathic pain. The same study also examined several SNPs in
the human P2RX7 gene in two different cohorts of patients with chronic inflammatory pain [14]. In the
first cohort composed of over 300 women with breast surgery, approximately half developed chronic
pain following the procedure; the 489C>T polymorphism resulting in the gain-of-function H155Y
mutation was strongly correlated with higher levels of post-mastectomy pain and, by contrast, the
835G>A polymorphism for the loss-of-function R270H mutation was associated with lower levels of
pain. A significant association of the 835G>A polymorphism with chronic pain was also identified in
the second cohort of patients with osteoarthritis, an inflammatory condition.

2.3.4. 489C>T Is a Risk Factor for Childhood Febrile Seizure

The important role of the P2X7 receptor in inflammatory responses has led to a recent investigation
of SNPs in the human P2RX7 gene in association with childhood febrile seizures [60]. This study
has examined 157 febrile seizure patients and 163 control subjects and identified the 489C>T
polymorphism, which leads to the HI55Y mutation, as a risk factor for febrile seizures. Such genetic
association was further verified by screening febrile seizure patients from the Wellcome Trust Case
Control Consortium 1958 Birth Cohort.

2.3.5. 1513A>C Reduces Cardiovascular Risk

Similarly, the implication of P2X7 receptor-mediated inflammation in atherothrombosis has
prompted the study of SNPs in the human P2RX7 gene as a cardiovascular risk factor in patients with
ischemic heart disease and ischemic stroke [61]. The study genotyped SNPs in the P2RX7 gene in
1244 patients with ischemic heart disease and 5969 individuals with cardiovascular risk factors
as well as 2488 control subjects, and detailed analysis supports that the 1513A>C polymorphism or
the loss-of-function E496A mutation may reduce the risk of ischemic heart disease in smokers.
Such an association was however not obtained in non-smokers. In addition, this study analysed 4138
ischemic stroke patients and 2528 control subjects, and found that this same NS-SNP may also reduce
the risk of ischemic stroke.

2.3.6. 1513A>C in Susceptibility to Tuberculosis (TB)

Tuberculosis (TB) is a disease that arises from infection by the intracellular pathogen
Mycobacterium tuberculosis (MTB). MTB predominantly replicates in macrophage cells, which act as
the main host cells regulating MTB growth and viability. Macrophage cells can kill MTB by producing
reactive oxygen or nitrogen species [95], and it is known that the P2X7 receptor plays a role in the
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ATP-induced macrophage killing of MTB [96-98]. It is this role in MTB killing that has driven several
genetic association studies to investigate the connection between SNPs in the P2RX7 gene and
susceptibility to TB in various populations. These studies so far have reported inconsistent findings.
For example, an association of the 1513A>C polymorphism for the E496A mutation with TB was not
found in an earlier study examining more than 300 Gambian TB patients and 160 control subjects [62].
However, the 1513A>C polymorphism has been identified as a risk factor in a separate study that
analyzed two relatively small cohorts of individuals from Southeast Asia including Vietnam,
Cambodia, and Laos (86 TB patients and 167 control subjects in the first cohort, and 99 TB patients
and 102 control subjects in the second cohort) [63]. This NS-SNP has also been found to increase the
susceptibility to TB in Mexican populations [64], but not in Chinese and Asian Indian subjects [65,66].
A meta-analysis study attempted to address the inconsistency of the results obtained from these
studies, and has concluded significant association of the 1513A>C polymorphism with an increased
susceptibility to TB [99]. Further analysis of subgroups indicates that this NS-SNP is associated with
a higher susceptibility to TB in Asian populations but is not a risk factor in Latino or African
populations [99]. There are a number of factors that may compound these findings, including the allele
frequency in different ethnic groups, variations in the age of the subjects examined, and TB being
pulmonary or extrapulmonary.

2.3.7.489C>T and 1405A>G Are Potential Factors Increasing Susceptibility to Sepsis

Sepsis is caused by an overactive inflammatory response to infection. One recent study employing
the multi-individual array platform, capable of simultaneously identifying variations in the same
nucleotide in thousands of samples, screened DNA from blood samples taken from 95 patients with
severe sepsis and 518 control subjects [67]. This study found that the prevalence of two NS-SNPs,
489C>T and 1405A>G for the H155Y and Q460R mutations respectively, were significantly higher
in patients suffering from severe sepsis following surgical trauma, implying the presence of these
NS-SNPs as a potential risk factor for sepsis. Further studies are required to ascertain the association.

2.3.8. 1068G>A and 1513A>C Alter Susceptibility to Toxoplasmosis

Toxoplasma gondii is an obligate intracellular parasite, affecting over one third of the human
population. Despite most infections being asymptomatic and self-limiting, infection acquired during
pregnancy can lead to congenital toxoplasmosis, resulting in neonatal death or fetal abnormalities.
Affected infants may display defects in brain and eye functions, and the damage induced by this
parasite appears to occur at a point when the foetal immunity is poorly developed [100,101]. A study,
examining SNPs in 149 groups consisting of the child and their parents, has identified the 1068A
allele, or the 1068G>A polymorphism for the gain-of-function A348T mutation, as a genetic factor
reducing the susceptibility to the conditions such as intracranial calcification, hydrocephalus and
retinochoroiditis resulting from ZToxoplasma gondii infection in utero [68]. Consistently, a separate
study has shown that macrophages expressing the loss-of-function E496A mutant P2X7 receptor,
due to the 1513 A>C polymorphism, were less capable of ATP-induced killing of Toxoplasma gondii [69].
These findings provide consistent evidence to support an inverse relationship between the P2X7 receptor
activity and the susceptibility to toxoplasmosis.



Int. J. Mol. Sci. 2014, 15 13352

2.3.9. Multiple NS-SNPs Are Associated with Osteoporosis and Bone Fracture Risk

Osteoporosis is a progressive skeletal disease causing low bone mass or bone mineral density
(BMD) and microarchitectural deterioration of bone tissues, predisposing individuals with increased
bone fragility and fracture risk [102,103]. As introduced above, the P2X7 receptor has a critical role
in bone formation, metabolism and remodelling, leading to several genetic association studies of SNPs
in the human P2RX7 gene with increased susceptibility to osteoporosis or risk of bone fracture. These
studies have identified an association with several NS-SNPs (Table 1). The first study examined
a cohort of 1764 postmenopausal women and has reported that two NS-SNPs, 1513A>C and
1729T>A, which cause the loss-of-function E496A and 1568N mutations respectively, were associated
with the vertebral fracture incidence rate over 10 years [70]. The second study investigated a cohort of
506 post-menopausal women from the Aberdeen Prospective Osteoporosis Screening Study in relation
to BMD in the lumbar spine [71]. Patients carrying the 946G>A polymorphism for the loss-of-function
R307Q mutation showed significantly lower lumbar spine BMD, both at baseline and 67 years later.
In addition, a group of subjects carrying multiple NS-SNPs (946G>A, 1096C>G, 1513A>C and
1929T>A, resulting in the loss-of-function R307Q, T357S, E496A, and I568N mutations respectively)
manifested approximately 9% reduction in their lumbar spine BMD each year over a period of
10 years. Another study was published at the same year, which analyzed 12 NS-SNPs with respect to
the risk of bone fracture in a cohort of 1694 women participating in the Danish Osteoporosis Prevention
Study [72]. This study, combining measurements of both BMD and fracture incidence at baseline and
after 10 years, has also found the 946G>A polymorphism to exhibit a clear association with an
increased rate of bone loss, with the rate of bone loss being 40% higher in patients heterozygous for
this polymorphism. Furthermore, the 1729T>A polymorphism for the IS68N mutation has also been
associated with an increased rate of bone loss. In contrast, another two NS-SNPs, 1068G>A and
1405A>G, giving rise to the A348T and Q460R mutations, were linked with an increased BMD and
a lower rate of vertebral fracture incidence 10 years after menopause. Two further studies have
examined a Dutch cohort of 690 women and 231 men, and a Danish cohort of 462 osteoporotic men
and women. In the Dutch cohort, the 1068G>A polymorphism for the gain-of-function A348T
mutation was found to be associated with higher BMD at the lumbar spine. In contrast, the 474G>A
and 1513A>C polymorphisms for the loss-of-function G150R and E496A mutations respectively were
correlated with decreased BMD in the hip, and the 1405A>G polymorphism for the Q460R mutation
was linked to a strong increase in the risk of developing osteoporosis [74]. The second recent
study examined NS-SNPs as a risk factor of bone fracture [73]. The 474G>A polymorphism for
the loss-of-function GI50R mutation is associated with a lower hip BMD in both men and women,
whereas the 1513A>C polymorphism for the loss-of-function E496A mutation was linked with
lower lumbar spine BMD in women and lower hip BMD in men. In contrast, the alleles encoding
the gain-of-function mutations were correlated with lower fracture risk and/or increased BMD.
The 1405A>G polymorphism for the Q460R mutation was associated with increased BMD in the hips
of women, and the 1068G>A polymorphism for the A348T mutation was linked to increased BMD
and lower fracture in men. This is the first study to show segregation of NS-SNPs between
the genders and suggest that the effects on BMD and bone fracture are mainly driven by the 1068G>A
polymorphism in men and by the 1405A>G and 1513A>C polymorphisms in women [73].
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Overall, these genetic studies of NS-SNPs support the concept that increased P2X7 receptor activity
confers a lower rate of bone loss and a reduced risk of bone fracture in both men and women.
Consistent with these genetic association studies in humans, the NS-SNP in the mouse p2rx7 gene for
the loss-of-function P451L mutation has been found to be associated with an increased predisposition

to osteoporosis [104].

Table 1. Disease-associated non-synonymous single nucleotide polymorphisms (NS-SNPs)

in the P2RX7 gene.
rs Number Change in Nucleotide Implicated Conditions
u i iti
(Amino Acid) Sequence P
rs17525809 370T>V (A76V) Multiple sclerosis [56]
rs28360447 474G>A (G150R) Osteoporosis [73,74]
Multiple sclerosis [56]; chronic pain [14]; severe sepsis [67];
208294 489C>T (H155Y
s ( ) children febrile seizures [60]
rs7958311 835G>A (R270H) Chronic pain [14]
rs28360457 946G>A (R307Q) Osteoporosis [71,72]
rs1718119 1068G>A (A348T) Osteoporosis [72—74]; anxiety disorder [54]; toxoplasmosis [68]
rs2230911 1096C>G (T357S) Osteoporosis [71]
Osteoporosis [72—74]; severe sepsis [67]; bipolar disorders and
2230912 1405A>G (Q460R . :
s Q ) major depressive disorders [52,53,55,81] (but see [82,83]) '
Ost is [70—74]; tuberculosis [63,64,99];
1s3751143 1513A>C (E496A) steoporosis [70-74]; tuberculosis [63,64,99;

cardiovascular risks [61]
rs1653624 1729T>A (I568N) Osteoporosis [70—72]

T, association with bipolar disorders and major depressive disorders is not supported by studies shown in brackets.

3. NS-SNP Mutational Effects on Receptor Function

The seven mammalian P2X receptor subunits vary in length, with the human P2X receptor subunits
ranging from 377 amino acid residues in the P2X6 receptor to 595 residues in the P2X7 receptor [8].
However, all of them have the same membrane topology, containing a large extracellular domain,
two transmembrane domains (TM1 and TM2) and intracellular C- and N-termini (Figures 1-4).
While the extracellular and transmembrane domains show strong amino acid sequence conservation
and are similar in length, the intracellular domains are less conserved and variable in length, with
the P2X7 receptor subunit having a much longer C-terminus. The crystal structures of the zebrafish
P2X4 receptor have been determined in the closed [105] and ATP-bound open states [106],
representing the most recent milestone in P2X receptor research. Despite the lack of the intracellular
domains, these structures have been invaluable in understanding ATP binding and channel gating [107].
The high sequence similarity between the zebrafish P2X4 receptor and the mammalian P2X
receptors enables homology modelling of the latter receptors. Such structural models have provided
the structural framework for more accurate interpretations of the site-directed mutagenesis data
accumulated over the past decade [107-109] and provide exciting opportunities to define the
structure-function relationships of the mammalian P2X receptors in greater detail [107] and design
small molecular chemicals for therapeutics. As illustrated in Figure 1, the human P2X7 receptor,
as with other P2X receptors, assumes a “chalice-like” structure, in which three subunits are intertwined
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around each other in a three-fold symmetric manner running perpendicularly to the cell membrane and
the six o-helical transmembrane domains, two from each of the three subunits, form the central
aqueous ion-conducting pore. The overall shape of each subunit has been suggested to resemble that of
a leaping dolphin (Figures 2A—4A).

The mutations resulting from NS-SNPs have been examined in terms of their effects on the
Ca” -permeable cationic channel function by measuring agonist-induced Ca®" influx or currents and on
the ability to induce large pore formation by monitoring fluorescent dye uptake. In this section we will
discuss such mutational effects, focusing on those arising from the disease-associated NS-SNPs
described above. Their locations in the structural homology models are shown for the human P2X2
receptor (Figure 2A), human P2X4 receptor (Figure 3A), and human P2X7 receptor except for
the mutations (Glu*®, Glu*® and 11e°®®) in the C-terminus of the human P2X7 receptor (Figure 4A) as

the structural information of the intracellular domains is still unavailable.

Figure 1. Structural homology models of the trimeric human P2X7 receptor. (Left) closed
state; and (right) ATP-bound open state, viewed parallel to the plasma membrane (top) or
the extracellular side (bottom). The three subunits are denoted in different colours, and the
three bound ATP molecules are highlighted in spheres.

3.1. V60L and the Human P2X2 Receptor

The effect of the V60L mutation has been examined in several heterologous expression systems.
When expressed in HEK293 cells, the human V60L mutant P2X2 receptor failed to mediate
detectable ATP-induced currents, in contrast with the strong currents conducted by the wild-type
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receptor [25]. Expression of the wild-type P2X2 receptor in MDCK-II cells conferred strong ATP-induced
FM1-43 fluorescent dye uptake but expression of the mutant V6OL receptor resulted in no such dye
uptake. Cells co-expressing the wild-type and mutant P2X2 subunits exhibited ATP-evoked FM1-43
uptake but the response was reduced by approximately 60% [25]. The GFP-tagged wild-type or V60L
mutant P2X2 proteins, when expressed in the explant cultures of neonatal rat organ of Corti and
vestibular tissues, showed identical localization and, as anticipated, appeared in the apical membranes
of hair cells in the organ of Corti [25]. These results suggest that the V60L mutation impairs the
function of the receptor rather than its expression or subcellular localization. Valine at this position is
highly conserved within the mammalian P2X2 receptors and located at the outer end of TM1 (Figure 2B).
Cysteine substitution of the corresponding residue (Val*) in the rat P2X2 receptor had minimal effect
on receptor function [110]. Simultaneous cysteine substitution of Val*® and Ile’*® in the outer end of
TM2 resulted in the spontaneous formation of a disulphide bond which prevented the channel opening,
suggesting close vicinity of these two positions and substantial relative movement of the regions
surrounding them during receptor activation [110]. This notion has been elegantly illustrated in
structural models, which show the two positions to juxtapose very closely in the closed state but move
far apart in the open state (Figure 2B). The structural models offer one possible interpretation of the
loss of function by the V60L mutation; the larger side-chain of leucine introduced at this position may
impede the relative movement of TM1 and TM2 (Figure 2B), the conformational changes required for
channel opening.

Figure 2. Structural homology models of the human P2X2 receptor. (A) The dolphin-like
structure of a single receptor subunit in the closed state is shown with distinctive body
parts in different colours, and Val® in the extracellular end of TM1 and Gly’> in the
intracellular half of TM2 are highlighted; (B) Changes in the distance between Val®® and
Ile**® (left) and structural differences introduced by the V60L in the closed (top) and open
states (bottom) viewed from the extracellular side of the membrane; and (C) Structural

353

differences introduced by mutating Gly™ (top) to arginine (bottom) in the open state

viewed from the cytoplasmic side of the membrane. TM: transmembrane domains.




Int. J. Mol. Sci. 2014, 15 13356

3.2. G353R and the Human P2X2 Receptor

Gly* is located in the intracellular half of TM2 (Figure 2A,C). This residue is completely conserved

342

in the mammalian P2X receptor family, corresponding to Gly™™ in the rat P2X2 receptor [111]. A previous

study which combined sited-directed mutagenesis and structural modelling suggests that

33 and Asp®® form the narrowest part or

in the rat P2X2 receptor the residues between Asn
the physical gate of the ion-permeating pore that occludes the ion permeation in the closed state and
Gly*** is thus part of the intracellular pore [111]. The mutational effect on the human P2X receptor
function has not been characterized so far. It has been proposed based on structural modelling that the

353

mutation of Gly™™” to arginine with a positively-charged and long side-chain may introduce structural

distortions and anomalous interactions with the membrane lipids [27], but the supporting evidence

still awaits. Nonetheless, Gly***

in the rat P2X2 receptor has been examined in considerable detail.
Expression of the G342C mutant receptor resulted in small spontaneous currents, as well as
ATP-evoked currents [111,112]. The P2X2 receptor carrying substitution with alanine, aspartate,
serine, threonine, tryptophan, or phenylalanine exhibited normal channel unitary conductance, which
was substantially reduced by the G342K mutation [111]. Introduction of the G353R mutation in the

human P2X2 receptor may confer a larger inhibitory effect on the channel conductance.
3.3. Y315C and the Human P2X4 Receptor

The effects of the Y315C mutation on the human P2X4 receptor have been characterized after
heterologous expression in HEK293 cells using patch-clamp recording [34]. The Y315C mutation
impaired receptor function by conferring 10-fold reduction in the maximal current amplitude and

>30-fold reduction in the ATP sensitivity. Replacement of Tyr’"

with serine carrying an OH group
instead of a SH group in cysteine resulted in a similar reduction in the ATP sensitivity with no
significant change in the maximal current amplitude. Treatment with the reducing agent dithiothreitol
had no effect on ATP-induced currents mediated by the wild-type or Y315S mutant receptor,
but increased the currents by the Y315C mutant receptor with the maximal current amplitude similar to
that at the wild-type and Y315S mutant receptors. These results suggest that cysteine introduced by
the Y315C mutation forms aberrant disulphide bonds with cysteine residues present in the extracellular
domain and that such disulphide bonds alter the tertiary structure of the P2X4 receptor and thereby
prevent full receptor activation. Structural models of the human P2X4 receptor based on the crystal
structure of the zebrafish P2X4 receptor in the closed and open states [105,106] show that position 315
is in close vicinity to the inter-subunit ATP-binding site (Figure 3). Furthermore, molecular docking

studies suggest that the replacement of tyrosine with cysteine or serine impairs ATP binding [34].
3.4. A76V and the Human P2X7 Receptor

The literature contains a number of studies comparing the effects of either the A76V or V76A
mutation with their respective parental “wild-type” human P2X7 receptor carrying alanine or valine
at position 76 [56,113,114]. HEK293 cells expressing the A76V mutant receptor exhibited higher
Ca’" influx, larger whole-cell currents and an increased rate of ethidium dye uptake when compared
to cells expressing the wild-type P2X7 receptor carrying Ala’® upon stimulation with ATP [56].
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Conversely, ATP-evoked currents and ethidium dye uptake were significantly reduced in HEK293
cells expressing the V76A mutant receptor compared to cells expressing the wild-type receptor
harbouring Val’®, with no major change in the ATP sensitivity [113,114]. Therefore, these studies have
drawn a consistent conclusion that the receptors having valine at position 76 show greater functional
activity than the receptors carrying alanine. Position 76 is located within the “upper body” region of
the extracellular domain in the structural models (Figure 4B) and in the middle of a loop that differs
between the P2X7 receptor and the other P2X receptors, including the P2X2 and P2X4 receptors
(c.f., Figures 2A—4A). The change from alanine to valine increases the size of the side-chain
(Figure 4B). Comparison of the structures of the zebrafish P2X4 receptor in the closed and open
states indicates a lack of substantial conformational change in the upper body during receptor
activation [106] and thus the homology modelling of the human P2X7 receptor does not provide
obvious clues as to how the A76V mutation increases receptor function.

Figure 3. Structural homology models of the human P2X4 receptor. (A) the dolphin-shaped
structure of a single receptor subunit in the closed state shown with distinctive body parts in
different colours (the same colour scheme used in Figure 2A for the human P2X2 receptor
subunit) and the location of Tyr’"® highlighted; and (B) views of Tyr’"® (orange; top) and
Cys’"® (magenta, bottom) in the close proximity to the ATP-binding site in the open state.

A

3.5. G150R and the Human P2X7 Receptor

Gly"" is highly conserved across all members of the P2X family [8], suggesting a vital role for this
residue. Monocytes endogenously expressing the G150R mutant human P2X7 receptor exhibited strongly
reduced dye uptake or pore formation as compared to cells expressing the wild-type receptor [115].
Heterologous expression of this mutant P2X7 receptor in HEK293 cells resulted in no detectable
current and dye uptake in response to ATP [115]. This residue is situated on the top of the head
domain, towards the ‘beak’ part, which undergoes little movement during ATP-induced transition from
the closed to open state (Figure 4C). Homology modelling of the human P2X7 receptor thus offers no
straightforward interpretation for the loss of receptor function. Nonetheless, arginine has a large and
positively-charged side-chain and the G150R mutation may prevent the strucutural flexibility that is
required for conformational changes in the adjacent parts [116] (Figure 4C).
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Figure 4. Structural homology models of the human P2X7 receptor. (A) the dolphin-shaped
structure of a single receptor subunit in the closed state is shown with distinctive body
parts in different colours (the same colour scheme used in Figure 2A and Figure 3A for the
human P2X2 and P2X4 receptor subunits) and location of the residues to be mutated by
disease-associated NS-SNPs are highlighted; (B—F) structural differences introduced by the
V76A (B), GI50R (C), H155Y (D), R270H (E), and A348T mutation (F) in the closed (top)
and open state (bottom). The original residues are shown in orange and the substituted
residues in magenta in (B-E). (F) is viewed from the cytoplasmic side of the membrane.

3.6. H155Y and the Human P2X7 Receptor

While the 489C>T polymorphism for the H155Y mutation is associated with chronic pain, but not
with CLL, systemic lupus erythematosus and rheumatoid arthritis, lymphocytes from patients with
such conditions expressing the H155Y mutant receptor showed higher Ca®" influx in response to
extracellular ATP [58,117]. Such gain of function was consistently observed in heterologous
expression cells expressing the mutant receptor. There were significantly greater ATP-induced Ca*"
influx and ethidium uptake in HEK293 cells expressing the H155Y mutant receptor [118]. The HI155Y
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mutation also increased agonist-induced currents mediated by the human P2X7 receptor expressed in
HEK293 cells [113,119]. The increases in receptor-mediated responses were not related to an effect on

the ATP sensitivity, consistent with the location of His'’

in the head domain far away from the
ATP-binding site (Figure 4D). A more systematic study of the effects of changing His'> to residues
with different side-chain properties on the P2X7 receptor function and cell surface expression has led
to the conclusion that the gain of function accompanying the H155Y mutation predominantly results
from a higher level of receptor expression on the cell surface [119]. A recent study suggests that the

mutation may increase total protein expression of the P2X7 receptor [120].
3.7. R270H and the Human P2X7 Receptor

The human P2X7 clone that is widely used in heterologous expression studies encodes a receptor
containing histidine instead of arginine at position 270. HEK293 cells expressing the H270R mutant
receptor showed larger ATP-induced ethidium uptake than cells expressing the wild-type receptor [114].
Thus, the gain of function resulting from the H270R mutation suggests by inference that the human

P2X7 receptor carrying His*"

270

or the R270H mutation is hypofunctional compared to the wild-type
receptor carrying Arg™". A recent study of the canine P2X7 receptor has shown the R270C mutant
receptor was non-functional, highlighting the functional importance of Arg®’® [121]. The residue at
position 270 is part of a loop region in the lower body of the extracellular domain which undergoes some
conformational change during receptor activation (Figure 4E), but such information is insufficient to

explain how the aforementioned mutations alter the receptor function.
3.8. A348T and the Human P2X7 Receptor

The A348T mutation was initially reported to decrease the functional activity of the human P2X7
receptor endogenously expressed in lymphocytes and heterologously expressed in HEK293 cells [117].
Subsequent studies have proved the contrary. Expression of the A348T mutant receptor in HEK293 cells
resulted in significantly greater ATP-induced currents or dye uptake than when the wild-type human
P2X7 receptor was expressed [113,119]. The mutation did not, however, have an effect on the ATP
sensitivity. The equivalent residue in the rat P2X7 receptor is threonine and the introduction of the
T348A mutation significantly reduced ATP-induced currents without altering the ATP sensitivity [119].
Immunofluorescent confocal imaging and Western blotting analyses indicate that the A348T mutation
in the human P2X7 receptor and the reciprocal T384A mutation in the rat P2X7 receptor had no effect
on the total and cell surface expression of the receptors [119], although a recent study suggests that
the A348T mutation may also increase total protein expression of the human P2X7 receptor [120].
Homology modelling of the P2X7 receptors has revealed that this residue is located in TM2 as part of
the intracellular pore and immediately adjacent to the physical gate (Figure 4F). There is evidence
suggesting that the intracellular pore may narrow during channel opening [122]. As such it is likely
that Ala**® plays a role in modulating channel opening, ion permeation or both. This notion is highly
consistent with the inverse relationship between the size of the amino acid residue introduced at this
position and the effect on the ATP-induced current amplitude; changes to residues with smaller
side-chains resulted in larger currents, whereas changes to residues with much larger side-chains led to
smaller currents [119].
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3.9. O460R and the Human P2X7 Receptor

The glutamine residue at position 460 is located in the intracellular C-terminus and is highly
conserved across the mammalian P2X7 receptors. The ATP-induced currents in HEK293 cells
expressing the Q460R mutant receptor were not statistically different from those in cells expressing
the wild-type receptor [113,117]. Studies have reported that the Q460R mutation either had no
effect [113,117], a slight increase [115] or a modest but significant reduction [114] in terms of the
ability of the receptor to induce large pore formation or dye uptake. The findings that the Q460R
mutation does not significantly affect P2X7 receptor function are perhaps rather unexpected, given
the association of the 1405A>G polymorphism for this mutation with several disease conditions
(Table 1). However, this NS-SNP has been found to be co-inherited with other NS-SNPs that confer
gain-of-function mutations, such as H155Y, H270R, and A468T [114]. Further studies are thus
required to examine the possibility that the disease association is related to the NS-SNPs that are
co-inherited with the 1405A>G polymorphism.

3.10. E496A and the Human P2X7 Receptor

The E496A mutation resulting from the 1315A>C polymorphism is located in the intracellular
C-terminal tail of the P2X7 receptor. This mutation has been examined in several studies and the
literature contains conflicting results. An early immunofluorescent confocal microscopy study revealed
similar cell surface expression for the wild-type receptor and the E496A mutant receptor endogenously
expressed in human leukocytes [123]. However, further studies which made use of flow cytometry
assays to determine ethidium dye uptake and Ba”" influx in these cells showed that the mutant receptor
was non-functional when expressed at low density but regained the normal functionality when
expressed at high density [117,123]. HEK293 cells expressing the mutant receptor displayed very
low ATP-dependent ethidium uptake [117], consistently supporting the idea that the large pore
functionality of the P2X7 receptor is impaired. A separate study showed very similar ion channel
functional properties as evidenced by the lack of significant difference in the ATP-induced current
amplitude, channel activation and deactivation kinetics, and permeation between the wild-type and
E496A mutant receptors expressed in Xenopus oocytes and HEK293 cells [124]. This study did not
examine the large pore functionality but, by combining with the previous study [123], has concluded
that Glu™® plays a determinant role in large pore formation but not in ion channel functional properties
of the human P2X7 receptor. A subsequent study compared the ATP-induced currents and dye
uptake mediated by the wild-type and E496A mutant receptors expressed in HEK293 cells, and
the results clearly indicate that the E496A mutation impairs both ion channel and large pore
functionalities [113].

The E496A mutation has been studied for its effect on the P2X7-dependent release of IL-1B. An
earlier study showed that ATP-induced IL-1P release was attenuated in human monocytes expressing
the E496A receptor upon treatment with a high concentration of ATP for short durations [125].
A recent study has used whole blood samples from patients with bone fractures carrying the E496A
mutant receptor and from control subjects expressing the wild-type receptor, and found IL-1f release



Int. J. Mol. Sci. 2014, 15 13361

induced by prolonged exposure to ATP was in fact increased in cells expressing the E496A mutant
receptor [126]. The exact cause for the discrepancy in such results remains to be established.

3.11. 1568N and the Human P2X7 Receptor

The 11e*®® residue lies in the distal tail of the intracellular C-terminus and is highly conserved
among the mammalian P2X7 receptors. Human lymphocytes heterozygous for the IS68N mutation
showed lower ATP-induced Rb" and Ba®" flux (reflective of K™ and Ca®" permeation respectively),
due to reduced cell surface expression [127]. However, HEK293 cells expressing the P2X7 receptor
containing this mutation exhibited no detectable ATP-evoked current and dye uptake [113], consistent
with 11e*® being part of the trafficking motif that is composed of residues 551—581 and is important in
membrane trafficking of the P2X7 receptor [128].

4. Concluding Remarks

Studies over the past decades, mainly using rodent animals, cells and models of diseases, have
revealed an important role for P2X receptors in mediating extracellular ATP signalling in a wide range
of physiological and pathological processes. The P2RX genes encoding the human P2X receptors are
rich in SNPs. As highlighted above, an increasing number of NS-SNPs have shown to be associated
with diseases and significantly influence the receptor activity by altering receptor expression and/or
functional properties. These findings, taken together, have provided direct evidence to support a role of
the human P2X receptors in health and disease. The evidence from these studies is compelling for
certain diseases, but additional well-designed and large-scale genetic association studies are required to
ascertain the role for the human P2X receptors in many other conditions. The study of NS-SNPs will
continue to help us to advance the understanding of several aspects of the P2X receptors. Firstly,
studies of SNPs in the P2RX genes can yield direct evidence for the role of human P2X receptors in the
aetiology of a particular disease, such as the P2X2 receptor in hearing loss, or a group of diseases such
as the P2X7 receptor in several inflammatory conditions. Secondly, disease-associated NS-SNPs could
be used as diagnosis biomarkers to formulate preventive measurements, for example to reduce the risk
of hearing loss and bone fracture and also to develop personalized treatments for osteoporosis and
chronic pain. Thirdly, characterizations of the mutations caused by the disease-associated NS-SNP will
aid us to gain a better understanding of the disease mechanisms and structure-function relationships of
human P2X receptors. Finally, an improved delineation of the structure-function relationships of the
human P2X receptors is critical for drug discovery because there are striking differences in functional
and pharmacological properties between the human and rodent P2X receptors, as shown for the P2X2,
P2X4, P2X5, and P2X7 receptors (e.g., [29,129-135]).

Acknowledgments

E.A.C. is supported by a Wellcome Trust training grant, and S.P.M. is supported by an MRC Career
Development fellowship. The research in L.-H.J.’s laboratory has been supported by the Wellcome
Trust and the Biotechnology and Biological Science Research Council.



Int. J. Mol. Sci. 2014, 15 13362

Author Contributions

E.A.C. and L.-H.J. prepared the manuscript. All other authors made critical contributions to the
research described and provided comments during manuscript preparation and revision.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Holton, F.A.; Holton, P. The capillary dilator substances in dry powders of spinal roots—A possible
role of adenosine triphosphate in chemical transmission from nerve endings. J. Physiol. 1954,
126, 124-140.

2. Burnstock, G. Purinergic nerves. Pharmacol. Rev. 1972, 24, 509-581.

3. Webb, T.E.; Simon, J.; Krishek, B.J.; Bateson, A.N.; Smart, T.G.; King, B.F.; Burnstock, G.;
Barnard, E.A. Cloning and functional expression of a brain G-protein-coupled ATP receptor.
FEBS Lett. 1993, 324, 219-225.

4.  Lustig, K.D.; Shiau, A.K.; Brake, A.J.; Julius, D. Expression cloning of an ATP receptor from mouse
neuroblastoma cells. Proc. Natl. Acad. Sci. USA 1993, 90, 5113-5117.

5. Valera, S.; Hussy, N.; Evans, RJ.; Adami, N.; North, R.A.; Surprenant, A.; Buell, G. A new
class of ligand-gated ion channel defined by P2X receptor for extracellular ATP. Nature 1994, 371,
516-519.

6. Brake, A.J.; Wagenbach, M.J.; Julius, D. New structural motif for ligand-gated ion channels
defined by an ionotropic ATP receptor. Nature 1994, 371, 519-523.

7. Ralevic, V.; Burnstock, G. Receptors for purines and pyrimidines. Pharmacol. Rev. 1998, 50,
413-492.

8. North, R.A. Molecular physiology of P2X receptors. Physiol. Rev. 2002, 82, 1013—-1067.

Jiang, L.H.; Baldwin, J.M.; Roger, S.; Baldwin, S.A. Insights into the molecular mechanisms
underlying mammalian P2X7 receptor functions and contributions in diseases, revealed by
structural modeling and single nucleotide polymorphisms. Front. Pharmacol. 2013, 4, 55.

10. Surprenant, A.; North, R.A. Signaling at purinergic P2X receptors. Annu. Rev. Physiol. 2009,
71,333-359.

11. Khakh, B.S.; North, R.A. Neuromodulation by extracellular ATP and P2X receptors in the CNS.
Neuron 2012, 76, 51-69.

12.  North, R.A.; Jarvis, M.F. P2X receptors as drug targets. Mol. Pharmacol. 2013, 83, 759-769.

13. Jiang, L.-H. P2X receptormediated ATP purinergic signalling in health and disease.
Cell Health Cytoskelet. 2012, 4, 83—-101.

14. 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. Genetically determined P2X7 receptor pore
formation regulates variability in chronic pain sensitivity. Nat. Med. 2012, 18, 595-599.



Int. J. Mol. Sci. 2014, 15 13363

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lynch, K.J.; Touma, E.; Niforatos, W.; Kage, K.L.; Burgard, E.C.; van Biesen, T.; Kowaluk, E.A.;
Jarvis, M.F. Molecular and functional characterization of human P2X2 receptors. Mol. Pharmacol.
1999, 56, 1171-1181.

Salih, S.G.; Housley, G.D.; Burton, L.D.; Greenwood, D. P2X2 receptor subunit expression in a
subpopulation of cochlear type I spiral ganglion neurones. Neuroreport 1998, 9, 279-282.
Housley, G.D.; Luo, L.; Ryan, A.F. Localization of mRNA encoding the P2X2 receptor subunit
of the adenosine 5'-triphosphate-gated ion channel in the adult and developing rat inner ear by
in situ hybridization. J. Comp. Neurol. 1998, 393, 403—414.

Housley, G.D.; Kanjhan, R.; Raybould, N.P.; Greenwood, D.; Salih, S.G.; Jarlebark, L.;
Burton, L.D.; Setz, V.C.M.; Cannell, M.B.; Soeller, C.; et al. Expression of the P2X2 receptor
subunit of the ATP-gated ion channel in the cochlea: Implications for sound transduction and
auditory neurotransmission. J. Neurosci. 1999, 19, 8377—8388.

Wang, J.C.C.; Raybould, N.P.; Luo, L.; Ryan, A.F.; Cannell, M.B.; Thorne, P.R.; Housley, G.D.
Noise induces up-regulation of P2X2 receptor subunit of ATP-gated ion channels in the rat
cochlea. Neuroreport 2003, 14, 817-823.

Salih, S.G.; Housley, G.D.; Raybould, N.P.; Thorne, P.R. ATP-gated ion channel expression in
primary auditory neurones. Neuroreport 1999, 10, 2579-2586.

Yu, N.; Zhao, H.-B. ATP activates P2X receptors and requires extracellular Ca*" participation to
modify outer hair cell nonlinear capacitance. Pfliig. Arch.-Eur. J. Physiol. 2008, 457, 453—-461.
Zhu, Y.; Zhao, H.-B. ATP activates P2X receptors to mediate gap junctional coupling in the
cochlea. Biochem. Biophys. Res. Commun. 2012, 426, 528-532.

Zhu, Y.; Zhao, H.-B. ATP-mediated potassium recycling in the cochlear supporting cells.
Purinergic Signal. 2010, 6, 221-229.

Housley, G.D.; Morton-Jones, R.; Vlajkovic, S.M.; Telang, R.S.; Paramananthasivam, V.;
Tadros, S.F.; Wong, A.C.Y.; Froud, K.E.; Cederholm, J.M.E.; Sivakumaran, Y.; et al. ATP-gated
ion channels mediate adaptation to elevated sound levels. Proc. Natl. Acad. Sci. USA 2013,
110, 7494-7499.

Yan, D.; Zhu, Y.; Walsh, T.; Xie, D.; Yuan, H.; Sirmaci, A.; Fujikawa, T.; Wong, A.C.Y;
Loh, T.L.; Du, L.; ef al. Mutation of the ATP-gated P2X2 receptor leads to progressive hearing
loss and increased susceptibility to noise. Proc. Natl. Acad. Sci. USA 2013, 110, 2228-2233.
Blanton, S.H.; Liang, C.Y.; Cai, M.W.; Pandya, A.; Du, L.L.; Landa, B.; Mummalanni, S.;
Li, K.S.; Chen, Z.Y.; Qin, X.N.; et al. A novel locus for autosomal dominant non-syndromic
deafness (DFNA41) maps to chromosome 12q24-qter. J. Med. Genet. 2002, 39, 567-570.
Faletra, F.; Girotto, G.; D’Adamo, A.P.; Vozzi, D.; Morgan, A.; Gasparini, P. A novel P2RX2
mutation in an Italian family affected by autosomal dominant nonsyndromic hearing loss. Gene
2014, 534, 236-239.

Buell, G.N.; Talabot, F.; 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.

Garcia-Guzman, M.; Soto, F.; Gomez-Hernandez, J.M.; Lund, P.-E.; Stiihmer, W. Characterization
of recombinant human P2X4 receptor reveals pharmacological differences to the rat homologue.
Mol. Pharmacol. 1997, 51, 109-118.



Int. J. Mol. Sci. 2014, 15 13364

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Yamamoto, K.; Korenaga, R.; Kamiya, A.; Qi, Z.; Sokabe, M.; Ando, J. P2X4 receptors mediate
ATP-induced calcium influx in human vascular endothelial cells. Am. J. Physiol.-Heart Circ. Physiol.
2000, 279, H285-H292.

Yamamoto, K.; Korenaga, R.; Kamiya, A.; Ando, J. Fluid shear stress activates Ca*" influx into
human endothelial cells via P2X4 purinoceptors. Circ. Res. 2000, 87, 385-391.

Yamamoto, K.; Furuya, K.; Nakamura, M.; Kobatake, E.; Sokabe, M.; Ando, J. Visualization of
flow-induced ATP release and triggering of Ca®" waves at caveolae in vascular endothelial cells.
J. Cell Sci. 2011, 124, 3477-3483.

Yamamoto, K.; Sokabe, T.; Matsumoto, T.; Yoshimura, K.; Shibata, M.; Ohura, N.; Fukuda, T.;
Sato, T.; Sekine, K.; Kato, S. Impaired flow-dependent control of vascular tone and remodeling
in P2X4-deficient mice. Nat. Med. 2005, 12, 133—-137.

Stokes, L.; Scurrah, K.; Ellis, J.A.; Cromer, B.A.; Skarratt, K.K.; Gu, B.J.; Harrap, S.B.;
Wiley, J.S. A loss-of-function polymorphism in the human P2X4 receptor is associated with
increased pulse pressure. Hypertension 2011, 58, 1086—1092.

Ting, A.Y.; Lee, T.K.; MacDonald, .M. Genetics of age-related macular degeneration.
Curr. Opin. Ophthalmol. 2009, 20, 369-376.

Gu, B.J.; Baird, P.N.; Vessey, K.A.; Skarratt, K.K.; Fletcher, E.L.; Fuller, S.J.; Richardson, A.J.;
Guymer, R.H.; Wiley, J.S. A rare functional haplotype of the P2RX4 and P2RX7 genes leads to
loss of innate phagocytosis and confers increased risk of age-related macular degeneration.
FASEB J. 2013, 27, 1479-1487.

Monif, M.; Reid, C.A.; Powell, K.L.; Smart, M.L.; Williams, D.A. The P2X7 receptor
drives microglial activation and proliferation: A trophic role for P2X7R pore. J. Neurosci. 2009,
29, 3781-3791.

Gu, B.J.; Saunders, B.M.; Petrou, S.; Wiley, J.S. P2X7 is a scavenger receptor for apoptotic cells
in the absence of its ligand, extracellular ATP. J. Immunol. 2011, 187, 2365-2375.

Jiang, L.-H. Inhibition of P2X7 receptors by divalent cations: Old action and new insight.
Eur. Biophys. J. 2009, 38, 339-346.

Panupinthu, N.; Zhao, L.; Possmayer, F.; Ke, H.Z.; Sims, S.M.; Dixon, S.J. P2X7 nucleotide
receptors mediate blebbing in osteoblasts through a pathway involving lysophosphatidic acid.
J. Biol. Chem. 2007, 282, 3403-3412.

Panupinthu, N.; Rogers, J.T.; Zhao, L.; Solano-Flores, L.P.; Possmayer, F.; Sims, S.M.;
Dixon, S.J. P2X7 receptors on osteoblasts couple to production of lysophosphatidic acid:
A signaling axis promoting osteogenesis. J. Cell Biol. 2008, 181, 859-871.

Li, J.; Liu, D.; Ke, H.Z.; Duncan, R.L.; Turner, C.H. The P2X7 nucleotide receptor mediates
skeletal mechanotransduction. J. Biol. Chem. 2005, 280, 42952—-42959.

Okumura, H.; Shiba, D.; Kubo, T.; Yokoyama, T. P2X7 receptor as sensitive flow sensor for
ERK activation in osteoblasts. Biochem. Biophys. Res. Commun. 2008, 372, 486—490.

Jorgensen, N.R.; Henriksen, Z.; Serensen, O.H.; Eriksen, E.F.; Civitelli, R.; Steinberg, T.H.
Intercellular calcium signaling occurs between human osteoblasts and osteoclasts and requires
activation of osteoclast P2X7 receptors. J. Biol. Chem. 2002, 277, 7574-7580.



Int. J. Mol. Sci. 2014, 15 13365

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ke, H.Z.; Qi, H.; Weidema, A.F.; Zhang, Q.; Panupinthu, N.; Crawford, D.T.; Grasser, W.A.;
Paralkar, V.M.; Li, M.; Audoly, L.P. Deletion of the P2X7 nucleotide receptor reveals its
regulatory roles in bone formation and resorption. Mol. Endocrinol. 2003, 17, 1356—1367.
Thunberg, U.; Tobin, G.; Johnson, A.; Sdderberg, O.; Padyukov, L.; Hultdin, M.; Klareskog, L.;
Enblad, G.; Sundstrom, C.; Roos, G. Polymorphism in the P2X7 receptor gene and survival in
chronic lymphocytic leukaemia. Lancet 2002, 360, 1935-1939.

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.

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.

Dao-Ung, L.P.; Fuller, S.J.; Sluyter, R.; SkarRatt, K.K.; Thunberg, U.; Tobin, G.; Byth, K ;
Ban, M.; Rosenquist, R.; Stewart, G.J. Association of the 1513C polymorphism in the P2X7 gene
with familial forms of chronic lymphocytic leukaemia. Br. J. Haematol. 2004, 125, 815-817.
Niickel, H.; Frey, U.; Diirig, J.; Diihrsen, U.; Siffert, W. Methylenetetrahydrofolate reductase
(MTHFR) gene 677C>T and 1298 A>C polymorphisms are associated with differential apoptosis
of leukemic B cells in vitro and disease progression in chronic lymphocytic leukemia. Leukemia
2004, /8, 1816-1823.

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

Barden, N.; Harvey, M.; Gagné, B.; Shink, E.; Tremblay, M.; Raymond, C.; Labbé, M.;
Villeneuve, A.; Rochette, D.; Bordeleau, L.; et al. Analysis of single nucleotide polymorphisms
in genes in the chromosome 12Q24.31 region points to P2RX7 as a susceptibility gene to bipolar
affective disorder. Am. J. Med. Genet. Part B 2006, 141B, 374-382.

Lucae, S.; Salyakina, D.; Barden, N.; Harvey, M.; Gagné, B.; Labbé, M.; Binder, E.B.; Uhr, M.;
Paez-Pereda, M.; Sillaber, I. P2RX7, a gene coding for a purinergic ligand-gated ion channel, is
associated with major depressive disorder. Hum. Mol. Genet. 2006, 15, 2438-2445.

Erhardt, A.; Lucae, S.; Unschuld, P.G.; Ising, M.; Kern, N.; Salyakina, D.; Lieb, R.; Uhr, M.;
Binder, E.B.; Keck, M.E. Association of polymorphisms in P2RX7 and CaMKKb with anxiety
disorders. J. Affect. Disord. 2007, 101, 159—168.

McQuillin, A.; Bass, N.; Choudhury, K.; Puri, V.; Kosmin, M.; Lawrence, J.; Curtis, D.; Gurling, H.
Case-control studies show that a non-conservative amino-acid change from a glutamine to
arginine in the P2RX7 purinergic receptor protein is associated with both bipolar-and
unipolar-affective disorders. Mol. Psychiatry 2008, 14, 614—620.

Oyanguren-Desez, O.; Rodriguez-Antigueedad, A.; Villoslada, P.; Domercq, M.; Alberdi, E.;
Matute, C. Gain-of-function of P2X7 receptor gene variants in multiple sclerosis. Cell Calcium
2011, 50, 468—472.



Int. J. Mol. Sci. 2014, 15 13366

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Al-Shukaili, A.; Al-Kaabi, J.; Hassan, B.; Al-Araimi, T.; Al-Tobi, M.; Al-Kindi, M.; Al-Maniri, A.;
Al-Gheilani, A.; Al-Ansari, A. P2X7 receptor gene polymorphism analysis in rheumatoid
arthritis. Int. J. Immunogenet. 2011, 38, 389-396.

Portales-Cervantes, L.; Nino-Moreno, P.; Salgado-Bustamante, M.; Garcia-Hernandez, M.H.;
Baranda-Candido, L.; Reynaga-Hernandez, E.; Barajas-Lopez, C.; Gonzalez-Amaro, R.;
Portales-Perez, D.P. The His155Tyr (489C>T) single nucleotide polymorphism of P2RX7 gene
confers an enhanced function of P2X7 receptor in immune cells from patients with rheumatoid
arthritis. Cell. Immunol. 2012, 276, 168—175.

Forchap, S.L.; Anandacoomarasamy, A.; Wicks, J.; di Virgilio, F.; Baricordi, O.R.; Rubbini, M.;
Trotta, F.; Wiley, J.; Manolios, N. P2X7 gene polymorphisms do not appear to be a susceptibility
gene locus in sporadic cases of systemic lupus erythematosus. Tissue Antigens 2008, 72, 487-490.
Emsley, H.C.; Appleton, R.E.; Whitmore, C.L.; Jury, F.; Lamb, J.A.; Martin, J.E.; Ollier, W.E.;
de la Morandicre, K.P.; Southern, K.W.; Allan, S.M. Variations in inflammation-related genes
may be associated with childhood febrile seizure susceptibility. Seizure 2014, 23, 457—-461.
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.

Li, C.M.; Campbell, S.J.; Kumararatne, D.S.; Bellamy, R.; Ruwende, C.; McAdam, K.P.;
Hill, A.V.; Lammas, D.A. Association of a polymorphism in the P2X7 gene with tuberculosis in
a Gambian population. J. Infect. Dis. 2002, 186, 1458—1462.

Fernando, S.L.; Saunders, B.M.; Sluyter, R.; Skarratt, K.K.; Goldberg, H.; Marks, G.B.; Wiley, J.S.;
Britton, W.J. A polymorphism in the P2X7 gene increases susceptibility to extrapulmonary
tuberculosis. Am. J. Respir. Crit. Care Med. 2007, 175, 360-366.

Nino-Moreno, P.; Portales-Perez, D.; Hernandez-Castro, B.; Portales-Cervantes, L.;
Flores-Meraz, V.; Baranda, L.; Gomez-Gomez, A.; Acuna-Alonzo, V.; Granados, J;
Gonzalez-Amaro, R. P2X7 and NRAMP1/SLC11 Al gene polymorphisms in Mexican mestizo
patients with pulmonary tuberculosis. Clin. Exp. Immunol. 2007, 148, 469—477.

Xiao, J.; Sun, L.; Jiao, W.W.; Li, Z.N.; Zhao, S.Y.; Li, HM.; Jin, J.; Jiao, A.X.; Guo, Y.J.;
Jiang, Z.F.; et al. Lack of association between polymorphisms in the P2X7 gene and tuberculosis
in a Chinese Han population. FEMS Immunol. Med. Microbiol. 2009, 55, 107-111.

Sambasivan, V.; Murthy, K.J.R.; Reddy, R.; Vijayalakshimi, V.; Hasan, Q. P2X7 gene
polymorphisms and risk assessment for pulmonary tuberculosis in Asian Indians. Dis. Mark.
2010, 28, 43-48.

Geistlinger, J.; Du, W.; Groll, J.; Liu, F.; Hoegel, J.; Foehr, K..; Pasquarelli, A.;
Schneider, E.M. P2RX7 genotype association in severe sepsis identified by a novel
Multi-Individual Array for rapid screening and replication of risk SNPs. Clin. Chim. Acta 2012,
413,39-47.

Jamieson, S.E.; Peixoto-Rangel, A.L.; Hargrave, A.C.; de Roubaix, L.A.; Mui, E.J;
Boulter, N.R.; Miller, E.N.; Fuller, S.J.; Wiley, J.S.; Castellucci, L.; et al. Evidence for
associations between the purinergic receptor P2X7 (P2RX7) and toxoplasmosis. Genes Immun.
2010, /1, 374-383.



Int. J. Mol. Sci. 2014, 15 13367

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lees, M.P.; Fuller, S.J.; McLeod, R.; Boulter, N.R.; Miller, C.M.; Zakrzewski, A.M.;
Mui, E.J.; Witola, W.H.; Coyne, J.J.; Hargrave, A.C.; et al. P2X7 receptor-mediated killing of
an intracellular parasite, Toxoplasma gondii, by human and murine macrophages. J. Immunol.
2010, 184, 7040-7046.

Ohlendorff, S.D.; Tofteng, C.L.; Jensen, J.-E.B.; Petersen, S.; Civitelli, R.; Fenger, M.;
Abrahamsen, B.; Hermann, A.P.; Eiken, P.; Jorgensen, N.R. Single nucleotide polymorphisms
in the P2X7 gene are associated to fracture risk and to effect of estrogen treatment.
Pharmacogenet. Genomics 2007, 17, 555-567.

Gartland, A.; Skarratt, K.K.; Hocking, L.J.; Parsons, C.; Stokes, L.; Jorgensen, N.R.;
Fraser, W.D.; Reid, D.M.; Gallagher, J.A.; Wiley, J.S. Polymorphisms in the P2X7 receptor gene
are associated with low lumbar spine bone mineral density and accelerated bone loss in
post-menopausal women. Eur. J. Hum. Genet. 2012, 20, 559-564.

Jorgensen, N.R.; Husted, L.B.; Skarratt, K.K.; Stokes, L.; Tofteng, C.L.; Kvist, T.; Jensen, J.-E.B.;
Eiken, P.; Brixen, K.; Fuller, S. Single-nucleotide polymorphisms in the P2X7 receptor gene
are associated with post-menopausal bone loss and vertebral fractures. Eur. J. Hum. Genet. 2012,
20, 675-681.

Husted, L.; Harslof, T.; Stenkjer, L.; Carstens, M.; Jorgensen, N.; Langdahl, B.L. Functional
polymorphisms in the P2X7 receptor gene are associated with osteoporosis. Osteoporos. Int.
2013, 24, 949-959.

Wesselius, A.; Bours, M.J.L.; Henriksen, Z.; Syberg, S.; Petersen, S.; Schwarz, P.; Jorgensen, N.R.;
van Helden, S.; Dagnelie, P.C. Association of P2X7 receptor polymorphisms with bone
mineral density and osteoporosis risk in a cohort of Dutch fracture patients. Osteoporos. Int.
2013, 24, 1235-1246.

Kessler, R.C.; Berglund, P.; Demler, O.; Jin, R.; Koretz, D.; Merikangas, K.R.; Rush, A.J;
Walters, E.E.; Wang, P.S. The epidemiology of major depressive disorder: Results from the
National Comorbidity Survey Replication (NCS-R). JAMA 2003, 289, 3095-3105.

Jacobi, F.; Wittchen, H.-U.; Holting, C.; Hofler, M.; Pfister, H.; Muller, N.; Lieb, R. Prevalence,
co-morbidity and correlates of mental disorders in the general population: Results from the
German Health Interview and Examination Survey (GHS). Psychol. Med. 2004, 34, 597-612.
Grant, B.F.; Hasin, D.S.; Stinson, F.S.; Dawson, D.A.; Ruan, W.J.; Goldstein, R.B.; Smith, S.M.;
Saha, T.D.; Huang, B. Prevalence, correlates, co-morbidity, and comparative disability of
DSM-IV generalized anxiety disorder in the USA: Results from the national epidemiologic
survey on alcohol and related conditions. Psychol. Med. 2005, 35, 1747.

McDowell, I.; Lindsay, J.; Sykes, E.; Verreault, R.; Laurin, D.; Hendrie, H.C.; Hall, K.S.;
Ogunniyi, A.; Gao, S.; Frassati, D. Prevalence and incidence studies of mood disorders:
A systematic review of the literature. Can. J. Psychiatry 2004, 49, 124—138.

Somers, J.M.; Goldner, E.M.; Waraich, P.; Hsu, L. Prevalence and incidence studies of anxiety
disorders: A systematic review of the literature. Can. J. Psychiatry 2006, 51, 100.

Shink, E.; Harvey, M.; Tremblay, M.; Gagné, B.; Belleau, P.; Raymond, C.; Labbé, M.;
Dubé, M.P.; Lafreni¢re, R.G.; Barden, N. Analysis of microsatellite markers and single
nucleotide polymorphisms in candidate genes for susceptibility to bipolar affective disorder in
the chromosome 12Q24. 31 region. Am. J. Med. Genet. Part B 2005, 135, 50-58.



Int. J. Mol. Sci. 2014, 15 13368

81.

82.

&3.

84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

Hejjas, K.; Szekely, A.; Domotor, E.; Halmai, Z.; Balogh, G.; Schilling, B.; Sarosi, A.;
Faludi, G.; Sasvari-Szekely, M.; Nemoda, Z. Association between depression and the Gln460Arg
polymorphism of P2RX7 gene: A dimensional approach. Am. J. Med. Genet. Part B 2009,
150,295-299.

Green, E.K.; Grozeva, D.; Raybould, R.; Elvidge, G.; Macgregor, S.; Craig, 1.; Farmer, A.;
McGuffin, P.; Forty, L.; Jones, L. P2RX7: A bipolar and unipolar disorder candidate
susceptibility gene? Am. J. Med. Genet. Part B 2009, 150, 1063—1069.

Grigoroiu-Serbanescu, M.; Herms, S.; Miihleisen, T.W.; Georgi, A.; Diaconu, C.C.; Strohmaier, J.;
Czerski, P.; Hauser, J.; Leszczynska-Rodziewicz, A.; Jamra, R.A. Variation in P2RX7 candidate
gene (1s2230912) is not associated with bipolar I disorder and unipolar major depression in four
European samples. Am. J. Med. Genet. Part B 2009, 150, 1017-1021.

Feng, W.-P.; Zhang, B.; Li, W.; Liu, J. Lack of association of P2RX7 gene rs2230912
polymorphism with mood disorders: A meta-analysis. PLoS One 2014, 9, e88575.

Pamela, S.; Stephan, R.; Laura, J.S.; Ole, A.A.; Sven, C.; Nick, C.; Howard, J.E.; John, LN_;
Marcella, R.; Douglas, B.; et al. Large-scale genome-wide association analysis of bipolar
disorder identifies a new susceptibility locus near ODZ4. Nat. Genet. 2011, 43, 977-983.

Sklar, P.; Smoller, J.W.; Fan, J.; Ferreira, M.A.; Perlis, R.H.; Chambert, K.; Nimgaonkar, V.L.;
McQueen, M.B.; Faraone, S.V.; Kirby, A.; et al. Whole-genome association study of bipolar
disorder. Mol. Psychiatry 2008, 13, 558-569.

Ferreira, M.A.; O’Donovan, M.C.; Meng, Y.A.; Jones, L.R.; Ruderfer, D.M.; Jones, L.; Fan, J.;
Kirov, G.; Perlis, R.H.; Green, E.K.; et al. Collaborative genome-wide association analysis
supports a role for ANK3 and CACNAI1C in bipolar disorder. Nat. Genet. 2008, 40, 1056—1058.
Love, S.; Louis, D.; Ellison, D.W. Greenfield’s Neuropathology (2-Volume Set); CRC Press:
Boca Raton, FL, USA, 2008.

Narcisse, L.; Scemes, E.; Zhao, Y.; Lee, S.C.; Brosnan, C.F. The cytokine IL-1p transiently
enhances P2X7 receptor expression and function in human astrocytes. Glia 2005, 49, 245-258.
Yiangou, Y.; Facer, P.; Durrenberger, P.; Chessell, .P.; Naylor, A.; Bountra, C.; Banati, R.R.;
Anand, P. COX-2, CB2 and P2X7-immunoreactivities are increased in activated microglial
cells/macrophages of multiple sclerosis and amyotrophic lateral sclerosis spinal cord. BMC Neurol.
2006, 6, 12.

Matute, C.; Torre, 1.; Pérez-Cerda, F.; Pérez-Samartin, A.; Alberdi, E.; Etxebarria, E.;
Arranz, A.M.; Ravid, R.; Rodriguez-Antigiiedad, A.; Sanchez-Gémez, M. P2X7 receptor
blockade prevents ATP excitotoxicity in oligodendrocytes and ameliorates experimental
autoimmune encephalomyelitis. J. Neurosci. 2007, 27, 9525-9533.

Chessell, 1.P.; Hatcher, J.P.; Bountra, C.; Michel, A.D.; Hughes, J.P.; Green, P.; Egerton, J.;
Murfin, M.; Richardson, J.; Peck, W.L. Disruption of the P2X7 purinoceptor gene abolishes
chronic inflammatory and neuropathic pain. Pain 2005, 114, 386-396.

Honore, P.; Donnelly-Roberts, D.; Namovic, M.T.; Hsieh, G.; Zhu, C.Z.; Mikusa, J.P;
Hernandez, G.; Zhong, C.; Gauvin, D.M.; Chandran, P. A-740003 [N-(1-{[(cyanoimino)
(5-quinolinylamino)  methyl]amino}-2,2-dimethylpropyl)-2-(3,4-dimethoxyphenyl)acetamide],
a novel and selective P2X7 receptor antagonist, dose-dependently reduces neuropathic pain in the
rat. J. Pharmacol. Exp. Ther. 2006, 319, 1376—1385.



Int. J. Mol. Sci. 2014, 15 13369

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Chen, Y.; Zhang, X.; Wang, C.; Li, G.; Gu, Y.; Huang, L.Y. Activation of P2X7 receptors in
glial satellite cells reduces pain through downregulation of P2X3 receptors in nociceptive
neurons. Proc. Natl. Acad. Sci. USA 2008, 105, 16773—16778.

Chan, J.; Xing, Y.; Magliozzo, R.S.; Bloom, B.R. Killing Of virulent Mycobacterium-tuberculosis by
reactive nitrogen intermediates produced by activated murine macrophages. J. Exp. Med. 1992,
175,1111-1122.

Lammas, D.A.; Stober, C.; Harvey, C.J.; Kendrick, N.; Panchalingam, S.; Kumararatne, D.S.
ATP-induced killing of mycobacteria by human macrophages is mediated by purinergic
P27Z(P2X7) receptors. Immunity 1997, 7, 433—444.

Kusner, D.J.; Barton, J.LA. ATP stimulates human macrophages to kill intracellular virulent
Mycobacterium tuberculosis via calcium-dependent phagosome-lysosome fusion. J. Immunol.
2001, /67, 3308-3315.

Kusner, D.J.; Adams, J. ATP-induced killing of virulent Mycobacterium tuberculosis within
human macrophages requires phospholipase D. J. Immunol. 2000, 164, 379-388.

Wu, G.; Zhao, M.; Gu, X.; Yao, Y.; Liu, H.; Song, Y. The effect of P2X7 receptor 1513
polymorphism on susceptibility to tuberculosis: A meta-analysis. Infect. Genet. Evol. 2014,
23,84-91.

McAuley, J. Early and longitudinal evaluations of treated infants and children and untreated
historical patients with congenital toxoplasmosis—The chicago collaborative treatment trial.
Clin. Infect. Dis. 1994, 18, 38-72.

McLeod, R.; Kieffer, F.; Sautter, M.; Hosten, T.; Pelloux, H. Why prevent, diagnose and treat
congenital toxoplasmosis? Memorias Do Instituto Oswaldo Cruz 2009, 104, 320-344.

Peck, W.; Burckhardt, P.; Christiansen, C.; Fleisch, H.; Genant, H.; Gennari, C.; Martin, T.;
Martini, L.; Morita, R.; Ogata, E. Consensus Development Conference—Diagnosis, prophylaxis,
and treatment of osteoporosis. Am. J. Med. 1993, 94, 646—650.

Kanis, J.A.; Melton, L.J.; Christiansen, C.; Johnston, C.C.; Khaltaev, N. The diagnosis of
osteoporosis. J. Bone Miner. Res. 1994, 9, 1137-1141.

Syberg, S.; Schwarz, P.; Petersen, S.; Steinberg, T.H.; Jensen, J.-E.B.; Teilmann, J.; Jergensen, N.R.
Association between P2X7 receptor polymorphisms and bone status in mice. J. Osteoporos.
2012, 2012, 637986.

Kawate, T.; Michel, J.C.; Birdsong, W.T.; Gouaux, E. Crystal structure of the ATP-gated P2X4
1on channel in the closed state. Nature 2009, 460, 592—598.

Hattori, M.; Gouaux, E. Molecular mechanism of ATP binding and ion channel activation in P2X
receptors. Nature 2012, 485, 207-212.

Jiang, R.; Taly, A.; Grutter, T. Moving through the gate in ATP-activated P2X receptors.
Trends Biochem. Sci. 2013, 38, 20-29.

Browne, L.E.; Jiang, L.-H.; North, R.A. New structure enlivens interest in P2X receptors.
Trends Pharmacol. Sci. 2010, 31, 229-237.

Evans, R.J. Structural interpretation of P2X receptor mutagenesis studies on drug action.
Br. J. Pharmacol. 2010, 161, 961-971.



Int. J. Mol. Sci. 2014, 15 13370

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Jiang, L.-H.; Rassendren, F.; Spelta, V.; Surprenant, A.; North, R.A. Amino acid residues
involved in gating identified in the first membrane-spanning domain of the rat P2X2 receptor.
J. Biol. Chem. 2001, 276, 14902—14908.

Cao, L.; Broomhead, H.E.; Young, M.T.; North, R.A. Polar residues in the second
transmembrane domain of the rat P2X2 receptor that affect spontaneous gating, unitary
conductance, and rectification. J. Neurosci. 2009, 29, 14257-14264.

Rassendren, F.; Buell, G.; Newbolt, A.; North, R.A.; Surprenant, A. Identification of amino acid
residues contributing to the pore of a P2X receptor. EMBO J. 1997, 16, 3446-3454.

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

Stokes, L.; Fuller, S.J.; Sluyter, R.; Skarratt, K.K.; Gu, B.J.; Wiley, J.S. Two haplotypes of the
P2X7 receptor containing the Ala-348 to Thr polymorphism exhibit a gain-of-function effect and
enhanced interleukin-1f secretion. FASEB J. 2010, 24, 2916-2927.

Denlinger, L.C.; Coursin, D.B.; Schell, K.; Angelini, G.; Green, D.N.; Guadarrama, A.G.;
Halsey, J.; Prabhu, U.; Hogan, K.J.; Bertics, P.J. Human P2X7 pore function predicts allele
linkage disequilibrium. Clin. Chem. 2006, 52, 995-1004.

Huang, L.-D.; Fan, Y.-Z.; Tian, Y.; Yang, Y.; Liu, Y.; Wang, J.; Zhao, W.-S.; Zhou, W.-C.;
Cheng, X.-Y.; Cao, P. Inherent dynamics of head domain correlates with atp-recognition of
P2X4 receptors: Insights gained from molecular simulations. PLoS One 2014, 9, ¢97528.

Cabrini, G.; Falzoni, S.; Forchap, S.L.; Pellegatti, P.; Balboni, A.; Agostini, P.; Cuneo, A.;
Castoldi, G.; Baricordi, O.R.; di Virgilio, F. A His-155 to Tyr polymorphism confers
gain-of-function to the human P2X7 receptor of human leukemic lymphocytes. J. Immunol.
2005, 175, 82—-89.

Worthington, R.; Smart, M.; Gu, B.; Williams, D.; Petrou, S.; Wiley, J.; Barden, J.
Point mutations confer loss of ATP-induced human P2X7 receptor function. FEBS Lett. 2002,
512, 43-46.

Bradley, H.J.; Baldwin, J.M.; Goli, G.R.; Johnson, B.; Zou, J.; Sivaprasadarao, A.
Baldwin, S.A.; Jiang, L.-H. Residues 155 and 348 contribute to the determination of
P2X7 receptor function via distinct mechanisms revealed by single-nucleotide polymorphisms.
J. Biol. Chem. 2011, 286, 8176-8187.

Ursu, D.; Ebert, P.; Langron, E.; Ruble, C.; Munsie, L.; Zou, W.; Fijal, B.; Qian, Y.W.;
McNearney, T.A.; Mogg, A.; et al. Gain and loss of function of P2X7 receptors: Mechanisms,
pharmacology and relevance to diabetic neuropathic pain. Mol. Pain 2014, 10, 37.

Spildrejorde, M.; Bartlett, R.; Stokes, L.; Jalilian, I.; Peranec, M.; Sluyter, V.; Curtis, B.L.;
Skarratt, K.K.; Skora, A.; Bakhsh, T.; et al. A R270C polymorphism leads to loss of function of
the canine P2X7 receptor. Physiol. Genomics doi:10.1152/physiolgenomics.00195.2013. Available
online: http://www.ncbi.nlm.nih.gov/pubmed/24824213 (accessed on 13 May 2014).

Li, M.; Kawate, T.; Silberberg, S.D.; Swartz, K.J. Pore-opening mechanism in trimeric P2X receptor
channels. Nat. Commun. 2012, 1, 44.



Int. J. Mol. Sci. 2014, 15 13371

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Gu, B.J.; Zhang, W.Y.; Worthington, R.A.; Sluyter, R.; Dao-Ung, P.; Petrou, S.; Barden, J.A_;
Wiley, J.S. A Glu-496 to Ala polymorphism leads to loss of function of the human P2X7
receptor. J. Biol. Chem. 2001, 276, 11135-11142.

Boldt, W.; Klapperstuck, M.; Buttner, C.; Sadtler, S.; Schmalzing, N.; Markwardt, F. Glu(496)
Ala polymorphism of human P2X7 receptor does not affect its electrophysiological phenotype.
Am. J. Physiol.-Cell. Physiol. 2003, 284, C749—C756.

Sluyter, R.; Dalitz, J.; Wiley, J. P2X7 receptor polymorphism impairs extracellular adenosine
5'-triphosphate-induced interleukin-18 release from human monocytes. Genes Immun. 2004, 5,
588-591.

Wesselius, A.; Bours, M.J.L.; Arts, [.C.W.; Theunisz, E.H.E.; Geusens, P.; Dagnelie, P.C.
The P2X7 loss-of-function Glu496Ala polymorphism affects ex vivo cytokine release and
protects against the cytotoxic effects of high ATP-levels. BMC Immunol. 2012, 13, 64.

Wiley, J.S.; Dao-Ung, L.P.; Li, C.P.; Shemon, A.N.; Gu, B.J.; Smart, M.L.; Fuller, S.J.; Barden, J.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.

Smart, M.L.; Gu, B.; Panchal, R.G.; Wiley, J.; Cromer, B.; Williams, D.A.; Petrou, S.
P2X7 receptor cell surface expression and cytolytic pore formation are regulated by a distal
C-terminal region. J. Biol. Chem. 2003, 278, 8853—-8860.

Tittle, R.K.; Hume, R.I. Opposite effects of zinc on human and rat P2X2 receptors. J. Neurosci.
2008, 28, 11131-11140.

Rassendren, F.; Buell, G.; Virginio, C.; North, R.A.; Surprenant, A. The permeabilizing ATP
receptor, P2X7 cloning and expression of a human cDNA. J. Biol. Chem. 1997, 272, 5482-5486.

Bo, X.; Jiang, L.-H.; Wilson, H.L.; Kim, M.; Burnstock, G.; Surprenant, A.; North, R.A.
Pharmacological and biophysical properties of the human P2XS5 receptor. Mol. Pharmacol. 2003,
63, 1407-1416.

Bradley, H.J.; Browne, L.E.; Yang, W.; Jiang, L.H. Pharmacological properties of the rhesus
macaque monkey P2X7 receptor. Br. J. Pharmacol. 2011, 164, 743-754.

Jiang, L.-H.; Mackenzie, A.B.; North, R.A.; Surprenant, A. Brilliant blue G selectively blocks
ATP-gated rat P2X7 receptors. Mol. Pharmacol. 2000, 58, 82—88.

Stokes, L.; Jiang, L.H.; Alcaraz, L.; Bent, J.; Bowers, K.; Fagura, M.; Furber, M.; Mortimore, M.;
Lawson, M.; Theaker, J. Characterization of a selective and potent antagonist of human P2X7
receptors, AZ11645373. Br. J. Pharmacol. 2006, 149, 880—887.

Humphreys, B.D.; Virginio, C.; Surprenant, A.; Rice, J.; Dubyak, G.R. Isoquinolines as
antagonists of the P2X7 nucleotide receptor: High selectivity for the human versus rat receptor
homologues. Mol. Pharmacol. 1998, 54, 22-32.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



