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Preface

Protein Reviews is a book series, which has been published by Springer since

2005. It has published 18 printed volumes to date (to see previous volumes,

please go to http://www.springer.com/series/6876). To speed up the publica-

tion process and enhance accessibility, all articles will appear online before

they are published in a printed book. The book series appears as a subseries of

Advances in Experimental Medicine and Biology (http://www.springer.com/

series/14330). They are published in volumes, each of which will focus on a

theme, or in volumes that contain reviews of an assortment of topics, in order

to stay up-to-date and to publish timely reviews in an efficient manner.

The aim of the Protein Reviews is to serve as a publication vehicle for

reviews that focus on crucial contemporary and vital aspects of protein

structure, function, evolution, and genetics. Publications will be selected

based on their importance to the understanding of biological systems, their

relevance to the unraveling of issues associated with health and disease, or

their impact on scientific or technological advances and developments.

Proteins linked to diseases or to the appearance and progress of diseases

will obviously provide essential topics that may be covered in this series.

Moreover, proteins that are, or can be, used as potential biomarkers or as

candidates for treatment and/or for the design of distinctive, new therapeutics

will receive high attention in this book series.

The issues may include biochemistry, biophysics, immunology, structural

and molecular biology, genetics, molecular and cellular mechanisms of

action, clinical studies, and new pioneering therapies. A given volume may

be focused on a particular theme or may contain a selected assortment of

different current topics.

The authors of the articles are selected from leading basic or medical

scientists in academic or industrial organizations. The invited authors are

nominated by the editorial board or by experts in the scientific community.

However, interested individuals may suggest a topic for review and/or may

propose a person to review a current important topic. Colleagues interested in

writing a review or in guest-editing a special thematic issue are encouraged to

submit their proposals and list of authors of the suggested chapter/topics to

the editor before submitting a manuscript.
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It should be emphasized that Protein Reviews will publish within 6 weeks
accepted review articles online before they appear in print. And there will be

no page or color charges and no page or color image limitations.

Volume 19 focuses on purinergic receptors, also termed purinoceptors.

They are plasma membrane proteins that are present in nearly all mammalian

tissues. They participate in a number of cell functions that include prolifera

tion and migration of neural stem cells, vascular reactivity, apoptosis, and

cytokine secretion and have been associated with learning and memory,

feeding conduct, movement, and sleep. They facilitate relaxation of smooth

muscle of the gut in response to adenosine (P1 receptors) or ATP (P2

receptors). The latter has five subclasses: P2X, P2Y, P2Z, P2U, and P2T.

The chapters in this volume are authored by experts in the field. They deal

with aspects of structure and biological activity of selected receptor proteins.

The first chapter is an introduction to this special issue on purinergic

receptors. Chapter 2 deals with ATP-gated P2X3 receptors as specialized

sensors of the extracellular environment. Chapter 3 describes the P2X7

receptor, and Chap. 4 deals with the activation of P2X receptor. Chapter 5

deals with properties and functional activities of P2Y1 receptors. This is

followed by Chap. 6 that reviews P2Y2 receptor functions in cancer: with a

special perspective in the context of colorectal cancer. Chapter 7 discusses

properties, distribution, and functions of P2Y11 receptors. It is followed by

Chap. 8 which discusses the structure, pharmacology, and roles in physiology

of the P2Y12 receptor. Chapter 9 presents an update on signaling and function

of P2Y13 receptor. It is followed by Chap. 10 on the pharmacological

properties and biological functions of the GPR17 receptor and discusses it

as a potential target for neuro-regenerative medicine. Chapter 11 handles the

biochemical and pharmacological role of A1 adenosine receptors and their

modulation as novel therapeutic strategy, and, finally, Chap. 12 treats the

molecular mechanism of plant recognition of extracellular ATP. The volume

is intended for research scientists, clinicians, physicians, and graduate

students in the fields of biochemistry, cell biology, molecular biology,

immunology, and genetics.

I hope that this volume of Protein Reviews will continue to serve the

scientific community as a valuable vehicle for dissemination of vital and

essential contemporary discoveries on protein molecules and their

immensely versatile biological activities.

M. Zouhair Atassi

Editor in Chief
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Introduction to the Special Issue
on Purinergic Receptors

Geoffrey Burnstock

Abstract

In this Introduction to the series of papers that follow about purinergic

receptors, there is a brief history of the discovery of purinergic signalling,

the identity of purinoceptors and the current recognition of P1, P2X and

P2Y subtypes. An account of key functions mediated by purinoceptors

follows, including examples of both short-term and long-term (trophic)

signalling and a table showing the selective agonists and antagonists for

the purinoceptor subtypes. References to evolution and roles of

purinoceptors in pathological conditions are also presented.

Keywords

Neurotransmission • Secretion • Development • Regeneration •

Pathophysiology

Purinergic signalling was proposed in 1972

(Burnstock 1972) and purinergic receptors

defined in 1976 (Burnstock 1976). In 1978, it

was recognised that there were two families of

purinoceptors, named P1 (adenosine) and P2

(nucleotide) receptors (Burnstock 1978). An

edited book about purinergic receptors was

published in 1981 (Burnstock 1981). Based on

pharmacology, P2 receptors were later divided

into P2X and P2Y subtypes (Burnstock and

Kennedy 1985). P2Z (later named P2X7)

receptors (Gordon 1986), P2T (later named

P2Y12) receptors (Gordon 1986) and P2U (later

named P2Y2 and/or P2Y4) receptors (O’Connor

et al. 1991) followed. Important advances were

made in the early nineties, when transduction

mechanisms were identified (Dubyak and El

Moatassim 1993) and P1, P2Y and P2X receptors

cloned and characterised. Four subtypes of P1

receptors, A1, A2A, A2B and A3 receptors

(Maenhaut et al. 1990; Fredholm et al. 1994),

initially P2Y1 (Webb et al. 1993) and P2Y2

(Lustig et al. 1993) receptors and a year later

G. Burnstock (*)

University College London Medical School,

London, UK

e-mail: g.burnstock@ucl.ac.uk
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P2X1 (Valera et al. 1994) and P2X2 (Brake et al.

1994) receptors were identified. These findings

were rationalised by Abbracchio and Burnstock

(Abbracchio and Burnstock 1994) by defining

seven P2X ion channel receptor subtypes and

eight P2Y G protein-coupled receptors. A popu-

lar comprehensive review about purinoceptors

was published by Ralevic and Burnstock (1998)

(4094 citations). An important study showed that

three P2X receptor subtypes were combined to

form trimer ion channels (Nicke et al. 1998)

either as homomultimers and heteromultimers

(Burnstock 2007a). Reviews about the expres-

sion and functions of purinergic receptors for

many different cell types (Burnstock and Knight

2004) and the molecular pharmacology of P2X

receptors (North 2002) are available and the ele-

gant identification of the crystal structure of the

P2X4 receptors (Fig. 1) (Kawate et al. 2009;

Hattori and Gouaux 2012). Reviews about P1

(Fredholm et al. 2011; Chen et al. 2014), P2Y

(Abbracchio et al. 2006; Erlinge 2011; Jacobson

et al. 2015) and P2X (Müller 2015; Habermacher

et al. 2016) receptors are available. A valuable

book edited by Jacobson and Linden, entitled

‘Pharmacology of Purine and Pyrimidine

Receptors’, was published in 2011 (Jacobson

and Linden 2011).

Purinoceptors modulate both short-term sig-

nalling in neurotransmission, neuromodulation

and secretion and long-term (trophic) signalling

in cell proliferation, differentiation and death in

development and regeneration (see Burnstock

2016). Selective agonists and antagonists to

purinoceptor subtypes currently available are

summarised in Table 1. The evolution of

purinoceptors (Burnstock 1996; Fountain and

Burnstock 2009; Burnstock and Verkhratsky

2012) and the plasticity of expression and roles

of purinoceptors in pathological conditions

(Burnstock 2006, 2007b, 2013) have been

reviewed. The intracellular expression of

purinoceptors is being explored (Burnstock

2015) and the expression of purinoceptors during

development and ageing has also been reviewed

(Burnstock and Dale 2015). Detailed analysis of

various aspects of purinoceptors will be

presented in the following articles.

Fig. 1 The architecture of P2X receptors. Stereoview of

the homotrimeric ΔzfP2X4 structure viewed parallel to

the membrane. Each subunit is depicted in a different

colour. N-acetylglucosamine (NAG) and glycosylated

asparagine residues are shown in stick representation.

The grey bars suggest the boundaries of the outer (out)
and inner (in) leaflets of the membrane bilayer

(Reproduced from Kawate et al. 2009, with permission

from Nature Publishing Group)
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ATP-Gated P2X3 Receptors Are Specialised
Sensors of the Extracellular Environment

Elsa Fabbretti

Abstract

P2X3 receptors are ion channels expressed by autonomic and sensory

nerves and specialised in transducing extracellular ATP signals. Structural

data, together with functional and biochemical studies, suggest that con-

formational changes of P2X3 receptors upon agonist binding influence

downstream intracellular molecular mechanisms relevant for neuronal

responses. Activity of P2X3 receptors is implicated in pain, itch, asthma,

cardiovascular dysfunction and other pathologies. The study of these

receptors has therefore a large potential in the field of drug development

and interdisciplinary efforts could clarify molecular mechanisms

controlling P2X3 receptor function in different physiological or patholog-

ical contexts.

Keywords

Carotid body • Cough • Itch • Pain • Purinergic • Urinary bladder

Abbreviations

CGRP Calcitonin gene related peptide

FRET fluorescence resonance energy

transfer

NGF Nerve growth factor

α,β-meATP α,β-methylene ATP

1 Introduction

Extracellular ATP is a signalling molecule

sensed by P2Y and P2X purinergic receptors.

While P2Y receptors are metabotropic,

ATP-gated P2X receptors are trimeric cation-

selective channels. ATP-gated P2X receptor

family members have high degree of homology.

Nevertheless, they are characterised by different

length of intracellular N- and C-terminal

domains and molecular effectors conferring to

these channels distinct pharmacology and kinetic

properties (North 2016). Although the occur-

rence of ionic current represents the most evident
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outcome, a body of evidence suggests that there

are other crucial aspects that might be considered

as new components conferring individual spe-

cialization to different P2X receptors: (1) P2X

are part of molecular complexes that control

machineries involved in basic physiologic

responses, like the release of soluble mediators;

(2) the molecular effects downstream of agonist

binding are cell-specific, often poorly

reconstituted in recombinant expression systems;

(3) sub-threshold agonist concentrations could be

sufficient to initiate molecular responses produc-

ing a priming effect. The demonstration of spe-

cific P2X-related mechanisms is, however,

intrinsically complicated by pharmacological

limitations, the large variety of endogenous

purinergic receptor expression in different cells,

the choice of human/mouse tissues, primary

cultures or recombinant expression systems.

While certain models are useful for ion channel

studies, others poorly represent what occurs in

nature, or globally fail to produce results useful

for translational medicine. For all these reasons,

integration of interdisciplinary sciences might

help to design the best strategies for further prog-

ress in the purinergic field.

2 P2X3 Receptors Are Sensors
of Ambient ATP

P2X3 receptors are ion channels expressed by

sensory or autonomic neurons: their function

has been studied in primary neurons,

immortalised cell lines, or oocytes (Sokolova

et al. 2004; North and Jarvis 2013; Kowalski

et al. 2014). Their main characteristic is very

high sensitivity to ambientATP (EC50¼0.5μM),

their prompt desensitisation after few

milliseconds from channel opening and their

delayed recovery (Khakh and North 2012). In

addition, exposure to low nanomolar

concentrations (<1 nM) of ATP or its synthetic

non-hydrolysable agonist α,β-methylene ATP

(α,β-meATP) does not evoke any functional cur-

rent response, but it is sufficient to produce high

affinity desensitization (Giniatullin and Nistri

2013; Grote et al. 2008; Pratt et al. 2005;

Sokolova et al. 2006), a priming process due to

prevalence of agonist-bound desensitized

receptors endowed with strong agonist affinity

(Sokolova et al. 2004). The existence of a vari-

able population of desensitized P2X3 receptors is

likely to impact cell/tissue responsiveness to

larger ATP concentrations and it might exert

important consequences for the initial phases of

a pathological response. For these reasons, P2X3

receptors are considered sensors able to trans-

duce ambient ATP into neuronal responses,

either considering ATP as neurotransmitter,

neuromodulator or sensory signalling molecule

(Ford 2012). Nevertheless, the fast kinetic

properties typical of neuronal P2X3 receptors

are remarkably common to P2X1 receptors

expressed in endothelial cells (Rettinger and

Schmalzing 2003; Fryatt et al. 2016), suggesting

functional similarities in different cell types.

It is now clear that P2X3 receptors are

expressed by neurons that transduce different

sensorial modalities, including touch or taste

(Vandenbeuch et al. 2015) or sensors at the

level of the carotid body (Pijacka et al. 2016).

Evidence from transgenic animals has

demonstrated that reduced pain-related

behaviour and urinary bladder hyporeflexia are

the major phenotypes associated to P2X3 recep-

tor deficiency in mice (Cockayne et al. 2000).

Accordingly, P2X3 receptors are attractive ther-

apeutic targets (Burnstock 2006) for their modu-

latory role in different chronic sensitisation

processes of peripheral neurons, relevant to neu-

ropathic pain, itch, cough, urinary bladder

defects, and hypertension. The recently devel-

oped P2X3 receptor antagonists AF-353 (Gever

et al. 2010) was tested in clinical trials for its

safety and efficacy in patients affected by chronic

cough (Abdulqawi et al. 2015). The positive out-

come of this study confirms that this compound,

orally administered, is sufficient to block P2X3-

mediated sensitisation of neuronal afferents

innervating the lungs. Interestingly, all treated

subjects reported also taste abnormalities

(Abdulqawi et al. 2015), suggesting that taste is

an important readout for testing P2X3
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antagonism efficiency in human subjects. Block

of P2X3 receptors likely interferes with the inter-

play among different soluble sensitizers of

peripheral afferents, such as the Nerve growth

factor (NGF), the Calcitonin gene related peptide

(CGRP) and ATP itself (Giniatullin et al. 2008).

CGRP, in particular, is released by sensory and

autonomic afferents, has vascular and immune-

modulator properties in the respiratory and skin

tissue and is strongly associated to P2X3 receptor

expression and function (Fabbretti et al. 2006;

Simonetti et al. 2008; Vilotti et al. 2016). While

NGF transiently increases P2X3 receptor func-

tion via phosphorylation mechanisms (D’Arco

et al. 2007, 2009), CGRP induces new P2X3

gene expression (Simonetti et al. 2008) and traf-

ficking of receptors to the surface membrane,

thus, persistently potentiating the function of

P2X3 receptors (Fabbretti et al. 2006). Evidences

from CGRP null mice furthermore demonstrated

the occurrence of CGRP-dependent and indepen-

dent P2X3 gene expression, since exogenous

CGRP is sufficient to increase the number of

neurons expressing P2X3 receptors. Conversely,

to contrast peripheral sensitisation, the activation

of CB1 receptors (Oliveira-Fusaro et al. 2017)

and the Brain natriuretic peptide (BNP) acting on

natriuretic peptide receptor-A expressed by sen-

sory neurons (Marchenkova et al. 2015) are

endogenous mechanisms to limit P2X3 receptor

function (Vilotti et al. 2015).

3 P2X3 Receptors Are Probably
Exerting Different Roles
in Peripheral or Central
Neuronal Endings

The P2X receptor interactome is likely

segregated according to cell-polarity concepts

within active membrane nanodomains. Cell

polarity promotes compartmentalisation of cell

signalling and provides specific responses related

to tissue requirements. For example, the apical,

basal and lateral domains of endothelial cells are

specialised to transduce cell-to-cell contacts and

lateral inhibition via mechanisms involving gap

junctions and MAGUK-family proteins. How the

organisation of P2X receptor signalling is

arranged in different tissues remains a matter

for future study. In bipolar sensory neurons

(where P2X3 receptors are expressed), key pro-

tein complexes are segregated to distal or central

endings, internode spaces, or close to the synap-

tic and peri-synaptic regions (Bentley and

Banker 2016). These considerations suggest that

in vivo distribution of P2X receptors might be

discretely confined to specific functional

domains possessing unique molecular and func-

tional spatial requirements that perhaps are lost

in vitro. As it occurs for other brain receptors

(Horton and Ehlers 2003), it is possible that the

functional significance of activation of distal or

central P2X3 receptors is different in health or

disease. This consideration has important phar-

macological consequences and might be

addressed by differential targeting of these

receptors. For example, in sensory neurons, func-

tional association of presynaptic P2X3 receptors

with synaptic scaffold machinery in dorsal horn

could generate wanted or unwanted effects

accordingly to the disease type/stage. In addition,

targeting of P2X3 receptors expressed at central

endings is subjected to the restriction of the

blood brain barrier.

One of the first attempts to distinguish

between different clusters of P2X receptors,

was obtained from the study of cholesterol-

enriched membrane fractions, namely lipid

rafts. These membrane domains are involved in

lateral diffusion of receptors before

internalisation and recycling. Since temperature

and pH influence lipid distribution, membrane

stiffness and protein mobility at surface mem-

brane, interpretation of lipid rafts data is com-

plex. Notably, P2X3 receptor recovery and

recycling are temperature dependent

(Pryazhnikov et al. 2011). Upon gating, P2X3

receptors re-localise toward lipid rafts before

internalisation (Vacca et al. 2009; Chen et al.

2012; Gnanasekaran et al. 2011). Patch clamp

recording after cholesterol depletion with

methyl-β-cyclodextrin (me-βCD), has confirmed

the role of lipid rafts in effective segregation of
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different functional P2X receptor clusters.

Me-βCD treatment depresses P2X3 receptor

function, suggesting that receptors clustered in

lipid rafts are more readily active than receptors

sparse in non-raft domains (Gnanasekaran et al.

2011). Interestingly, this effect is common to

P2X1 receptors, but opposite for P2X4 receptors

(Vial and Evans 2005; Allsopp et al. 2010),

suggesting the occurrence of different choles-

terol content and membrane stiffness of endothe-

lial cells, neurons or microglia where these

receptors are expressed.

Mobility of P2X receptors in different mem-

brane domains could correlate with their activa-

tion state and their internalisation, suggesting

different trafficking routes of P2X receptors.

Time course of membrane biotinylation

experiments performed following application of

α,β-meATP to recombinant P2X3 receptors

expressed in HEK cells (Vacca et al. 2009), or

to naive receptors (Chen et al. 2012) shows rapid

P2X3 receptor endocytosis via caveolin-enriched

raft domains (Chen et al. 2014). After

internalisation, subunit composition and assem-

bly in heteromeric P2X receptors are regulated in

a tissue- and activity-dependent manner to sup-

port development, cell maturation and plasticity.

In particular, exposure to NGF controls the

conditions for heteromeric assembly of P2X2/3

receptors (D’Arco et al. 2007). These data sug-

gest the existence of distinct pools of active/

primed and inactive/desensitised receptors in dif-

ferent membrane domains. The lateral mobility

of P2X3 receptors cannot, however, occur with-

out controlled interaction with scaffold and cyto-

skeleton elements operating via trafficking

molecular motors.

4 Functional Impact of P2X3
Receptor Phosphorylation

Phosphorylation is the result of rapid signal

transduction mechanisms upon stimuli having

an impact on cell activity or P2X receptor func-

tion. Phosphorylation implies kinase activation

and protein-protein interaction with transfer of a

phosphate group. The kinase-substrate binding

domain is highly specific. Unspecific binding is

prevented by structural constrains, dynamic con-

formational changes, adaptor elements, and seg-

regation of signalling molecules in specific

cellular domains. Negative charges conferred

by phosphorylation induce further conforma-

tional changes, and exposure of binding sites

for new interactors. Pharmacological manipula-

tion of cell signalling was used to study the

involvement of kinases and phosphatases in

P2X3 receptor function, producing either direct

or indirect effects. Since cell signalling is sub-

stantially different in proliferating cells

(i.e. stable cell lines) and in resting differentiated

cells (i.e. neurons), it is not surprising that certain

mechanisms are not always correctly expressed

in recombinant systems. This is the case of PKC

because in primary neurons P2X3 receptor phos-

phorylation is associated to NGF-mediated PKC

signalling (D’Arco et al. 2007), Ecto-PKC

kinases (Wirkner et al. 2005), or Epac-protein

kinase C alpha signalling controlling P2X3-

mediated hyperalgesia (Gu et al. 2016).

5 Protein-Protein Interactions

The most advanced imaging techniques, like

optogenetics and fluorescence resonance energy

transfer (FRET) microscopy, are useful to iden-

tify functional protein-protein interactions,

despite certain technical limitations related to

the expression of recombinant proteins in pri-

mary cells and structural constrains restricting

the use of fluorescent tags only to the P2X

C-terminal domains (Khakh et al. 2001). FRET

studies confirmed conformational spread that

mediate cross-inhibition between P2X and other

‘cys-loop’ receptors, such as nicotinic receptors.

In addition, whole-cell patch-clamp recordings

and intracellular Ca+2 imaging of primary sen-

sory neurons, demonstrated negative functional

cross talk between GABA(A) and P2X receptors

(Toulmé et al. 2007; Sokolova et al. 2001),

10 E. Fabbretti



suggesting that receptor transactivation might

concur to the modulation of pre-synaptic release

mechanism at spinal cord level. Interestingly,

this phenomenon depends on a discrete intracel-

lular QST(386–388) motif of P2X3 subunits

(Toulmé et al. 2007). The possibility that P2X3

receptors have a modulatory role at presynaptic

level in spinal cord is very attractive. More recent

data from co-immunoprecipitation and western

blot analysis of P2X3 receptors have

demonstrated the dynamic agonist-dependent

interaction of P2X3 receptors with the Calcium/

Calmodulin-dependent serine protein kinase

(CASK) (Gnanasekaran et al. 2013; Bele and

Fabbretti 2016), a magnesium-independent scaf-

fold protein belonging to the MAGUK family,

involved in synaptic modulation. CASK/P2X3

binding is reinforced by NGF signalling, intra-

cellular calcium and active CaMKII. After ago-

nist application, CASK/P2X3 binding is lost and

P2X3 receptors interact with Panx1, concomi-

tantly with ATP release (Bele and Fabbretti

2016). The detergent n-octyl β-D-
glucopyranoside (ODG) was used to extract spe-

cific clusters of P2X3 receptors associated to

different signalling complexes. The need for dif-

ferent detergent requirements to purify P2X3/

CASK or P2X3/Panx1 complexes suggests dis-

tinct membrane localisation of P2X3 receptors

when interacting with CASK or with Panx1

(Bele and Fabbretti 2016). These data support

the hypothesis that P2X3 receptor alternative

structures might influence active receptor

re-localisation to new membrane compartments

and binding to different partners following recep-

tor opening. Data from X-ray crystallography of

P2X3 receptors confirm that conformational

changes upon receptor opening are transferred

to the P2X3 intracellular C-terminal regions

exposing structural gating requirements

(Mansoor et al. 2016), and therefore possibly

involving transactivation of membrane receptors,

reaction with lipids or other intracellular signal-

ling elements. In this view, correct stoichiometry

of molecular partners governs proper time of cell

signalling downstream receptor activation. The

expression of different effectors is strongly

influenced by pathological conditions and extra-

cellular signals, that control new gene expres-

sion, splicing variants, and new activation/

repression of mechanisms possibly involved in

P2X3 receptor partnerships.

6 P2X3 Receptors and Release
Mechanisms

Release of different soluble mediators is a com-

mon hallmark downstream P2X receptor func-

tion demonstrated in different cell types, such

as macrophages (IL-1 release), microglia

(BDNF release) and pancreatic beta cells (Insulin

release) (Sanz and Di Virgilio 2000; Trang et al.

2009; Jacques-Silva et al. 2010). At meningeal

level, innervation of trigeminal sensory fibers is

sensitive to application of α,β-meATP and results

in CGRP release (Yegutkin et al. 2016). A key

question is whether the expression of P2X3

receptors in the proximity of permissive regions

for the release of soluble mediators might influ-

ence it. In sensory neurons, P2X3 receptors are

expressed in different peptidergic and

non-peptidergic neuronal subpopulations (Saeed

and Ribeiro-da-Silva 2012; Usoskin et al. 2015)

and possibly in close vicinity to the release-

associated machinery in the periphery or in spi-

nal cord with different outcomes in relation to the

intensity of peripheral stimuli (Giniatullin et al.

2008). Indeed, activation of P2X3 receptors con-

tribute to neuronal firing (Hullugundi et al. 2013)

and evoke ATP release (Bele and Fabbretti

2016), possibly influencing cell-to-cell crosstalk

and feed-forward signalling within peripheral

tissues, ganglia or neuronal networks in the spi-

nal cord (Grosche et al. 1999). Notably, CASK is

associated to lipid rafts at synapses (Fallon et al.

2002) and controls pre-synaptic release

mechanisms in the central nervous system

(Atasoy et al. 2007). Globally, CASK/P2X3

interaction and CASK properties support the
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hypothesis that scaffold proteins and gap

junctions are involved in proper clustering of

P2X3 receptors in hot membrane regions devoted

to cell-to-cell signalling (Grosche et al. 1999;

Vial and Evans 2005; Bele and Fabbretti 2016).

In analogy, clusters of P2X1 receptors expressed

on arteries have been found close to sympathetic

nerve varicosities, where they could modulate

transmitter release (Hansen et al. 1999; Vial

and Evans 2005).

In addition to scaffold proteins, also mem-

brane lipids might govern P2X receptor cluster-

ing (Bernier et al. 2013). In particular, lipid rafts,

cholesterol and sphingolipid-enriched membrane

domains play an essential role in regulated exo-

cytosis pathways, whereas cholesterol depletion

inhibits exocytosis (Salaün et al. 2004). Further-

more, the major protein raft-targeting signal is

palmitoylation and the CASK homologous Mem-

brane palmitoylated protein-1 (MPP1) possesses

cholesterol binding motifs (Listowski et al.

2015). Although a systematic analysis of P2X

palmitoylation is missing, altered P2X7

palmitoylation results in intracellular pooling of

these receptors and delayed trafficking toward

the plasma membrane (Gonnord et al. 2009). It

is possible that mechanisms controlled by CASK

and related molecules, such as MPP1, might

organise proper targeting of cluster of P2X3

receptors to control their appropriate functional

responses.

7 Conclusions

Purinergic signalling is transduced in a cell- and

receptor-specific manner depending on ambient

ATP concentrations (North 2016). In summary,

P2X3 receptors are neuron-specific ATP sensors,

that behave as modulators of neuronal responses

in an array of different physiological contexts.

How their expression and function are modulated

by molecular mechanisms activated during a

chronic pathological process is not clear. Further

studies aimed at identifying new subthreshold

molecular readouts will be useful not only for

screening new synthetic compounds but also to

understand and prevent maladaptive P2X3-

mediated processes occurring in disease

conditions.

Technical Tips 1: Working with P2X3

Membrane Receptors

P2X receptor extraction from cell

membranes requires incubation in a hypo-

tonic cell lysis buffer with detergents for

30 min. In absence of specific inhibitors,

proteins are rapidly degraded by lysosomal

proteases released during cell lysis. In par-

ticular, the P2X3 receptor sequence is very

sensitive to N-terminal protease cleavage,

generating 30 kDa peptides, a process

prevented by blockers of Asp-N proteases.

Antibodies targeting the P2X3 C-terminal

epitope (Alomone, cat.n. APR-16) recog-

nise a P2X3-specific pattern in western blot

(45–55 kDa), consisting in differentially

glycosylated isoforms sensitive to PNGase

and EndoH deglycosidase treatments. In

some circumstances, an unspecific band at

60 kDa is also detected. Ultracentrifuga-

tion of crude cell extracts (100,000 rpm,

1 h) results in a pellet of membrane-

associated proteins of different origin

(endoplasmic reticulum, Golgi and cell

surface membranes). Biotinylation of sur-

face membrane proteins (EZ-Link Sulfo-

NHS-LC-biotin, Pierce) and streptavidin

pulldown are used to purify surface mem-

brane P2X3 subunits, a procedure neces-

sary to study the time course of the

internalisation of P2X3 receptors after ago-

nist application (Vacca et al. 2009; Chen

et al. 2012). TritonX-100 allows to segre-

gate triton-insoluble and -soluble mem-

brane proteins on the basis of their

membrane cholesterol content, namely

raft or non-raft membrane domains. A

more systematic analysis of receptors

expressed in membrane fractions having

different density may be obtained by ultra-

centrifugation of crude protein extracts on

(continued)
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a sucrose cushion using a swinging-bucket

rotor at 100,000 rpm for 4 h (Gnanasekaran

et al. 2011). Notably, the lipid raft-

associated flotilin and the non-raft transfer-

rin receptors are used as western blot

markers to identify different membrane

compartments.

Technical Tips 2: Co-immunoprecipitation

Studies

Co-immunoprecipitation studies are used

to identify specific protein complexes.

Antibodies used in this procedure might

compete for the same antigen sequence

with other binding proteins, displacing

weak or indirect protein-protein

interactions, resulting in low pulldown effi-

ciency. Polyclonal antibodies targeting a

long sequence, such as the P2X3

C-terminal domain H-60 (S.Cruz, cat-n.

sc-25,694) efficiently pulldown P2X3

receptor subunits regardless structural

constrains, hidden motifs, binding to lipids

or binding to other proteins. Specificity is

tested in western blot with more stringent

anti-P2X3 antibodies (APR-16, Alomone)

and by inverted pull down, recombinant

expression of tagged proteins (Myc-tag

proteins), or RNA silencing of protein of

interests. Unless mutagenesis confirms a

direct interaction, like in the case of

mouse P2X3/Csk interaction (D’Arco

et al. 2009; Sundukova et al. 2012), the

correct interpretation of pull down

experiments is the occurrence of a macro-

molecular complex, where also unknown

structural adaptors (peptides or RNA) may

have functional relevance, likely before or

downstream of receptor opening. The

intrinsic stickiness of certain disordered

protein domains (like PDZ domains)

when they are extracted from their naı̈ve

environment, strongly increases self-

aggregation or unspecific binding of these

molecules. For this reason, chemical

crosslinking can fix protein complexes in

their naive conditions possibly increasing

pulldown specificity. Crosslinking

reagents are available in membrane perme-

able or non-permeable forms, are reactive

towards protein amino-groups, have differ-

ent length of reactive spacer arms, and

have reducible disulfide bonds for further

analysis of individual proteins by western

blot procedures.

Technical Tips 3: Phosphorylation Studies

To approach receptor phosphorylation

studies, serum starvation (2 h) prior cell

lysis can lower the background signalling

and can unmask phosphorylation signals

evoked by acute stimulation of specific

pathways. Inhibitors of serine/threonine

(sodium fluoride) and phospho-tyrosine

phosphatases (ortovanadate) prevent

artefactual de-phosphorylation during the

lysis procedure. Notably, many protein-

protein interactions are controlled by the

occurrence of phosphorylated residues.

Detection of protein phosphorylation by

western blot assays requires careful proce-

dure optimisation, short incubation

periods, the use of fresh blocking buffer

(containing serum albumin rather than

milk), and low detergent strength. P2X

receptor immunoprecipitation is, therefore,

processed by western blotting with anti-

phospho-serine/threonine or anti-phospho-

tyrosine specific antibodies that nominally

distinguish phosphorylated from

non-phosphorylated aminoacids. They are

very sensitive and often with a limited

lifespan, that prompt their use within few

weeks from purchase.

Conflicts of Interest The authors declare that they have

no conflicts of interest.

P2X3 Receptors Are Specialised ATP Sensors 13



Ethical Approval This article does not contain any stud-

ies with human participants or animals performed by any

of the authors.

References

Abdulqawi R, Dockry R, Holt K, Layton G, McCarthy

BG, Ford AP, Smith JA (2015) P2X3 receptor antago-

nist (AF-219) in refractory chronic cough: a

randomised, double-blind, placebo-controlled phase

2 study. Lancet 385:1198–1205

Allsopp RC, Lalo U, Evans RJ (2010) Lipid raft associa-

tion and cholesterol sensitivity of P2X1-4 receptors

for ATP: chimeras and point mutants identify intracel-

lular amino-terminal residues involved in lipid regula-

tion of P2X1 receptors. J Biol Chem

285:32770–32777

Atasoy D, Schoch S, Ho A, Nadasy KA, Liu X, Zhang W,

Mukherjee K, Nosyreva ED, Fernandez-Chacon R,

Missler M, Kavalali ET, Südhof TC (2007) Deletion

of CASK in mice is lethal and impairs synaptic func-

tion. Proc Natl Acad Sci USA 104:2525–2530

Bele T, Fabbretti E (2016) The scaffold protein calcium/

calmodulin-dependent serine protein kinase controls

ATP release in sensory ganglia upon P2X3 receptor

activation and is part of an ATP keeper complex. J

Neurochem 138:587–597

Bentley M, Banker G (2016) The cellular mechanisms

that maintain neuronal polarity. Nat Rev Neurosci

17:611–622
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The P2X7 Receptor

Ronald Sluyter

Abstract

The P2X7 receptor is a trimeric ion channel gated by extracellular adeno-

sine 50-triphosphate. The receptor is present on an increasing number of

different cells types including stem, blood, glial, neural, ocular, bone,

dental, exocrine, endothelial, muscle, renal and skin cells. The P2X7

receptor induces various downstream events in a cell-specific manner,

including inflammatory molecule release, cell proliferation and death,

metabolic events, and phagocytosis. As such this receptor plays important

roles in heath and disease. Increasing knowledge about the P2X7 receptor

has been gained from studies of, but not limited to, protein chemistry

including cloning, site-directed mutagenesis, crystal structures and atomic

modeling, as well as from studies of primary tissues and transgenic mice.

This chapter focuses on the P2X7 receptor itself. This includes the P2RX7

gene and its products including splice and polymorphic variants. This

chapter also reviews modulators of P2X7 receptor activation and inhibi-

tion, as well as the transcriptional regulation of the P2RX7 gene via its

promoter and enhancer regions, and by microRNA and long-coding RNA.

Furthermore, this chapter discusses the post-translational modification of

the P2X7 receptor by N-linked glycosylation, adenosine 50-diphosphate
ribosylation and palmitoylation. Finally, this chapter reviews interaction

partners of the P2X7 receptor, and its cellular localisation and trafficking

within cells.
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Abbreviations

ADP adenosine 50-diphosphate
Ano6 anoctamin 6

ART ADP-ribosyltransferase

ATP adenosine 50-triphosphate
BzATP 20(30)-O-(4-benzoylbenzoyl) ATP
HEK human embryonic kidney

HSP90 heat shock protein HSP90-β
IL interleukin

lncRNA long-coding RNA

LPS lipopolysaccharide

miRNA microRNA

NAD nicotinamide adenine dinucleotide

NMDG+ N-methyl-D-glucamine

rs reference SNP

SNP single nucleotide polymorphism

1 Introduction

The P2X7 receptor belongs to the P2X receptor

family, a group of trimeric ligand-gated cation

channels (North 2016). Receptors within this

family are activated by extracellular adenosine

50-triphosphate (ATP) to mediate the rapid flux

of Na+, K+, Ca2+ and other cations (Burnstock

and Kennedy 2011). Activated P2X7 receptors

can also open large pores to facilitate the passage

of organic ions including N-methyl-D-glucamine

(NMDG+), choline+ and fluorescent dyes such as

ethidium+ and YO-PRO-12+ (Alves et al. 2014).

P2X2, P2X4 and P2X5 receptors can also display

this property (Bo et al. 2003; Khakh et al. 1999;

Virginio et al. 1999), indicating that this feature

is not unique to P2X7 receptors and potentially

complicating the analysis of P2X receptors in

native cells and tissues.

The P2X7 receptor was originally coined the

P2Z receptor due to its requirement to be

activated by higher concentrations of ATP

(~100 μM) compared to P2X and P2Y receptors

(Gordon 1986). The P2Z receptor was first

cloned from a rat brain cDNA library in 1996

(Surprenant et al. 1996). The first 395 amino acid

residues of this cloned receptor possessed

35–40% sequence identity with the other six

known P2X receptors, which led to the reclassi-

fication of the P2Z receptor as the P2X7 receptor

(Surprenant et al. 1996).

The earliest evidence for the presence of func-

tional P2X7 receptors in cells is commonly

attributed to the presence of a receptor on rat

mast cells activated by the free or tetrabasic

form of ATP (ATP4�) (Cockcroft and Gomperts

1979, 1980). However the optimal

concentrations of ATP required to activate mast

cells in these former studies are lower than that

required typically to activate the rat P2X7 recep-

tor (Surprenant et al. 1996), whilst it is now

known that free ATP can also activate other

P2X receptors (Li et al. 2013). Thus, initial evi-

dence for the presence of functional P2X7

receptors in cells is (perhaps) better reflected in

earlier studies of rat mast cells (Keller 1966),

canine erythrocytes (Parker and Snow 1972),

rabbit renal tubules (Rorive and Kleinzeller

1972), hamster astrocytes (Trams 1974) and

virus-transformed murine fibroblasts (Rozengurt

and Heppel 1975). In these studies extracellular

ATP induced events with features typical of

P2X7 receptors including activation by high

ATP concentrations (>100 μM) (Surprenant

et al. 1996), inhibition by Ca2+ or Mg2+

18 R. Sluyter



(Acuna-Castillo et al. 2007), or sensitivity to

changes in temperature (Wiley et al. 1998) or

pH (Liu et al. 2009). Moreover, it is now well

established that functional P2X7 receptors are

present in many cell types including

haematopoietic stem cells (Rossi et al. 2012),

mesenchymal stem cells (Jiang et al. 2017),

leukocytes (Jacob et al. 2013), erythrocytes

(Sluyter 2015), ocular cells (Sanderson et al.

2014), bone cells (Agrawal and Gartland 2015),

dental pulp cells (Jiang et al. 2015a; Shiozaki

et al. 2017), exocrine cells (Novak et al. 2010;

Woods et al. 2012), endothelial cells (Burnstock

and Ralevic 2014), muscle cells (Young et al.

2012), renal cells (Booth et al. 2012) and skin

cells (Geraghty et al. 2016), as well as various

malignant cell types (Roger et al. 2015). The

presence of P2X7 receptors in the central ner-

vous system has been long debated (Anderson

and Nedergaard 2006), but increasing evidence

supports the presence of this receptor on various

glial and neural cells including neurons (Stokes

et al. 2015; Sperlagh and Illes 2014). Further

studies however are required to fully address

this debate (Sperlagh and Illes 2014).

As a result of the broad distribution of the

P2X7 receptor, this receptor is involved in a

number of physiological and pathophysiological

processes, many of which have been reviewed

extensively elsewhere. In brief, these processes

include the activation of the inflammasome and

subsequent release of interleukin (IL)-1β and

IL-18 (Dubyak 2012), the stimulation of

metalloproteases to cause the shedding of cell

surface molecules such as CD23, CD27 and

CD62L (Pupovac and Sluyter 2016), and

phagosome-lysosome fusion, autophagy, and

reactive oxygen and nitrogen species generation

to mediate the destruction of intracellular

pathogens including mycobacteria, chlamydiae

and toxoplasma (Miller et al. 2011). P2X7 recep-

tor activation can (paradoxically) drive prolifer-

ation and death of various cell types (Adinolfi

et al. 2005), and can cause excitotoxicity of glial

and neural cells by inducing glutamate release

(Matute 2011). Less examined roles of the P2X7

receptor include: the stimulation of phospholi-

pase A2 and cyclooxygenase and subsequent

release of lipid mediators (Barbera-Cremades

et al. 2012; Jiang et al. 2007; Norris et al.

2014); the activation of tissue factor and release

of microparticles bearing tissue factor or

phosphatidylserine (Baroni et al. 2007; Furlan-

Freguia et al. 2011; Moore and MacKenzie

2007); and the release of various enzymes

including cathepsins (Lopez-Castejon et al.

2010), metalloprotease-9 (Gu and Wiley 2006),

nicotinamide phosphoribosyltransferase (Schil-

ling and Hauschildt 2012) and

transglutaminase-2 (Adamczyk et al. 2015).

P2X7 receptor activation also has roles in the

metabolism of glucose (Amoroso et al. 2012;

Grol et al. 2012) and lipids (Beaucage et al.

2014), as well as alterations in gut microbiota

(Perruzza et al. 2017). Finally, the P2X7

receptor may function as a scavenger receptor

to mediate phagocytosis of cells independently

of activation by extracellular ATP (Wiley and

Gu 2012).

The current chapter focuses on the P2X7

receptor itself including its gene and gene

products, activation and inhibition, splice and

polymorphic variants, transcriptional regulation,

post-translational modifications, interaction

partners, cellular localisation and trafficking.

This chapter discusses these points mostly in

the context of mammalian P2X7 receptors, with

occasional reference to P2X7 receptors from

other species. Detailed reviews about P2X7

receptors regarding its structure (Costa-Junior

et al. 2011; Jiang et al. 2013), pharmacology

(Bartlett et al. 2014; Bhattacharya and Biber

2016; Park and Kim 2017), roles in heath and

disease (De Marchi et al. 2016; Tewari and Seth

2015), and cellular distribution and functions

(see references above) can be found elsewhere

as indicated. Whilst, a comprehensive overview

of P2X receptor activation by Toshimitsu

Kawate is found as a separate chapter within

this volume.

2 The P2RX7 Gene

The gene coding the P2X7 subunit (commonly

designated as P2RX7) has been reported in at
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least 55 species (http://asia.ensembl.org, last

accessed 9 February 2017), but the number of

species in which P2X7 receptors have been fur-

ther investigated is much smaller (Table 1).

Recombinant P2X7 receptors have been

characterised from seven mammalian species:

human (Homo sapiens) (Rassendren et al.

1997), rhesus macaque (Macaca mulatta)

(Bradley et al. 2011a), dog (Canis lupus

familiaris) (Roman et al. 2009), giant panda

(Ailuropoda melanoleuca) (Karasawa and

Kawate 2016); rat (Rattus norvegicus)

(Surprenant et al. 1996), mouse (Mus musculus)
(Chessell et al. 1998) and guinea pig (Cavia

porcellus) (Fonfria et al. 2008). Recombinant

P2X7 receptors have also been characterised

from non-mammalian species including the Afri-

can clawed frog (Xenopus laevis) (Paukert et al.
2002), ayu sweetfish (Plecoglossus altivelis)

(He et al. 2013), Japanese flounder (Paralichthys

olivaceus) (Li et al. 2014), gilthead seabream

(Sparus aurata) (Lopez-Castejon et al. 2007)

and zebrafish (Danio rerio) (Kucenas et al.

2003).

The genomic organisation and chromosomal

localisation of a P2RX7 gene was first reported in

humans (Buell et al. 1998a). The human P2RX7

gene is comprised of 13 exons and localised to

chromosome 12q24. Online data (http://asia.

ensembl.org, last accessed 9 February 2017)

demonstrate that rhesus monkey, dog, giant

panda, rat, mouse and guinea pig P2RX7 genes

each comprise 13 exons but (unsurprisingly) dif-

fer in chromosomal localisation, while the

zebrafish P2RX7 gene comprises 14 exons and

is present on chromosome 8 (Table 1).

3 The P2X7 Protein

The first recombinant P2X7 subunit was cloned

from the rat (Surprenant et al. 1996) and subse-

quently obtained from other mammalian species

(Rassendren et al. 1997; Bradley et al. 2011a;

Roman et al. 2009; Karasawa and Kawate 2016;

Chessell et al. 1998; Fonfria et al. 2008). Of the

recombinant P2X7 subunits obtained to date,

non-human mammalian and non-mammalian

subunits have 77–97% and 42–47% sequence

identity, respectively, to the human P2X7 subunit

(Table 1). Mammalian P2X7 subunits are typi-

cally 595 (or 594) amino acid residues in length,

while non-mammalian P2X7 subunits vary in

length depending on the species (Table 1). Each

Table 1 Recombinant P2X7 receptors

Species

Gene location

(chromosome)

Protein length (amino

acid residues) UniProtKB

Identity to

human P2X7 (%)

First recombinant

receptor (year)

Human 12 595 Q99572 100 1997

Rhesus

macaque

11 595 F6TSC2 97 2011

Dog 26 595 F1P9Y2 86 2009

Giant panda 595 G1M6C4 85 2016

Mouse 5 595 Q9Z1M0,

Q8CHP4

81 1998

Rat 12 595 Q64663 80 1996

Guinea pig 594 H0V491 77 2008

Ayu

sweetfish

574 M5BFT2 47 2013

Gilthead

seabream

576 A1INL4 46 2007

Japanese

flounder

580 A0A059T2C6 46 2014

African

clawed frog

553 Q8UUP5 45 2002

Zebrafish 8 596 F1QJ17 42 2003

Sources: http://asia.ensembl.org and http://www.uniprot.org/ (last accessed 9 February 2017)

20 R. Sluyter

http://asia.ensembl.org
http://asia.ensembl.org
http://asia.ensembl.org
http://asia.ensembl.org
http://www.uniprot.org/


P2X7 subunit comprises two transmembrane

domains, intracellular N- and C-termini, and a

large ectodomain (which contains two

ATP-binding sites) (Jiang et al. 2013).

P2X7 subunits assemble predominately as

homotrimeric receptors (Boumechache et al.

2009; Nicke 2008; Torres et al. 1999), but in

some instances, P2X7 subunits can coassemble

with P2X4 subunits to form heterotrimeric

receptors (Boumechache et al. 2009; Antonio

et al. 2011; Guo et al. 2007; Hung et al. 2013;

Perez-Flores et al. 2015). The P2X4 receptor can

also participate in inflammatory mediator release

(Kawano et al. 2012a; Sakaki et al. 2013) and cell

death (Kawano et al. 2012b) downstream of

P2X7 receptor activation, highlighting further

the complex relationship between these two

purinergic receptors. Finally, P2X2 and P2X5

subunits can also form heterotrimeric receptors

that display P2X7 receptor-like properties

Fig. 1 The P2X7 receptor. (A) Cartoon representation of
a ‘dolphin-like’ single subunit of the apo giant panda

P2X7 receptor structure. Fourteen β-strands are labeled

β1-14. Each domain is coloured consistent with the previ-

ous studies for better comparison (Hattori and Gouaux

2012; Kawate et al. 2009). (B) Cartoon representation of

the trimeric giant panda P2X7 receptor structure from the

side. The black box indicates an approximate location of

the upper body domains shown in (C) and (D). (C) Side

view of the upper body domains exhibiting A804598

binding sites with respect to the ATP-binding pockets

(orange dashed lines). A804598 is shown as CPK

spheres. (D) Top view of the apo giant panda P2X7

receptor structure with respect to the ATP-binding

pockets (orange dashed lines) and one of the drug-

binding pockets (green dashed lines). Figure and legend

from Karasawa and Kawate (Karasawa and Kawate 2016)

and used with permission from the authors
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(Compan et al. 2012), thereby complicating the

identification of P2X7 receptors in some cells

and tissues via functional studies.

The crystal structure of the giant panda P2X7

receptor was recently revealed (Karasawa and

Kawate 2016), with individual subunits similar

in structure to crystal structures of the zebrafish

P2X4 (Hattori and Gouaux 2012; Kawate et al.

2009), Gulf Coast tick P2X (Kasuya et al. 2016)

and human P2X3 (Mansoor et al. 2016) subunits.

The crystal structure of the panda P2X7 receptor

also demonstrated the trimeric structure of this

receptor (Karasawa and Kawate 2016), as

observed for crystal structures of other P2X

receptors (Hattori and Gouaux 2012; Kawate

et al. 2009; Kasuya et al. 2016; Mansoor et al.

2016). Previously, atomic modeling, based on

the zebrafish P2X4 receptor, had also revealed

similar structures for various P2X7 receptors

(Jiang et al. 2013; Ahmadi et al. 2015; Bradley

et al. 2011b; Gu et al. 2015a). As comprehen-

sively evaluated (Jiang et al. 2013) and directly

shown (Karasawa and Kawate 2016), the

subunits are in the shape of a ‘dolphin’, with

the ectodomain (containing 14 β-strands) and

the two transmembrane domains representing

the body (with head and fins) and tail, respec-

tively (Fig. 1A). The trimeric P2X7 receptor

forms a ‘chalice-like shape’, with the three

ectodomains interacting at several points, and

the transmembrane domains forming individual

helices, with the second transmembrane domains

located centrally to form the channel pore and

the first transmembrane domains located at the

periphery (Fig. 1B). The crystal structure of the

panda P2X7 receptor also revealed a ‘turret-like’

structure composed by the β13 and β14 strands

(Karasawa and Kawate 2016) (Fig. 1C). Closing

of this ‘turret-like’ structure appears necessary

for the full opening of the lower body domain

and subsequent channel opening, a process

prevented by antagonist binding (Karasawa and

Kawate 2016) (Fig. 1C–D). The crystal structure

of the panda P2X7 receptor is in the closed (apo)

state (Karasawa and Kawate 2016), but analysis

of the zebra P2X4 receptor in the open state

(Hattori and Gouaux 2012) reveals that P2X7

and other P2X receptors may need to open

more widely to allow the permeation of fluores-

cent cations (Wei et al. 2016). Thus, structures of

P2X7 receptors in the open state are required to

confirm whether organic cations larger than

NMDG+ (195 Da) can permeate through these

receptors (Wei et al. 2016) as indicated by func-

tional studies of the rat P2X7 receptor (Browne

et al. 2013).

Complete structures of P2X subunits with N-

and C-termini remain to be resolved, but both

termini play important roles in P2X7 receptor

biology. The N-terminus regulates, in part, the

flow of Ca2+ through the channel (Liang et al.

2015) and the activation of extracellular signal-

regulated kinases (Amstrup and Novak 2003), as

well as control of P2X7 receptor gating and

facilitation (Allsopp and Evans 2015). A

conserved protein kinase C consensus site (TX
(K/R)) is located in the N-terminus and

modulates P2X2 receptor densensitisation

(Boue-Grabot et al. 2000), but potential roles of

this consensus site (residues 15TX17K) in P2X7

receptor phosphorylation are yet to be reported.

However, mutation of the 15K residue alters

permeability of the rat P2X7 receptor to organic

cations (Yan et al. 2008), whilst mutation of the

K17 and V18 residues impairs the enhanced sen-

sitivity of the human P2X7 receptor following

plasma membrane cholesterol depletion, but not

pore formation per se (Robinson et al. 2014). The
C-terminus is essential for receptor expression

and function, and contains a number of

established and putative motifs or domains, and

has been reviewed in detail (Costa-Junior et al.

2011). Of most relevance to discussions below,

the P2X7 subunit C-terminus contains a cysteine-

rich domain (residues C362-V379) within the

juxtamembrane region (Chaumont et al. 2004)

and a lipopolysaccharide (LPS)-binding domain

(residues C573-G590) (Denlinger et al. 2001),

unique domains amongst the P2X subunit

members.
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4 Activation and Inhibition
of P2X7 Receptors

4.1 Activation

P2X7 receptors are activated by extracellular

ATP, with half maximal effective concentrations

in the range of ~50 μM to ~2.5 mM depending on

the species (Surprenant et al. 1996; Rassendren

et al. 1997; Bradley et al. 2011a; Roman et al.

2009; Karasawa and Kawate 2016; Chessell et al.

1998; Fonfria et al. 2008; Paukert et al. 2002; He

et al. 2013; Li et al. 2014; Lopez-Castejon et al.

2007). Attempts to observe ATP binding to crys-

tal structures of P2X7 receptors have proved

unsuccessful to date (Karasawa and Kawate

2016). Atomic modeling of P2X7 receptors how-

ever reveals the ATP binding sites to involve

nine amino acid residues from two adjacent

subunits (LK64, K66, T187 and K197; Q292,

R294 and K311) (Jiang et al. 2013). Whilst func-

tional studies (Adriouch et al. 2009; Liu et al.

2008; Young et al. 2007; Stokes et al. 2010),

have demonstrated that other residues (K127,

K145, R276, R277 and N284) surrounding the

ATP binding sites may also be important for

receptor activation (Jiang et al. 2013).

P2X7 receptors can also be activated by the

synthetic ATP analogue, 20(30)-O-
(4-benzoylbenzoyl) ATP (BzATP) with reported

half maximal effective concentrations about ten-

fold lower than that required for ATP

(Surprenant et al. 1996; Rassendren et al. 1997;

Bradley et al. 2011a; Roman et al. 2009; Chessell

et al. 1998; Paukert et al. 2002; Lopez-Castejon

et al. 2007), except in the guinea pig where

BzATP has minimal effect (Fonfria et al. 2008)

and in the Japanese flounder where ATP and

BzATP are equipotent (Li et al. 2014). Human,

canine, rat and murine P2X7 receptors can also

be activated partially by the synthetic ATP ana-

logue, adenosine 50-(γ-thio)-triphosphate
(Donnelly-Roberts et al. 2009a; Spildrejorde

et al. 2014). Murine P2X7 receptors can also be

activated by nicotinamide adenine dinucleotide

(NAD) (discussed further below). Adenosine

50-diphosphate (ADP) and adenosine 50-
monophosphate do not generally activate P2X7

receptors (Donnelly-Roberts et al. 2009a).

Priming of murine or Xenopus P2X7 receptors

by 1 mM ATP for 10–20 s however renders these

receptors sensitive to activation by high

concentrations of either ADP or adenosine 5-
0-monophosphate (half maximal effective

concentrations of ~5 mM) (Chakfe et al. 2002).

A finding that has not been widely pursued, pos-

sibly due to the high concentrations of ADP or

adenosine 50-monophosphate required, thus

reducing the potential physiological relevance

of these nucleotides to P2X7 receptor activation.

The cathelicidin-derived antimicrobial pep-

tide, LL-37, has been repeatedly purported to

activate P2X7 receptors since its initial discovery

to directly activate this receptor (Elssner et al.

2004). However other studies demonstrate that

this peptide most likely acts as a positive

modulator of basal and agonist-induced P2X7

receptor activation (Pochet et al. 2006;

Tomasinsig et al. 2008). Consistent with this,

other compounds such as tenidap (Sanz et al.

1998), polymyxin B (Ferrari et al. 2004),

clemastine (Norenberg et al. 2011), ivermectin

(Norenberg et al. 2012) and ginsenosides

(Helliwell et al. 2015) can act as positive

modulators of P2X7 receptor activation.

Intracellular LPS can also facilitate P2X7

receptor activation. Intracellular LPS can stimu-

late murine caspase-11 (the paralogue to human

caspase-4 and caspase-5), which then cleaves the

ATP release channel, pannexin-1, to increase

extracellular ATP and resulting in subsequent

P2X7 receptor activation (Yang et al. 2015). In

this context, intracellular LPS can also serve to

decrease the threshold required for P2X7 recep-

tor activation, possibly by binding to the putative

LPS-binding domain (Denlinger et al. 2001) to

induce conformational changes and increase sen-

sitivity to ATP (Yang et al. 2015), although

direct evidence for this is lacking. Pannexin-1

can also be activated by caspase-3 (and possibly

caspase-7) (Chekeni et al. 2010) following the

caspase-mediated cleavage of its pore-associated
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C-terminal autoinhibitory region (Sandilos et al.

2012). However, any relationship of this process

to P2X7 receptor activation remains to be

described.

4.2 Inhibition

P2X7 receptors can be inhibited by a number of

non-selective and selective antagonists; and have

been the subject of recent reviews (Bartlett et al.

2014; Bhattacharya and Biber 2016; Park and

Kim 2017). In brief, a variety of small molecule

antagonists are now commercially available for

use in research laboratories (Table 2). Other

antagonists have been used safely in past clinical

trials (Eser et al. 2015; Keystone et al. 2012;

Stock et al. 2012) or are part of new clinical trials

(Park and Kim 2017), but none are currently used

as therapeutic drugs. P2X7 receptors can also be

blocked by specific biologics, either monoclonal

antibodies (Buell et al. 1998b; Kurashima et al.

2012) or nanobodies (Danquah et al. 2016),

providing experimental and therapeutic

alternatives to small molecule antagonists. For

example, anti-murine P2X7 monoclonal

antibodies or nanobodies can ameliorate experi-

mental colitis (Kurashima et al. 2012), or experi-

mental glomerulonephritis and allergic contact

dermatitis (Danquah et al. 2016), respectively.

Lastly, monoclonal or polyclonal antibodies

that bind non-functional but not fully functional

P2X7 receptors have been described (Barden

et al. 2003; Gilbert et al. 2017). Topical applica-

tion of these antibodies can reduce both B16

melanoma tumour growth in mice and the lesion

area in human basal cell carcinoma (Gilbert et al.

2017). The mechanisms by which these

antibodies display therapeutic action remain to

be determined, but may possibly act via

antibody-mediated cell lysis.

A number of P2X7 receptor antagonists have

been systematically examined against human and

rodent P2X7 receptors (Donnelly-Roberts et al.

2009a; Bhattacharya et al. 2013; Hibell et al.

2001), providing the most comprehensive

analyses to date. Notably, these and other studies

have demonstrated that some antagonists are

specific for P2X7 receptors, while others can

inhibit additional P2 receptors (Table 2). Con-

versely, some presumed P2X1 receptor

antagonists (MRS2159, NF279 and NF449)

inhibit P2X7 receptors (Donnelly-Roberts et al.

2009a; Klapperstuck et al. 2000; Sophocleous

et al. 2015). Whilst, the P2X7 receptor

antagonists inhibitors, A438079 and Brilliant

Blue G, can impair pannexin-1 (Qiu and Dahl

2009), and conversely the pannexin-1 inhibitor,

probenecid, can impair the P2X7 receptor

(Bhaskaracharya et al. 2014), confounding the

relationship between these two channels. Finally,

it should be noted that Brilliant Blue G, but not

A438079, can stimulate certain intracellular sig-

naling enzymes (Hedden et al. 2011), further

complicating its use in studies of P2X7 receptor

biology.

Crystal structure analyses of giant panda

P2X7 receptors have demonstrated an

antagonist-binding pocket formed between two

adjacent P2X7 subunits and juxtaposed to the

putative ATP-binding pocket (Karasawa and

Kawate 2016) (Fig. 1C–D). The antagonist-

binding pocket comprises 13 amino acid

residues, with antagonist binding mainly

mediated via amino acid residues F95, F103,

M105, F293 and V312 (Karasawa and Kawate

2016). Of these, residue F103 was most critical

for the inhibitory actions of all five antagonists

examined (A740003, A804598, AZ10606120,

GW791343 and JNJ47965567) (Karasawa and

Kawate 2016). Whilst residue F95 had been

shown previously to be important for P2X7

receptor antagonist binding including differences

in P2X7 receptor blockade between species

(Michel et al. 2008a, 2009). More recent muta-

genesis and atomic modeling studies of the

human P2X7 receptor have identified the binding

pocket for AZ10606120, which is largely in

agreement with the antagonist-binding pocket

identified in the giant panda P2X7 receptor

(Allsopp et al. 2017). The equivalent pocket in

the P2X4 receptor is too narrow to accommodate

P2X7 receptor antagonists (Karasawa and

Kawate 2016), providing a possible explanation

for antagonist specificity. Curiously, three of the

examined compounds (A740003, A804598, and
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JNJ47965567) were reported previously as com-

petitive antagonists (Bhattacharya et al. 2013;

Donnelly-Roberts et al. 2009b; Honore et al.

2006), but further analysis demonstrated that

each of these compounds impaired P2X7 recep-

tor activation in a non-competitive manner

(Karasawa and Kawate 2016). Thus, crystal

structures of other mammalian P2X7 receptors

(particularly human and rodent) and further func-

tional studies are required to reconcile these

differences.

5 P2X7 Receptor Splice Variants

Numerous splice variants are reported for P2X7

subunits (http://asia.ensembl.org, last accessed

9 February 2017), of which only a few have

been functionally characterised. These variants

are the result of various truncations or insertions,

and more commonly result in shorter length

subunits.

Table 2 Commercially available P2X7 receptor antagonists

Antagonist

P2X7 receptor species

selectivitya P2 receptor selectivity

Inhibition No or weak inhibition

A438079 h, rm, d, r, m P2X1, P2X2, P2X2/3, P2X4,

P2Y1, P2Y2

A740003 h, p, r, m, f P2X1, P2X2, P2X2/3, P2X4,

P2Y1, P2Y2

A804598 h, rm, p, d, r, m P2X1, P2X2, P2X2/3, P2X4,

P2Y1, P2Y2

AZ10606120 h, rm, p, d, r, m

AZ11645373 h, rm, d, m, gp (not r) P2X1, P2X2, P2X2/3, P2X4,

P2X5

BBGb h, d, r, m, gp, s, f, x, z P2X1, P2X2, P2X4, P2X5 P2X2/3, P2X1/5, P2Y1, P2Y2

GW791343 h, p (not re)

JNJ47965567 h, rm, p, d, r, m P2X1, P2X2, P2X3, P2X2/3,

P2X4

KN62 h, rm, d, m, gp (not r, x)

MRS2159c h, r, m P2X1, P2X2, P2X2/3, P2Y1 P2X4, P2Y2

NF279c h, r, m P2X1, P2X2, P2Y1 P2X2/3, P2X4, P2Y2

NF449cd h, r, m P2X1 P2X2, P2X2/3, P2X4, P2Y1,

P2Y2

Oxidised

ATP

h, r, m, a P2X1, P2X2, P2X2/3, P2Y1 P2Y2

PPADS h, r, m, gp, s, x, z P2X1, P2X2, P2X3, P2X2/3, P2X5,

P2Y1, P2Y2

P2X4

PPNDS h, r, m P2X1, P2X2, P2X2/3, P2Y1, P2Y2 P2X4

Information obtained from the following references (Bo et al. 2003; Bradley et al. 2011a; Roman et al. 2009; Karasawa

and Kawate 2016; Fonfria et al. 2008; Paukert et al. 2002; He et al. 2013; Li et al. 2014; Lopez-Castejon et al. 2007;

Donnelly-Roberts et al. 2009a; Spildrejorde et al. 2014; Bhattacharya et al. 2013; Hibell et al. 2001; Sophocleous et al.

2015; Michel et al. 2009; Donnelly-Roberts et al. 2009b; Jiang et al. 2000; Seyffert et al. 2004; Michel et al. 2008b;

Beigi et al. 2003; Bianchi et al. 1999; Evans et al. 1995; Stokes et al. 2006)

Abbreviations: ATP adenosine 50-triphosphate, BGG Brilliant Blue G, PPADS pyridoxal phosphate-6-azophenyl-

20,40-disulphonic acid, PPNDS pyridoxal-50-phosphate-6-(20-naphthylazo-60-nitro-40,80-disulphonate)
aSpecies: h human, rm rhesus macaque, p giant panda, d dog, r rat, m mouse, gp guinea pig, a ayu sweetfish, s gilthead
seabream, f Japanese flounder, x African clawed frog, z zebrafish
bConflicting evidence regarding P2X1 receptor inhibition (Donnelly-Roberts et al. 2009a; Jiang et al. 2000; Seyffert

et al. 2004), whilst P2X2 and P2X4 receptor inhibition is species dependent (Jiang et al. 2000)
cMarketed as P2X1 receptor antagonists
dConflicting evidence regarding P2X7 receptor inhibition (Donnelly-Roberts et al. 2009a; Sophocleous et al. 2015)
ePositive allosteric modulator of the rat P2X7 receptor (Michel et al. 2008b)
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5.1 Human Splice Variants

Nine splice variants have been observed for the

human P2X7 subunit (P2X7B to P2X7J), with

the common P2X7 subunit defined as P2X7A. Of

these, protein subunits have only been reported

for P2X7B, P2X7H and P2X7J (Adinolfi et al.

2010; Feng et al. 2006). A now defunct variant

(GenBank NM_177427) was originally

designated as the P2X7I variant (Feng et al.

2006), but the P2X7I variant was redesignated

(Sluyter and Stokes 2011) as that resulting from a

rare single nucleotide polymorphism (SNP) in

intron 1 of the P2RX7 gene (reference SNP(rs)

35933842) (Skarratt et al. 2005). It remains to be

determined if this variant results in a protein

product or if other SNPs give rise to novel

P2X7 splice variants. The P2X7B variant is

364 amino acid residues in length and can form

functional channels but not large pores, with

putative roles in cell proliferation (Adinolfi

et al. 2010). The P2X7H variant is 274 amino

acid residues in length and is unlikely to assem-

ble as a functional receptor (Cheewatrakoolpong

et al. 2005). The P2X7J variant is 258 amino acid

residues in length and can assemble with P2X7A

subunits to form non-functional heterotrimeric

receptors (Feng et al. 2006), which may function

to protect certain cell types, such as ocular and

malignant epithelial cells, from ATP-induced

cell death (Feng et al. 2006; Guzman-Aranguez

et al. 2017).

5.2 Murine Splice Variants

Four splice variants of the murine P2X7 subunit

(P2X7B, P2X7C, P2X7D and P2X7K) have been

observed, with the common P2X7 subunit

defined as P2X7A. The P2X7B (P2X7 13B or

P2X7R-v3) and P2X7C (13C or P2X7R-v2)

variants are 431 and 442 amino acid residues in

length, respectively (Haanes et al. 2012; Kido

et al. 2014; Masin et al. 2012), and form

receptors with low channel activity (Masin

et al. 2012). The P2X7D (P2X7R-v4) variant is

153 amino acid residues in length and, as also

observed for the P2X7B variant, can negatively

modulate the basal activity of full-length P2X7

subunits (Kido et al. 2014). The P2X7K variant is

592 amino acid residues in length (Nicke et al.

2009), and assembles into receptors with

increased activity and higher sensitivity to

agonists compared to P2X7A receptors (Schwarz

et al. 2012; Xu et al. 2012). Similar findings were

originally observed with the rat P2X7K variant

(Nicke et al. 2009), but other variants of the rat

P2X7 subunit are yet to be described. Of note, the

P2X7K variant escapes deletion in the

GlaxoSmithKline P2X7 knockout mouse (Nicke

et al. 2009), rendering some cell types in which it

is preferentially expressed, such as T

lymphocytes (Schwarz et al. 2012; Xu et al.

2012), with functional P2X7 receptors (Taylor

et al. 2009). Finally, a fifth P2X7 variant (hybrid)

is present in the Pfizer P2X7 knockout mouse

(Masin et al. 2012). The hybrid variant consists

of a truncated P2X7 subunit and part of the

targeting vector (used to disrupt the P2RX7

gene), and also forms receptors with low channel

activity (Masin et al. 2012). It remains unknown

if P2X7 variants escape deletion in the Lexicon

Pharmaceuticals P2X7 knockout mouse (Basso

et al. 2009), a line generated by targeting exons

2 and 3. In contrast, the GlaxoSmithKline

(Chessell et al. 2005) and Pfizer (Solle et al.

2001) mice were generated by targeting exon

1 and 13, respectively. Thus, the Lexicon

Pharmaceuticals P2X7 knockout mouse may

not express any P2X7 variants. Furthermore, all

known versions of the murine P2X7 receptor

remain absent in a humanised P2X7 receptor

mouse following Cre recombinase-mediated

inactivation of the humanised receptor (Metzger

et al. 2017).

6 Polymorphic Variants of P2X7
Receptors

6.1 Human Polymorphisms

The P2X7 receptor is polymorphic, with a num-

ber of missense (or non-synonymous) mutations
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present in this receptor in humans. Early studies

of P2X7 receptor activity in lymphocytes (Wiley

et al. 1992) and macrophages (Lammas et al.

1997) revealed human subjects with negligible

P2X7 receptor-mediated responses in these cell

types (one of eight and two of 19 subjects,

respectively). While other early studies showed

that P2X7 activity in leukocytes varied between

human individuals (Gu et al. 2000; Wiley and

Dubyak 1989), a variation not readily explained

by differences in cell-surface P2X7 expression

(Gu et al. 2000). Subsequent sequencing of the

human P2RX7 gene identified the presence of a

missense SNP coding for a glutamic acid to ala-

nine substitution at amino acid residue position

496 (E496A) and resulting in a loss of receptor

function (Gu et al. 2001). Since this initial dis-

covery, a total of 16 SNPs coding for missense

mutations have been characterised in the coding

region of human P2RX7 gene (Fig. 2). Most of

these SNPs alter P2X7 receptor activity (Fig. 2),

and many are associated with increased or

decreased susceptibility to disease as reviewed

previously (Jiang et al. 2013; De Marchi et al.

2016; Sluyter and Stokes 2011; Caseley et al.

2014).

The presence of SNPs in human P2RX7 genes
is complicated by the inheritance of heterozy-

gous alleles. For example, co-expression of

human P2X7 receptors containing the Q460R

mutation, which have wild-type-like or partly

reduced activity (Stokes et al. 2010; Roger et al.

2010a), with wild-type P2X7 receptors in human

embryonic kidney (HEK)-293 cells results in

receptors with greatly reduced activity (Aprile-

Garcia et al. 2016). Conversely, co-inheritance of

the mutant Q460R allele with alleles coding for

loss-of-function mutations, E496A or I568N,

increases P2X7 receptor activity in human

monocytes compared to co-inheritance of the

wild-type Q460 allele with these loss-of-function

alleles (Denlinger et al. 2006).

Another consideration regarding P2X7 recep-

tor activity is the inheritance of SNPs in linkage

disequilibrium or haplotypes. Five haplotypes,

accounting for 99% of subjects, were originally

identified in Caucasians (Fuller et al. 2009)

(Table 3), and subsequently shown in other Cau-

casian cohorts (Husted et al. 2013; Wesselius

et al. 2013), with another study extending this

to six haplotypes (Backlund et al. 2012), to

account for the rare SNP coding for the loss-of-

function mutation, I568N (Wiley et al. 2003). Of

the original five haplotypes (Fuller et al. 2009),

P2X7-1 was defined as wild-type, P2X7-2 and

P2X7-4 as gain-of-function (due mainly to the

A348T mutation), and P2X7-3 and P2X7-5 as

loss-of-function (due to the E496A and T357S

mutations, respectively) (Stokes et al. 2010).

These five haplotypes can be further subdivided

into 17 haplotypes, each with a frequency of

more than 1% and with predicted functional

effects (Jorgensen et al. 2012) (Table 3). Finally,

10 haplotypes, which comprises six SNPs in the

non-coding region of the P2RX7 gene spanning

from the 50-untranslated region to intron 9, have

been described in a Japanese population (Ide

et al. 2014). Associations between these

haplotypes and P2X7 receptor activity are

lacking.

6.2 Canine Polymorphisms

As observed in humans, P2X7 receptor activity

also varies between dogs (Spildrejorde et al.

2014; Faulks et al. 2016). This variation can be

partly explained by SNPs. Four SNPs coding for

missense mutations have been characterised in

the canine P2X7 receptor (Fig. 2). Of these, the

R270C mutation has the greatest impact on P2X7

receptor activity, resulting in a near-complete

loss of channel and pore activity (Spildrejorde

et al. 2014). To date, this mutation has been

observed in Cocker spaniels, but not other dog

breeds (Spildrejorde et al. 2014). This mutation

is yet to be associated with any disorder. A mis-

sense mutation (R270H) is present at the analo-

gous site in human P2X7 receptor and also

impairs receptor activity (Stokes et al. 2010).

This mutation in humans is associated with

reduced pain sensitivity in humans (Sorge et al.
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2012), but whether the R270C mutation is also

associated with reduced pain sensitivity in

Cocker spaniels remains unknown. In contrast,

the F103L mutation in the canine P2X7 receptor

(Spildrejorde et al. 2014), which may partly

reduce receptor activity (Sluyter and Stokes

2014), is associated with increased susceptibility

to glioma in brachycephalic dog breeds (Truve

et al. 2016).

6.3 Murine Polymorphisms

One SNP coding for a missense mutation

(P451L) has been characterised in the murine

P2X7 receptor (Fig. 2). This mutation results in

reduced channel and pore activity (Adriouch

et al. 2002; Young et al. 2006). This SNP is of

relevance to common laboratory strains of mice.

For example, the P451 allele is present in BALB/c,

NOD and 129 strains, whilst the L451 allele is

present in C57BL, DBA and C3H strains

Fig. 2 The mammalian P2RX7 gene and P2X7 subunit.

(A) The P2RX7 gene contains 13 exons (blue and grey),
as well as 50- and 30-untranslated regions, and introns (not
shown). Reference SNP (rs) numbers represent respective

SNPs in either the human, dog (d) or mouse (m) P2RX7
gene that have been functionally characterised. A SNP

(rs35933842) is also present in intron 1 of the human

P2RX7 gene (not shown) and results in a null allele

(Skarratt et al. 2005). (B) The P2X7 subunit comprises

two transmembrane domains (green), an N-terminus

(NTD) and C-terminus (CTD) (tan), and an ectodomain

(purple) containing two ATP-binding sites (not shown).

Location of the cysteine-rich domain (hatched) and

LPS-binding domain (dark tan) are shown. Amino acid

residue substitutions, in either the human, dog (d) or

mouse (m) P2X7 subunits and corresponding to their

respective SNP (A), are shown. Substitutions that cause

possible loss, partial loss, loss or gain of P2X7 receptor

activity are marked in blue, orange, red or green, respec-
tively, as determined previously (Stokes et al. 2010;

Spildrejorde et al. 2014; Roger et al. 2010a; Adriouch

et al. 2002). The P452S substitution in the dog P2X7

subunit corresponds to the equivalent residue position as

the P451L substitution in the mouse P2X7 subunit
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(Adriouch et al. 2002; Syberg et al. 2012a). How-

ever, it should be noted that others have observed

similar maximal responses to BzATP and phar-

macological profiles between recombinant

BALB/c and C57BL/6 P2X7 receptors

(Donnelly-Roberts et al. 2009a). Nevertheless,

the P451L mutation is associated with reduced

bone strength and density (Syberg et al. 2012a).

The P451L mutation also influences bone pheno-

type in GlaxoSmithKline P2X7 receptor knock-

out mice, with greater differences observed

between BALB/c wild-type and knockout

littermates, compared to that of C57BL/6 wild-

type and knockout littermates (Syberg et al.

2012b). Finally, the P451L mutation impairs glu-

cose homeostasis, with impaired glucose toler-

ance and insulin responsiveness in P451L

congenic mice compared to wild-type 129Sv

mice (Todd et al. 2015). The mechanism by

which the P451L mutation changes P2X7 recep-

tor activity is yet to be fully established, but this

same mutation in the human P2X7 receptor fails

to alter activity of this receptor (Adamczyk et al.

2015). Moreover, the P452S mutation in the

canine P2X7 receptor, which occurs at the analo-

gous cite to P451L in the mouse, does not alter

receptor activity (Spildrejorde et al. 2014).

6.4 Other Mutations

It remains to be determined if some mutations

characterised in the human (V80M, A166G and

N187D) (Chong et al. 2010; Sun et al. 2010), dog

(L440F) (Spildrejorde et al. 2014) and murine

(L11F, T221A and T283M) (Young et al. 2006)

P2X7 receptors represent true SNPs, or

mutations arising from cloning or cell culture.

These mutations are yet to be assigned an rs

number in the public domain Single Nucleotide

Polymorphism database (or dbSNP) (https://

www.ncbi.nlm.nih.gov/projects/SNP/). Further-

more, this database contains many other mis-

sense mutations, as well as other types of

mutations in P2RX7 genes from various species,

which have not been characterised.

7 Transcriptional Regulation
of P2X7 Receptors

7.1 Promoter and Enhancer Regions

The promoter regions of the genes coding human

(and murine) but not other P2X7 receptors have

been characterised. The promoter region of the

human P2RX7 gene (GenBank Y12851) resides

between nucleotides �158 to +32 surrounding

the transcription start site (+1) within the 50-
untranslated region (Zhou et al. 2009). Notably,

CCAAT/enhancer binding proteinβ can bind to a

region between nucleotides �213 to +6 and

enhance human P2RX7 gene transcription, a pro-
cess impaired by CCAAT/enhancer binding

proteinα and CCAAT/enhancer binding protein-

β-LIP (Bilodeau et al. 2015). Human P2RX7
gene transcription can also be regulated by

(unknown) enhancers binding to a region located

at nucleotides +222 to +323 and +401 to +573,

which is controlled by cytosine hyper-

methylation at cytosine-phosphodiester-guanosines

that cluster or colocalise to these regions (Zhou

et al. 2009).

The promoter region of the murine P2RX7

gene (GenBank NM_011027) resides between

nucleotides �249 to +17 surrounding the tran-

scription start site (+1) within the 50-untranslated
region (Garcia-Huerta et al. 2012). A number of

putative transcription factor binding sites are

found within this site, including four functional

sites for specificity protein 1, with this transcrip-

tion factor able to up-regulate P2X7 receptor

expression (Garcia-Huerta et al. 2012). This

up-regulation by specificity protein 1 has been

mostly observed in the nervous system (Garcia-

Huerta et al. 2012; Engel et al. 2017; Gomez-

Villafuertes et al. 2015), although similar effects

have been reported in murine macrophages

(Garcia-Huerta et al. 2012) indicating potential

roles for this transcription factor in P2X7 recep-

tor expression in the periphery.

An enhancer region has also been identified

between exons 2 and 3 of the murine P2RX7

gene. Following exposure of cells to retinoic

acid (vitamin A), retinoic acid receptor-α binds
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this enhancer region to increase P2RX7 gene

expression (Hashimoto-Hill et al. 2017). This

mechanism is observed in murine lymphocytes

(Hashimoto-Hill et al. 2017), consistent with an

earlier study demonstrating that retinoic acid

increases P2X7 receptor expression in such

cells (Heiss et al. 2008). Retinoic acid also

increases P2X7 receptor expression in murine

skin mast cells, a process suppressed by the

retinoic acid-degrading enzyme, Cyp26b1,

which is highly expressed in murine skin

fibroblasts and serves to maintain skin-barrier

homeostasis (Kurashima et al. 2014). In contrast,

retinoic acid decreases P2X7 receptor expression

in human and murine neural cells (Glaser et al.

2014; Orellano et al. 2010; Wu et al. 2009).

These differences observed between immune

and neural cells remain to be explored.

7.2 MicroRNA

P2RX7 gene transcription can also be regulated

within the 30-untranslated region. Most notably,

P2X7 receptor expression can be modulated by

microRNAs (miRNAs) interacting with this

region (Ferrari et al. 2016). miR-150 and

miR-186 can down-regulate human P2X7 recep-

tor expression, and may serve to reduce P2X7

receptor in breast, cervical and bladder cancers

where these miRNAs are up-regulated (Zhou

et al. 2008; Huang et al. 2013). Similarly, low

amounts of P2X7 receptor mRNA expression

correspond with higher amounts of miR-21

expression in human non-small cell lung cancer

(Boldrini et al. 2015). Conversely, others have

reported increased P2X7 receptor mRNA expres-

sion and reduced miR-216b expression in human

breast cancer, with direct evidence showing that

miR-216b can directly down-regulate P2X7

receptor expression (Zheng et al. 2014).

The regulation of P2X7 receptor expression

by miRNAs is not only restricted to

malignancies. miR-22 can down-regulate murine

P2X7 receptor expression and modulate disease

in a murine model of epilepsy (Jimenez-Mateos

et al. 2015). Similarly miR-150 can down-

regulate murine P2X7 receptor expression in

lung epithelial cells to reduce BzATP-induced

surfactant secretion, while miR-150 and P2X7

receptor expression are inversely expressed in

rat lung epithelial cells (Weng et al. 2012)

supporting a role for these molecules in lung

function. Moreover, down-regulation of P2X7

receptor expression by miR-150 may have a

cardioprotective role in a murine model of car-

diac ischaemia (Tang et al. 2015). miR-186 can

down-regulate human P2X7 receptor expression

in renal podocytes, and down-regulation of

miR-186 and subsequent increased P2X7 recep-

tor expression may contribute to kidney disease

(Sha et al. 2015). Finally, a SNP (rs1653625) in

the 30-untranslated region of the human P2RX7
gene, which is in linkage disequilibrium with the

mood disorder-associated SNP (Q460R), resides

within a putative target site for miR-625 and

miR-1302 (Rahman et al. 2010). Although it

remains to be determined if these miRNAs

directly regulate P2X7 receptor expression, it

raises the possibility that this SNP or others

within the 30-untranslated regions of P2RX7

genes may modify P2X7 receptor expression

and activity to alter physiology and contribute

to disease.

7.3 Long-Coding RNA

Long-coding RNAs (lncRNAs) can also regulate

P2X7 receptor expression, mostly evidenced in

various disease states. lncRNAs are RNAs

greater than 200 base pairs in length that can

alter gene expression via various mechanisms,

but do not code for specific proteins (Deniz and

Erman 2017). Small inhibitory RNA to lncRNA

NONRATT021972 can down-regulate rat P2X7

receptor expression in neurons following

myocardial ischemia (Tu et al. 2016; Zou et al.

2016), metabolic stress (Li et al. 2016; Xu et al.

2016) and neuropathic pain (Liu et al. 2016).

Similarly, small inhibitory RNA against the

lncRNA uc.48+ down-regulates P2X7 receptor

expression in neurons of diabetic rats (Wu et al.

2016). Collectively, this indicates that some

lncRNAs are up-regulated in disease states to

increase P2X7 receptor expression. The role of
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lncRNAs in P2X7 receptor expression under

resting states remains to be established.

8 Post-Translational
Modifications of P2X7
Receptors

The P2X7 receptor is subject to post-translational

modifications including N-linked glycosylation,

palmitoylation and ADP-ribosylation. Human

and rodent P2X7 subunits are glycosylated

resulting in protein products typically 75 to

78 kDa in size compared to the predicted

non-glycosylated size of 68 kDa (Nicke 2008;

Young et al. 2007; Lenertz et al. 2010). The

ectodomain of the human P2X7 receptor is

glycosylated on five asparagine residues (N187,

202, 213, 241 and 284) (Lenertz et al. 2010). N-

linked glycosylation at these sites, and in partic-

ular N187, facilitates P2X7 receptor trafficking

to the cell surface and subsequent activity

(Lenertz et al. 2010). Furthermore, with the

exception of residue N284 in the murine P2X7

subunit (where an aspartic acid residue resides),

these five asparagine residues are conserved

between mammalian P2X7 subunits (Jiang et al.

2013) suggesting that P2X7 receptors from other

species may also be glycosylated at these sites.

Consistent with this, mutation of residue N284 to

aspartic acid residue in the murine P2X7 subunit

increases its molecular weight (Young et al.

2007) indirectly confirming residue N284 as a

glycosylation site. Lastly, a natural mutation

(R578Q) alters N-linked glycosylation of the

human P2X7 receptor resulting in a receptor of

higher molecular weight and impaired function

indicating that the C-terminus plays a role in

glycosylation of the P2X7 receptor possibly

through altered trafficking of the receptor

(Wickert et al. 2013).

The murine P2X7 receptor is palmitoylated on

cysteine residues within the C-terminus spanning

four regions (C371, 373 and 374; C477, 479 and

482; C498, 499 and 506; C572 and 573)

(Gonnord et al. 2009). Reduced palmitoylation

of the murine P2X7 receptor reduces plasma

membrane expression due to increased receptor

retention in the endoplasmic reticulum and

reduced protein half-life (Gonnord et al. 2009).

These cysteine residues are largely conserved

between mammalian P2X7 subunits (Jiang et al.

2013) suggesting that P2X7 receptors from other

species may also be palmitoylated at these sites.

In this regard, high palmitate in combination

with high glucose can increase P2X7 receptor

expression in human endothelial cells, but this

may be related to increased P2RX7 mRNA

expression rather than a direct effect on the

receptor itself (Sathanoori et al. 2015).

The murine P2X7 receptor can be

ADP-ribosylated by the ADP-ribosyl-

transferase (ARTs), ART2.1 and ART2.2 (Hong

et al. 2009; Seman et al. 2003). This process

results in the transfer of the ribose moiety from

NAD to R125 in the ectodomain of the P2X7

receptor and the subsequent activation of the

receptor (Adriouch et al. 2008). Thus, NAD is

an alternate P2X7 receptor agonist to ATP in

mice, a process not observed in humans due to

the absence of ART2.1 and ART2.2 (Rissiek

et al. 2015). Importantly, the murine P2X7K

variant but not the P2X7A receptor is far more

sensitive to activation by ADP-ribosylation,

providing an explanation for the preferential acti-

vation of the P2X7 receptor by NAD in murine

T cells (which predominately express P2X7K)

over macrophages (which predominately express

P2X7A) (Schwarz et al. 2012; Xu et al. 2012;

Hong et al. 2009). It remains to be reported if

humanised P2X7 receptors of transgenic mice

(Metzger et al. 2017) can be activated by

ADP-ribosylation.

Collectively, these results highlight the poten-

tial importance of post-translational

modifications to P2X7 receptor expression and

function. However such observations are mostly

limited to P2X7 receptors from one species. It

remains to be determined if these post-

translational events, particularly palmitoylation

and ADP-ribosylation, apply to P2X7 receptors

of other species.
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9 Interaction Partners of P2X7
Receptors

The P2X7 receptor directly interacts with over

50 different molecular partners (Table 4). This

list includes peripheral and integral membrane

proteins, as well as soluble proteins including

chaperone, cytoskeletal, signaling and other

proteins. The majority of these interactions are

summarised in the P2X7 Interactome database

collated by the laboratories of Mark Young and

Amanda MacKenzie (http://www.p2x7.co.uk/).

Many of the interaction partners were initially

identified through mass spectrometry of immu-

noprecipitation preparations of rat and human

P2X7 receptors (Gu et al. 2009; Kim et al.

2001). Additional interaction partners have

been identified through candidate molecule

approaches using immunoprecipitation and

immunoblotting (see Table 4 and references

therein), or through peptide array target screen-

ing (Wu et al. 2007) or yeast two-hybrid technol-

ogy (Wang et al. 2011; Wilson et al. 2002).

9.1 Tyrosine Kinases

Activation of the P2X7 receptor results in the

stimulation of multiple signaling pathways

involving many different types of enzymes

(Lenertz et al. 2011). Conversely, enzymes may

also regulate P2X7 receptor activation (Liang

and Schwiebert 2005), although direct evidence

is limited. The rat P2X7 receptor can be tyrosine

phosphorylated (Kim et al. 2001; Feng et al.

2005), predominately at amino acid residue

Y343 (Kim et al. 2001). Although this residue

lies within the second transmembrane domain,

potentially limiting access by enzymes, the rat

P2X7 receptor interacts with receptor protein

tyrosine phosphatase-β and becomes

dephosphorylated upon activation (Kim et al.

2001). Moreover, tyrosine phosphatase inhibitors

can prevent run-down of rat P2X7 receptors, a

process in which current magnitude decreases in

a stepwise manner upon short intermittent ago-

nist applications (Kim et al. 2001). This suggests

that tyrosine phosphorylation can modulate

receptor function. P2X7 receptors can also inter-

act with tyrosine-protein kinase ABL1 (Wu et al.

2007) or Fyn (Feng et al. 2015), or tyrosine-

protein phosphatase non-receptor type

6 (Gu et al. 2009). Further studies are required

to confirm functional relationships between these

enzymes and P2X7 receptors.

9.2 Calmodulin

The rat but not human P2X7 receptor interacts

with calmodulin (Roger et al. 2008, 2010b). Cal-

modulin constitutively binds to the rat P2X7

receptor, with binding increasing upon receptor

activation to mediate Ca2+-dependent facilitation

of the receptor (Roger et al. 2010b). Calmodulin

binds to a C-terminal domain spanning residues

I541-560S of the rat P2X7 receptor (Roger et al.

2008), but this domain is absent in the human

P2X7 receptor and which fails to undergo Ca2+-

dependent facilitation (Roger et al. 2010b). This

domain is also absent in the murine P2X7 recep-

tor (Costa-Junior et al. 2011). In contrast, both rat

and human P2X7 receptors can undergo Ca2+-

independent facilitation, which is mediated by

the C-terminal cysteine-rich domain (residues

C362-V379) (Roger et al. 2010b). Curiously,

deletion of this cysteine-rich domain prevents

permeability of the rat P2X7 receptor to NMDG+

but not YO-PRO-12+, suggesting that these two

cations may enter cells through alternative

pathways (Jiang et al. 2005). Alternatively, this

domain may simply be necessary for NMDG+

but not YO-PRO-12+ uptake through the P2X7

receptor pore. Further complicating these

findings, deletion of this cysteine-rich domain in

the human P2X7 receptor reduces ethidium+

uptake (Allsopp and Evans 2015; Robinson et al.

2014). Whether these contrasting results repre-

sent differences between species or cation dyes

remains to be explored.
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Table 4 Interaction partners of the P2X7 receptora

Partner

Partner

species

P2X7

species Reference

Integral membrane proteins

Anoctamin 6 (Ano6) Human Human Ousingsawat et al. (2015)

Ephrin B3 Human Human Wang et al. (2011)

Epithelial membrane protein 1 Human Rat Wilson et al. (2002)

Epithelial membrane protein 2 Human Rat Wilson et al. (2002)

Epithelial membrane protein 3 Human Rat Wilson et al. (2002)

Integrin β2 Human Rat Kim et al. (2001)

P2X4 receptor Human,

rat,

mouse

Human,

rat,

mouse

Boumechache et al. (2009), Antonio et al. (2011), Guo

et al. (2007), Hung et al. (2013) and Perez-Flores et al.

(2015)

Pannexin-1 Human,

rat,

mouse

Human,

rat,

mouse

Hung et al. (2013), Iglesias et al. (2008),

Kanjanamekanant et al. (2014), Li et al. (2011),

Pelegrin and Surprenant (2006) and Poornima et al.

(2012)

Peripheral myelin protein 22 Human Rat Wilson et al. (2002)

Receptor-type tyrosine-protein

phosphatase β
Human Rat Kim et al. (2001)

Toll-like receptor 2 Mouse Mouse Babelova et al. (2009)

Toll-like receptor 4 Mouse Mouse Babelova et al. (2009)

Transmembrane 9 superfamily

member 1

Human Human Wang et al. (2011)

Peripheral membrane proteins

Caveolin-1 Mouse Mouse Barth et al. (2008), Pfleger et al. (2012) and Weinhold

et al. (2010)

Caveolin-3 Mouse Mouse Pfleger et al. (2012)

CD14 Human Human Dagvadorj et al. (2015)

CD44 Hamster Hamster Moura et al. (2015a)

Clathrin Human Human Feng et al. (2005)

MAGUK p55 subfamily member 3 Human Rat Kim et al. (2001)

Nitric oxide synthase, neuronal Mouse Mouse Pereira et al. (2013)

Nucleoprotein TPR Human Human Gu et al. (2009)

Peripheral plasma membrane

protein CASK

Human Human Wang et al. (2011)

Supervillin Human Rat Kim et al. (2001)

Chaperone proteins

Heat shock 70 kDa protein Human Human,

rat

Gu et al. (2009) and Kim et al. (2001)

Heat shock cognate 71 kDa protein Human Rat Kim et al. (2001)

Heat shock protein HSP90-β Human,

rat

Human,

rat

Gu et al. (2009), Kim et al. (2001), Adinolfi et al. (2003)

and Franco et al. (2013)

Cytoskeletal proteins

α-Actinin 4 Human Rat Kim et al. (2001)

Actin, cytoplasmic 1 (β actin) Human Human,

rat

Gu et al. (2009) and Kim et al. (2001)

Calmodulin Human Rat Roger et al. (2008)

Dynamin Human Human Feng et al. (2005)

Myosin-9 Human Human Gu et al. (2009)

Tubulin β chain Human Human Gu et al. (2009)

Unconventional myosin-Va Human Human Gu et al. (2009)

(continued)
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9.3 Chaperones

As expected for proteins, the P2X7 receptor

interacts with chaperones (Gu et al. 2009; Kim

et al. 2001; Adinolfi et al. 2003; Franco et al.

2013), but heat shock protein HSP90-β (HSP90)

can also regulate P2X7 receptor function. HSP90

associated with human or rat P2X7 receptors is

tyrosine phosphorylated (Adinolfi et al. 2003).

Moreover, the HSP90 inhibitor, geldanamycin,

decreases tyrosine phosphorylation of HSP90,

and increases the sensitivity of the rat P2X7

receptor to BzATP (Adinolfi et al. 2003), but

not ATP (Migita et al. 2016). In contrast,

geldanamycin (and other HSP90 inhibitors)

enhance the initial phase of ATP-induced inward

currents, but decrease permeability to NMDG+

(Migita et al. 2016). Further data indicates the

HSP90 interacts through the C-terminus of the

P2X7 receptor (Adinolfi et al. 2003; Migita et al.

2016). Combined, this data indicates that HSP90

may function as a negative regulator of the P2X7

receptor channel.

HSP90 may also regulate P2X7 receptor-

mediated events. Geldanamycin can increase

basal membrane blebbing in HEK-293 cells

expressing heterologous rat P2X7 receptors,

although this effect appears to be mediated by

increased basal ATP release (Adinolfi et al.

2003). Nitrated HSP90 can also associate with

Table 4 (continued)

Partner

Partner

species

P2X7

species Reference

Signaling proteins

β-Adrenergic receptor kinase 2 Human Human Feng et al. (2005)

β-Arrestin 2 Human Human Feng et al. (2005)

Growth factor receptor-bound

protein

Human Human Wu et al. (2007)

MyD88 Human Mouse Liu et al. (2011)

Tyrosine-protein kinase ABL1 Human Human Wu et al. (2007)

Tyrosine-protein kinase Fyn Rat Rat Feng et al. (2015)

Tyrosine-protein phosphatase

non-receptor type 6

Human Human Gu et al. (2009)

Other proteins

Apoptosis-associated speck-like

protein containing a CARD (ASC)

Human,

rat

Human,

rat

Minkiewicz et al. (2013) and Silverman et al. (2009)

Biglycan Mouse Mouse Babelova et al. (2009)

Cytoplasmic protein NCK1 Human Human Wu et al. (2007)

E3 ubiquitin-protein ligase TRIM21

(52 kDa Ro protein)

Human Human Gu et al. (2009)

Inositol hexakisphosphate and

diphosphoinositol-

pentakisphosphate kinase 1

Human Human Gu et al. (2009)

Laminin subunit α-3 Human Rat Kim et al. (2001)

Myosin regulatory light chain 12 Human Human Gu et al. (2009)

NACHT, LRR and PYD domains-

containing protein 2 (NLRP2)

Human Human Minkiewicz et al. (2013)

NACHT, LRR and PYD domains-

containing protein 3 (NLRP3)

Mouse Mouse Franceschini et al. (2015)

Neutrophil defensin 1 Human Human Chen et al. (2014)

Nucleoside diphosphate kinase B Human Human Gu et al. (2009)

Phosphatidylinositol 4-kinase α Human Rat Kim et al. (2001)

α-Synuclein Mouse Mouse Jiang et al. (2015b)
aAdapted from the P2X7 Interactome (http://www.p2x7.co.uk/, last accessed 16 February 2017)
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the P2X7 receptor in motor neurons resulting in

P2X7 receptor activation and stimulating

Fas-mediated cell death (Franco et al. 2013).

Importantly, nitrated HSP90 is observed in spinal

cords from amyotrophic lateral sclerosis patients

and rodents, and in spinal cords following exper-

imental injury (Franco et al. 2013), conditions in

which the P2X7 receptor plays important roles

(Apolloni et al. 2014; Bartlett et al. 2017; Peng

et al. 2009; Wang et al. 2004). Finally, HSP90 is

required for P2X7 receptor-induced pore forma-

tion to promote autophagy and cell death in mus-

cle cells (Young et al. 2015). This pathway may

be important in Duchenne muscular dystrophy,

where P2X7 receptor expression and signaling is

increased in muscle cells (Young et al. 2012).

9.4 Inflammasome-Associated
Molecules

The P2X7 receptor also interacts with a number

of proteins associated with the synthesis, and

functional maturation and release of IL-1β and

IL-18. This includes CD14, Toll-like receptors

2 and 4, and MyD88 (Babelova et al. 2009;

Dagvadorj et al. 2015; Liu et al. 2011), which

are associated with the synthesis of

inflammasome and IL-1 cytokine members

(Bauernfeind et al. 2009; Mehta et al. 2001);

inflammasome components, NACHT, LRR and

PYD domains-containing protein 2 and 3, and

apoptosis-associated speck-like protein

containing a CARD (Franceschini et al. 2015;

Minkiewicz et al. 2013; Silverman et al. 2009);

and pannexin-1 (Hung et al. 2013; Iglesias et al.

2008; Kanjanamekanant et al. 2014; Li et al.

2011; Pelegrin and Surprenant 2006; Poornima

et al. 2012), which helps promote K+ efflux to

promote IL-1β and IL-18 maturation and release

(Pelegrin and Surprenant 2007). Collectively this

reiterates the importance of P2X7 receptor in the

maturation and release of IL-1β and IL-18

(Dubyak 2012; Giuliani et al. 2017), which argu-

ably remains the most explored role of this

receptor.

Pannexin-1 can also contribute to some but

not all forms of P2X7 receptor-mediated cell

death (Hanley et al. 2012; Locovei et al. 2007;

Shoji et al. 2014). Moreover, pannexin-1, origi-

nally thought to be a pore forming unit of the

P2X7 receptor (Pelegrin and Surprenant 2007)

but now redundant in this process (Hanley et al.

2012; Qu et al. 2011), may serve as an ATP

release channel (Qiu and Dahl 2009) to promote

P2X7 receptor activation (Dubyak 2009). P2X7

receptor activation may also induce

ATP-induced internalisation of pannexin-1

(Boyce et al. 2015) to potentially limit ATP

release. However a role for the P2X7 receptor is

this process was established through the use of

A438079 at 100 μM (Boyce et al. 2015), a con-

centration approximate to the half maximal

inhibitory concentration for pannexin-1 (Qiu

and Dahl 2009). Thus, A438079 may have been

directly acting on pannexin-1, rather than the

P2X7 receptor, to impair its internalisation.

9.5 Myosin

The P2X7 receptor interacts with a number of

cytoskeletal and associated proteins. In particular

the human P2X7 receptor is tightly associated

with myosin-9 (non-muscle myosin heavy chain

IIA), an ATPase that provides the energy for

cytoskeletal processes including phagocytosis

(Gu et al. 2009). As such, human, murine and

rat P2X7 receptors, in the absence of serum, can

mediate the uptake of latex beads (Fang et al.

2009; Gu et al. 2010; Yamamoto et al. 2013), live

and dead bacteria (Gu et al. 2010), and apoptotic

lymphocytes (Gu et al. 2011) and neural cells

(Lovelace et al. 2015). These particles can bind

the ectodomain of the P2X7 receptor suggesting

that it can function as a scavenger receptor

(Gu et al. 2011). P2X7 receptor-mediated phago-

cytosis can be achieved by macrophages

(Gu et al. 2009), microglia (Fang et al. 2009),

astrocytes (Yamamoto et al. 2013), and neural

precursors and neuroblasts (Lovelace et al.

2015), as well as HEK-293 cells expressing

P2X7 receptors (Gu et al. 2010). Notably, this

process takes place in the absence of extracellu-

lar ATP, whilst ATP activation causes the disso-

ciation between the P2X7 receptor and myosin-9
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to prevent P2X7 receptor-mediated phagocytosis

(Gu et al. 2009). Conversely, the presence of

myosin-9 and myosin Va limits P2X7 receptor

activation (Gu et al. 2009). Besides potential

roles in immune surveillance (Wiley and Gu

2012), P2X7 receptor-mediated phagocytosis

may also be important in the clearance of apo-

ptotic neuroblasts during neurogenesis (Gu et al.

2015b). These findings have potential

implications in neurological disorders including

age-related macular degeneration (Gu et al.

2013).

9.6 Anoctamin 6 and CD44

Other notable interaction partners with the P2X7

receptor include anoctamin 6 (Ano6) and CD44.

Ano6 is a Ca2+-dependent phospholipid

scramblase and putative Ca2+-activated Cl�

channel and non-selective cation channel

(Kunzelmann et al. 2014). Ano6 can associate

with the human P2X7 receptor (Ousingsawat

et al. 2015). Moreover, Ano6 mediates P2X7

receptor-induced events including pore forma-

tion, phospholipid exposure, membrane bleb-

bing, killing of intracellular bacteria and cell

death (Ousingsawat et al. 2015). Collectively,

this indicates Ano6 as a central effector molecule

downstream of P2X7 receptor activation. How-

ever it should be noted that a second study failed

to demonstrate an interaction or functional rela-

tionship between Ano6 and the human P2X7

receptor (Stolz et al. 2015). Thus, further

clarification is required concerning the relevance

of Ano6 to P2X7 receptor-mediated responses.

The glycosaminoglycan chains of soluble

CD44 can also bind to the hamster P2X7 receptor

to function as a positive allosteric modulator of

P2X7 receptor activation (Moura et al. 2015a).

Notably, P2X7 receptor activation can induce the

ADAM10-mediated shedding of CD44 from

murine cells (Lin et al. 2012). Thus, collectively

providing a potential positive feedback mecha-

nism to promote P2X7 receptor-mediated

responses (Moura et al. 2015b). It remains

unknown if other types of molecules that are

shed by ADAM10 downstream of P2X7 receptor

activation, such as CD23 (Pupovac et al. 2015)

and E-cadherin (Sommer et al. 2012), can regu-

late the P2X7 receptor in a manner similar to that

of CD44.

10 Cellular Localisation of P2X7
Receptors

10.1 Plasma membrane

The P2X7 receptor is widely described as a cell-

surface receptor, but there is increasing evidence

that the P2X7 receptor is also present within

intracellular compartments of cells. The P2X7

receptor is unquestionably present at the cell-

surface of many cell types. In addition to the

plethora of functional studies, use of specific

anti-P2X7 receptor antibodies (Buell et al.

1998b; Kurashima et al. 2012; Adriouch et al.

2005; Collo et al. 1997) has confirmed the pres-

ence P2X7 receptors on the plasma membranes

of many cell types. Furthermore, use of P2X7

subunit N- and C-termini-tagged fusion proteins

demonstrates the localisation of P2X7 receptors

at the plasma membrane with both termini resid-

ing with the cytoplasm (Amstrup and Novak

2003; Smart et al. 2002) and indirectly

confirming that the ectodomain is exposed to

the extracellular milieu. Further understanding

of the distribution of P2X7 receptors in cell

types and tissues will continue to be aided

through the use of P2X7 receptor reporter mice

(Garcia-Huerta et al. 2012) and conditional

humanised P2X7 receptor knockout mice

(Metzger et al. 2017), especially in the central

nervous system were the precise distribution of

P2X7 receptors has been long debated (Anderson

and Nedergaard 2006). However, it is conceded

that such mice are unlikely to yield any informa-

tion about the subcellular localisation of the

receptor (Metzger et al. 2017).

10.2 Lipid Rafts

In some cell types, P2X7 receptors are found in

lipid rafts, which can be defined as localised
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plasma membrane regions, which are enriched in

cholesterol and sphingolipids, and more rigid

compared to more fluid parts of the plasma mem-

brane (Garcia-Marcos et al. 2009). P2X7

receptors have been observed in lipid rafts, as

well as in non-lipid raft fractions from murine

lymphoma cells (Bannas et al. 2005), rat sub-

mandibular glands (Garcia-Marcos et al.

2006a), murine lung epithelial cells (Barth et al.

2007) and murine osteoblasts (Gangadharan

et al. 2015). The role of P2X7 receptors within

lipid rafts remains to be fully explored, but data

from rat submandibular gland cells suggests that

activation of lipid raft-associated P2X7 receptors

stimulates lipid-signaling pathways involving

neutral sphingomyelinase and phospholipase A2

(Garcia-Marcos et al. 2006b). In contrast,

non-lipid raft-associated P2X7 receptors mediate

the cation channel activity of the receptor

(Garcia-Marcos et al. 2006b). Importantly,

plasma membrane cholesterol impairs human

and murine P2X7 receptor channel and pore

activity (Robinson et al. 2014). Regions within

the N-terminus (V10-K17) and C-terminus

(L354-R364 and V378-K387) proximal to the

transmembrane domains contain putative choles-

terol recognition amino acid consensus motifs,

each of which contribute to cholesterol sensitiv-

ity of the P2X7 receptor (Robinson et al. 2014).

Finally, lipin-2, a phosphatidic acid

phosphohydrolase, can promote a lipid environ-

ment that leads to increased plasma membrane

cholesterol and impaired P2X7 receptor activa-

tion (Lorden et al. 2017). Thus, lipin-2 can func-

tion as a negative modulator of P2X7 receptor

activation. Collectively, this data indicates that

cholesterol can regulate P2X7 receptor function

within plasma membranes especially those

containing lipid rafts.

10.3 Apical and Basolateral Membranes

Whilst early studies demonstrated uniform P2X7

receptor distribution on the plasma membrane of

various cell types expressing endogenous P2X7

receptors such as leukocytes (Sluyter et al. 2001)

or in HEK-293 cells expressing heterologous

P2X7 receptors (Amstrup and Novak 2003;

Smart et al. 2002), other studies reveal localised

cell-surface P2X7 receptor expression in asym-

metric or polarised cell types. For example,

P2X7 receptors are localised to the apical mem-

brane of resting human T84 colon cells, but par-

tially redistribute to the basolateral membrane

following neutrophil translocation (Cesaro et al.

2010). In contrast, heterologous P2X7 receptors

expressed within Madin-Darby canine and

LCC-PK1 porcine kidney epithelial cells are

localised to the basolateral, but not apical

membranes (Bradley et al. 2010). Notably,

residues spanning P570-Q587 (and particularly

P582-Q587) are critical in targeting P2X7

receptors to basolateral membranes (Bradley

et al. 2010). These residues almost entirely over-

lap within the LPS-binding domain (residues

C573-G590) (Denlinger et al. 2001), but any

role for LPS in targeting the P2X7 receptor to

the basolateral membrane remains unknown.

10.4 Intracellular Compartments

Some cell types, such as leukocytes and platelets,

contain large pools of intracellular P2X7

receptors (Gu et al. 2000). Although the func-

tional significance of these intracellular receptors

remains unknown, pools of intracellular P2X7

receptors may contribute to increased cell-

surface receptor expression during cellular dif-

ferentiation, as observed during the differentia-

tion of human monocytes to macrophages

(Gudipaty et al. 2001). In contrast, cell-surface

P2X7 receptor expression in human monocytes is

unaltered following P2X7 receptor activation,

suggesting the receptors from these intracellular

pools are unlikely to be rapidly inserted follow-

ing receptor activation (Gudipaty et al. 2001).

Subcellular P2X7 receptors have also been

observed in cerebellar granular neurons

(Sanchez-Nogueiro et al. 2014). This further

supports the concept that intracellular P2X7

receptors are present with various intracellular

compartments (Burnstock 2015).

The P2X7 receptor is present in the nuclei of

various cell-types. P2X7 receptors have been
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observed in the nuclei of corneal and

oesophageal epithelia (Groschel-Stewart et al.

1999), urinary bladder and ureter epithelia (Lee

et al. 2000), and visceral smooth muscle cells

(Menzies et al. 2003) and prostate glandular epi-

thelium (Slater et al. 2005). Notably,

immunolabelling demonstrated the P2X7 recep-

tor on the nuclear envelope within hippocampal

neurons, with the ‘ectodomain’ of the receptor

facing the cytoplasm (Atkinson et al. 2002). It

remains unknown how P2X7 receptors traffic to

the nucleus and what is their role at this site, but

nuclear P2X7 receptors may be functional, with

P2X7 receptor-like channel activity reported in

Xenopus oocytes (Mazzanti et al. 1994) and

murine liver nuclei (Assandri and Mazzanti

1997).

The P2X7 receptor is also present in the

phagosomes of murine macrophages, where it

demonstrates activity (Kuehnel et al. 2009a).

ATP synthesised from ADP via adenylate kinase,

within the phagosome lumen can activate P2X7

receptors to assemble actin (Kuehnel et al.

2009a), a process that can also occur on the

plasma membrane of macrophages (Kuehnel

et al. 2009b). Although the physiological roles

of phagosome P2X7 receptors remain to be

defined, these receptors may contribute to

known functions of the P2X7 receptor in phago-

cytosis (Gu et al. 2010), phagosome-lysosome

fusion (Fairbairn et al. 2001) and autophagy

(Biswas et al. 2008).

11 Trafficking of P2X7 Receptors

Amino acid residues or domains within the

C-terminus regulate trafficking of P2X7

receptors to the cell surface. A domain spanning

amino acid residues R551-P582 of the

C-terminus regulates cell surface expression of

the rat P2X7 receptor (Smart et al. 2003). This

domain is thought to contain one region that

impairs receptor trafficking to the cell surface,

and another that can override the first region to

facilitate receptor trafficking to the cell surface

(Smart et al. 2003). Although the precise

sequences of these two regions are to be defined,

introduced mutations within these regions alter

P2X7 receptor trafficking to the cell surface

(Smart et al. 2003; Denlinger et al. 2003). More-

over, the I568N and R578Q SNPs within this

domain also impair trafficking of the human

P2X7 receptor to the cell surface (Wiley et al.

2003; Wickert et al. 2013). Notably, the R578Q

SNP alters oligomerisation and N-linked glyco-

sylation of P2X7 subunits providing a possible

mechanism for this mutation in preventing P2X7

receptor trafficking (Wickert et al. 2013). As

discussed above, palmitoylation of the

C-terminus of the P2X7 receptor can also effect

cell surface expression of this receptor (Gonnord

et al. 2009).

A conserved C-terminal motif (YXXXK) that

stabilises various P2X receptors in the plasma

membrane is also present in the P2X7 subunit

(residues Y383-K387) (Chaumont et al. 2004).

The role of this motif in P2X7 receptor expres-

sion and trafficking is yet to be elucidated. Given

that it juxtaposed to the cysteine-rich domain

(residues C362-V379) (Chaumont et al. 2004)

and resides within a putative cholesterol recogni-

tion amino acid consensus motif (residues V378-

K387) (Robinson et al. 2014), the possibility

remains that the YXXXK motif in the P2X7

receptor does not share the same function as in

other P2X receptors. In contrast, a C-terminal

motif (YXXGL) that is facilitates basal and

ATP-induced endocytosis of the P2X4 receptor

is absent in the P2X7 receptor (Royle et al.

2002), which may explain differences in their

respective rates of internalisation. Nevertheless

internalisation of P2X7 receptors has been

observed in response to low agonist

concentrations (Feng et al. 2005; Khadra et al.

2013), a process that may involve β-adrenergic
receptor kinase 2 and β-arrestin 2 (Feng et al.

2005).

Amino acid residues within the ectodomain

also regulate trafficking of P2X7 receptors. Ten

conserved cysteines, which form five disulfide

bonds (C119-C168, C129-C152, C135-C162,

C216-C226 and C260-C269), are essential for

trafficking of the rat P2X7 to the cell surface

(Jindrichova et al. 2012). Whilst, the H155Y

SNP increases cell surface expression of the
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human P2X7 receptor (Bradley et al. 2011b),

providing a possible explanation for the

increased activity of this mutant receptor

(Cabrini et al. 2005). Glycosylation of the

ectodomain of the P2X7 receptor can also impact

its expression at the cell surface (Lenertz et al.

2010; Wickert et al. 2013) as discussed in detail

above.

Finally, as indicated by earlier studies in

human monocytes (Gudipaty et al. 2001), P2X7

receptors do not insert into the plasma

membranes or form clusters during agonist-

induced pore formation (Smart et al. 2002;

Connon et al. 2003), although clusters can form

after extended periods of receptor activation

(Connon et al. 2003). Differing results are

observed in neurons. Single particle tracking

reveals two populations of heterologous P2X7

receptors within the extra-synaptic membrane

of hippocampal neurons, one composed of rap-

idly diffusing receptors and the other stabilised

within nanoclusters (Shrivastava et al. 2013).

Addition of ATP was found to increase P2X7

receptor diffusion and further stabilise P2X7

receptors within the nanoclusters (Shrivastava

et al. 2013). Thus, emerging technologies may

reveal new insights into the movement of P2X7

receptors to and from, as well as within the

plasma membrane.

12 Concluding Remarks

This chapter focused on the P2X7 receptor itself

including its gene and gene products, activation

and inhibition, splice and polymorphic variants,

transcriptional regulation, post-translational

modifications, interaction partners, cellular

localisation and trafficking. In part, this chapter

highlights gaps in knowledge regarding these

salient points of P2X7 receptor biology. Whilst

much progress has been made in recent years to

understand the role of this receptor in biology

more work is required. Recent progress including

the first crystal structures of the giant panda

P2X7 receptors will advance understanding of

its structural biology, but crystal structures of

any P2X7 receptor in its open state or of a

human P2X7 receptor awaits. Recent

developments of humanised P2X7 receptor and

other transgenic mice will also facilitate under-

standing of the biology of this receptor, and will

open new opportunities for the pre-clinical test-

ing of small molecule antagonists and biologics.

Finally, despite considerable gains in humans

and mice, and to a lesser extent rats and dogs,

the role of the P2X7 receptor in other mammals

and most species remains relatively unexplored.

Comparison of this receptor between species will

also assist in greater understanding of the P2X7

receptor.
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P2X Receptor Activation
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Abstract

Extracellular ATP-gated P2X receptors are trimeric non-selective cation

channels important for many physiological events including immune

response and neural transmission. These receptors belong to a unique

class of ligand-gated ion channels composed of only six transmembrane

helices and a relatively small extracellular domain that harbors three

ATP-binding pockets. The crystal structures of P2X receptors, including

the recent P2X3 structures representing three different stages of the gating

cycle, have provided a compelling structural foundation for understanding

how this class of ligand-gated ion channels function. These structures, in

combination with numerous functional studies ranging from classic muta-

genesis and electrophysiology to modern optogenetic pharmacology, have

uncovered unique molecular mechanisms of P2X receptor function. This

review article summarizes the current knowledge in P2X receptor activa-

tion, especially focusing on the mechanisms underlying ATP-binding,

conformational changes in the extracellular domain, and channel gating

and desensitization.
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RF right flipper

rP2X2 rat P2X2 receptor

rP2X4 rat P2X4 receptor

SCAM substituted cysteine accessibility

method

TM transmembrane

UB upper body

VCF voltage clamp fluorometry

zfP2X4 zebrafish P2X4 receptor

α,β-meATP (α,β-methylene)adenosine

50-triphosphate

1 Introduction

A great deal of mechanistic insights into P2X

receptor activation has been uncovered since

the molecular cloning of this unique class of

ligand-gated ion channels in 1994 (Valera et al.

1994; Brake et al. 1994). In particular, crystal

structures of the P2X4 receptor in its apo-closed

(Kawate et al. 2009) and ATP-bound (Hattori

and Gouaux 2012) states have provided a strong

foundation for dissecting the activation mecha-

nism (Fig. 1a). These crystal structures

established that each of the three P2X receptor

subunits resembles the shape of a dolphin, com-

prising multiple sub-domains commonly referred

to as the head, upper body (UB), lower body

(LB), dorsal fin (DF), right flipper (RF), left

flipper (LF), and fluke (Fig. 1b). Guided by

these crystal structures, a wide spectrum of func-

tional and computational studies have been car-

ried out to investigate conformational changes

associated with P2X receptor activation. Inter-

ested readers are referred to the excellent reviews

(Young 2010; Browne et al. 2010; Coddou et al.

2011; Hausmann et al. 2015; Habermacher et al.

2016a; Wang and Yu 2016).

Fig. 1 Crystal structure of the P2X4 receptor. (a)
Cartoon representation exhibiting the trimeric architec-

ture composed of the extracellular domain and the mem-

brane channel. Intracellular domain is missing in this

structure (dashed line). Each of the three ATP molecules

(not scaled) binds to a binding jaw formed between each

of the two subunits in the extracellular domain. Grey bars
indicate the predicted membrane boundary. Each subunit

is depicted in a different color. (b) Cartoon representation

of the protomer structure resembling the shape of a dol-

phin. For better comparison, each domain is colored con-

sistent with the previous studies (Kawate et al. 2009;

Hattori and Gouaux 2012). The apo-closed conformation

of the zebrafish P2X4 receptor (zfP2X4; PDB ID: 4WD0)

was used. All the figures in this review article were

created using the PyMOL Molecular Graphics System,

Version 1.8 (Schr€odinger 2015)
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In 2016, our knowledge in P2X structure was

redoubled thanks to a number of new crystal

structures determined for other subtypes. These

new structures include an invertebrate P2X

receptor (AmP2X) in complex with ATP and a

divalent cation (Kasuya et al. 2016), the P2X3

receptor in its apo-closed, open, desensitized,

and competitive-antagonist bound forms

(Mansoor et al. 2016), and the P2X7 receptor in

its allosteric-antagonist bound forms (Karasawa

and Kawate 2016). These new crystal structures

not only confirm the central activation

mechanisms such as ATP-binding and movement

of the extracellular region, but also postulate a

novel channel gating mechanism involving the

previously unseen intracellular domains. In addi-

tion, comparison of the crystal structures among

different subtypes sheds light on poorly under-

stood subtype-specific mechanisms. This review

aims to integrate these exciting new discoveries

and gives an overview of the mechanism of P2X

receptor activation with focus on ATP binding,

extracellular-domain flexing, and channel gating.

2 ATP Binding

Under physiological conditions, P2X receptors

are activated most commonly by ATP (North

and Surprenant 2000; Kaczmarek-Hajek et al.

2012). Strictly speaking, ATP exists in two dif-

ferent forms in a typical extracellular space: a

free ion form (ATP4�) or a complex with Mg2+

(MgATP2�) (O’Sullivan and Perrin 1964). By

meticulously controlling the concentrations of

these two different forms of ATP, Li et al.

astutely demonstrated that ATP4� is a universal

agonist for P2X receptors whereas MgATP2�

can activate only P2X1 or P2X3 subtypes

(Li et al. 2013). Though the underlying mecha-

nism is not well understood, the subtype-specific

control by Mg2+ is an excellent way of

diversifying signaling though P2X receptors.

Besides ATP, naturally existing diadenosine

polyphosphates also activate several P2X

subtypes (Pintor et al. 2000), however, ATP

metabolites, such as ADP, AMP, or adenosine

fail to open P2X channels. Notably, ATP

hydrolysis is not required for P2X receptor acti-

vation, as metabolically stable α,β-meATP or

nonhydrolyzable ATPγS can agonize these

receptors (Kaczmarek-Hajek et al. 2012).

How does ATP turn on P2X receptors? Acti-

vation of P2X receptors is initiated by binding of

ATP into the inter-subunit cleft surrounded by

the head, UB, LB, LF, and DF domains, com-

monly referred to as the “binding jaw” (Fig. 2a,

b). The crystal structure of the ATP-bound P2X4

revealed that the bound ATP adopts an unusual

U-shaped structure (Hattori and Gouaux 2012),

where the phosphates are folded towards the

adenosine group (Fig. 3b). While a similar

U-shaped ATP structure has been discovered in

class II aminoacyl transfer RNA synthetases

(Cavarelli et al. 1994), a stretched conformation

is more common in other ATP-binding proteins

(Mateja et al. 2015; Hopfner 2016) (Fig. 3a).

How is the U-shaped ATP established in the

binding pocket? Molecular simulations based

on the apo-closed P2X4 structure suggest that

there are at least two other modes of

ATP-binding that are energetically favored

(Huang et al. 2014). However, molecular dynam-

ics (MD) simulations show that the constantly

wiggling head domain prefers the U-shaped

ATP over the other forms. In addition, Fryatt

et al. recently demonstrated using voltage

clamp fluorometry (VCF) and MD simulations

that this U-shaped structure is stabilized by a

hydrogen bond between the 20 hydroxyl group
on the ribose ring and the γ-phosphate, and that

this hydrogen bond is crucial for efficacious

action of ATP (Fryatt et al. 2016). Therefore, a

combination of the inherent mobility of the

ATP-binding pocket and the intramolecular

forces within the ATP molecule establishes the

U-shaped conformation. The recent crystal

structures of the ATP-bound AmP2X, P2X3,

and P2X7 receptors substantiated that binding

of the U-shaped ATP is not specific to the P2X4

receptor but common to all members of the P2X

receptor family.

The bound ATP molecule is coordinated by

the highly conserved residues K70, K72, T189,

N296, R298, and K316 (zfP2X4 numbering)

through hydrogen bonding and ionic interactions
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(Chataigneau et al. 2013) (Fig. 3c). Extensive

site-directed mutagenesis and electrophysiologi-

cal recordings confirmed that all of these residues

are crucial for ATP binding (Jiang et al. 2000;

Ennion et al. 2000; Wilkinson et al. 2006; Yan

et al. 2006; Fischer et al. 2007; Roberts et al.

2008; Bodnar et al. 2011; Allsopp et al. 2011). In

addition to those six residues, two other highly

conserved phenylalanine residues (F188 and

F297; zfP2X4) were shown to play important

roles in ATP binding (Roberts and Evans 2007;

Zemkova et al. 2007; Roberts et al. 2009). While

these residues do not directly interact with the

ATP molecule, they probably stabilize the

ATP-binding pocket through interactions with

residues behind the binding pocket (Hattori and

Gouaux 2012). The adenosine group of the

bound ATP interacts with residues L191, L217,

I232 (zfP2X4) through hydrophobic interaction

(Hattori and Gouaux 2012) (Fig. 3c). Though

amino acids at these positions are not well

conserved, the corresponding residues in the

other P2X subtypes are mostly non-polar,

providing a similar hydrophobic surface for

accommodating the adenosine group. Interest-

ingly, P2X7 receptors lack four amino acid

Fig. 2 ATP-binding closes the binding jaw. Surface
representations of zfP2X4 in its apo-closed (a; PDB

ID: 4WD0) or in its ATP-bound (b; PDB ID: 4WD1)

conformations. The binding jaw is surrounded by the

head, upper body (UB), lower body (LB), left flipper

(LF), and dorsal fin (DF) domains. The ATP molecule is

depicted as a sphere. Each domain is colored according to

Fig. 1b

Fig. 3 Bound ATP molecule forms a U-shape in the
P2X receptor binding pocket. (a) Stretched ATP con-

formation in Get3 (guided-entry of TA proteins; PDB ID:

4XVU). The ATP molecule is depicted as a stick and the

binding pocket is shown as a white surface. (b) U-shaped

ATP molecule in zfP2X4 receptor (PDB ID: 4WD1). (c)
ATP-binding residues in zfP2X4 (PDB ID: 4WD1). ATP

and binding residues are depicted as a stick. Blue and

yellow colors represent two of the three subunits and the

secondary structures are shown as a cartoon
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residues around L217 (Surprenant et al. 1996).

This difference may account for the reason why

ATP is less potent on P2X7 receptors. Unfortu-

nately, the resolution of the recent ATP/antago-

nist-bound P2X7 structure was too poor to

identify specific interactions in the ATP-binding

pocket (Karasawa and Kawate 2016). Further

investigation is required for clarifying subtype

specific ATP coordination.

ATP-binding triggers a series of conforma-

tional changes that lead to the closure of the

binding jaw. Crystal structure of the

ATP-bound P2X4 receptor shows that, upon

ATP binding, the head domain moves down

towards the DF domain, the DF domain swings

upwards, and the LF domain is pushed away

from the DF domain (Hattori and Gouaux 2012)

(Fig. 2). Importantly, this closing movement of

the binding jaw is likely a central mechanism

among the P2X receptor family, as the crystal

structures of AmP2X, P2X3, and P2X7 receptors

all consistently show similar conformational

changes triggered by ATP-binding. Closing of

the binding jaw is supported by a number of

functional studies using cysteine mutants that

form disulfides or metal bridges (Jiang et al.

2012a; Kowalski et al. 2014; Zhao et al. 2014),

VCF (Lorinczi et al. 2012), cysteine accessibility

analysis (Roberts et al. 2012), and in silico simu-

lation studies (Jiang et al. 2012a; Du et al. 2012).

Interestingly, normal mode analysis and MD

simulations suggest that the head domain

fluctuates and constantly gets closer to the DF

even in the absence of ATP (Pierdominici-Sottile

et al. 2016). This continuous motion is consistent

with the spontaneous disulfide-bond formation of

an artificially introduced cysteine pair that are

too far apart to interact with each other in the

closed conformation (Kowalski et al. 2014).

However, the intrinsic motion of the head

domain is insufficient for channel opening, as

no spontaneous channel activity is observed in

the absence of ATP (Cao et al. 2007). What

prevents the P2X receptor from undergoing con-

formational changes necessary for channel open-

ing? Hausmann et al. demonstrated that the

conserved residues R290 and E167 (rP2X2 num-

bering) form a salt bridge in the closed

conformation, which serves as one of the energy

barriers for channel opening (Hausmann et al.

2013). ATP breaks this salt bridge through a

stronger interaction with the guanidine group of

R290, which relaxes the interaction between the

UB domain and the loop connecting the head

domain and the right flipper (RF) domain. In

addition, a detailed MD study suggests that a

number of potential hydrogen-bonding pairs

exists between different domains around the

ATP-binding pocket, which likely stabilizes the

closed conformation (Pierdominici-Sottile et al.

2016). These studies suggest that disruption of

intersubunit interactions by the bound-ATP mol-

ecule is crucial for completely closing the

binding jaw.

The trimeric P2X receptor harbors three

ATP-binding pockets. How many ATP

molecules are required to open the P2X receptor

channel? ATP dose-response curves obtained

from electrophysiological recordings using

smooth muscle cells showed that Hill coefficients

were in the range of 1–3 (Friel 1988; Ugur et al.

1997; Bean 1992). Likewise, analysis of heterol-

ogously expressed P2X receptors revealed a sim-

ilar range of Hill coefficients (Brake et al. 1994;

Chen et al. 1995; Seguela et al. 1996; Soto et al.

1996; Torres et al. 1998; Le et al. 1999; Haines

et al. 1999), suggesting that ATP-binding is pos-

itively cooperative and more than one ATP mol-

ecule is required for P2X receptor activation.

Supporting this idea, single channel recordings

and kinetic analysis of P2X2 receptors as well as

mathematical modeling of P2X7 receptors

suggested that two ATP molecules are necessary

and sufficient to open P2X channels (Ding and

Sachs 1999; Yan et al. 2010; Khadra et al. 2012).

Furthermore, mutating a residue critical for

ATP-binding (K69) in one of the three binding

pockets maintained essentially identical channel

opening properties of P2X2 receptors, whereas

mutations in two of the three binding pockets

destroyed channel activity (Stelmashenko et al.

2012). All of these studies strongly indicate that

binding of one ATP molecule is insufficient but

binding of two or more ATP molecules is neces-

sary for channel opening. However, a recent

study using MD simulation and VCF
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demonstrated that an ATP molecule still binds to

the pocket harboring the K69A mutation

(rP2X2), while the ATP binding at this site may

not contribute to the channel opening (Fryatt

et al. 2016). This study proposes an interesting

possibility that three ATP molecules bind to the

P2X receptor under a normal condition, even

though only two ATP molecules are required

for channel opening.

Positive cooperativity in ATP-binding

postulates the existence of an intermediate closed

state where an ATP molecule occupies one of the

three binding sites and induces conformational

rearrangements that facilitate the second

ATP-binding. Using an ultra-rapid perfusion sys-

tem, Moffatt and Hume measured the timing of

the P2X2 receptor mediated currents upon a very

brief (<0.2 ms) ATP application (Moffatt and

Hume 2007). By carefully analyzing the activa-

tion and deactivation kinetics, they found that the

channels open at least 0.8 ms after exposure to

ATP and that a significant fraction of ATP

molecules dissociated from fully-liganded P2X2

receptors without opening channels. Kinetic

modeling incorporating these observations

indicated that the P2X2 receptor must undergo

an ATP-bound closed state. More recently, mul-

tiple groups demonstrated using affinity labeling

techniques that the binding of an agonist renders

P2X receptors more sensitive to ATP and respon-

sive to other nucleotides (Jiang et al. 2011,

2012b; Bhargava et al. 2012; Browne and North

2013). While the underlying mechanism remains

unclear, the first ATP-binding likely promotes

the closure of one binding jaw, which may stabi-

lize the spontaneous movements of the neighbor-

ing subunits in favor for subsequent

ATP-binding. The affinity labeling technique is

an intriguing tool for trapping the P2X receptor

in an intermediate closed state for structural

studies.

3 Extracellular Domain Flexing

Closing of the ATP binding jaw pulls the DF

upward and pushes the neighboring LF down-

ward, forcing these two domains to move away

from each other (Fig. 4). Because both the LF

and DF are linked to the β-strand-rich LB of the

respective subunit, a fenestration formed

between two LBs widens by ~5–10 Å. This

flexing motion of the LBs triggers the subsequent

rearrangement in the connected transmembrane

domain, which eventually leads to the opening of

the membrane channel. Like the conformational

changes around the ATP-binding pocket, this

orchestrated movement of the extracellular

domain is likely conserved among the P2X

receptor family, as the crystal structures of

P2X3, P2X4, and P2X7 all exhibit essentially

the same conformational changes upon ATP

binding. Furthermore, a number of functional

studies on different P2X subtypes consistently

support the flexing motion of the extracellular

domain during activation (Allsopp et al. 2011;

Rokic et al. 2013, 2014; Gao et al. 2015). Partic-

ularly, systematic immobilization of the extracel-

lular domain using inter-subunit disulfides

highlighted that separation of the neighboring

LBs, including uncoupling of conserved salt

bridges (Hausmann et al. 2013; Jiang et al.

2010), is required for P2X receptor activation

(Zhao et al. 2014; Roberts et al. 2012;

Stelmashenko et al. 2014; Stephan et al. 2016;

Caseley et al. 2017).

In contrast to the flexible LB domain, the UB

domain remains relatively static during P2X

receptor activation (Hattori and Gouaux 2012;

Mansoor et al. 2016). This rigid UB domain

likely serves as a hinge necessary for swiveling

the LB domains. In particular, the highly

conserved salt bridge between R309 and D85

(rP2X4) and the cation-π interaction between

R309 and W164 (rP2X4) play critical roles in

stabilizing the rigid body structure (Zhao et al.

2016). In addition, disrupting the interactions

among the three UB domains facing the central

threefold axis by artificially introduced disulfide

bridges (e.g. P89C/S97C in rP2X2) diminishes

P2X receptor channel activity (Stelmashenko

et al. 2014). This result indicates that the isola-

tion of UB domains away from each other

hampers channel opening. Furthermore, the crys-

tal structure of AmP2X demonstrated that Zn2+,

which potentiates ATP-dependent channel
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activity of P2X4, is coordinated by three E95

residues (rP2X4) that face the UB interface

along the molecular threefold axis (Kasuya

et al. 2016). Construing from this structure, Zn
2+ binding likely brings the three UB domains

together at the receptor center, which facilitates

the flexing of LB domains. These data support

that the UB domains need to be tightly packed

against each other during P2X receptor

activation.

Flexing of LB domains widens the extracellu-

lar fenestrations formed at each subunit-subunit

interface around the extracellular vestibule (lat-

eral pathway), allowing permeant ions to access

the membrane pore (Fig. 4). While an alternative

ion pathway through the receptor center along

the molecular threefold axis (central pathway)

was proposed based on the first crystal structure

that revealed unusually large internal vestibules

(Kawate et al. 2009), a line of evidences contests

this potential ion access pathway. First, electro-

static interactions favor cations to take the lateral

pathway whereas the energy barrier impedes

cations to permeate the central pathway (Kawate

et al. 2011). Second, modification of introduced

cysteine residues around the lateral pathway

(E56 and D58 in hP2X4 and I328 in rP2X2)

with MTS reagents reduces the channel activity,

while none of the introduced cysteine residues

along the central pathway presented current

reduction by MTS reagents (Kawate et al. 2011;

Samways et al. 2011). Third, inter-subunit

disulfides, which constrain movements upon

ATP-binding, hindered the channel activity

when introduced at the lateral pathway but had

no effect or even facilitated the activity when

introduced at the central pathway (Roberts et al.

2012; Stelmashenko et al. 2014; Kawate et al.

2011). And fourth, the crystal structures of P2X3,

P2X4, and AmP2X receptors showed that the

central pathway remains constricted after

ATP-binding (Hattori and Gouaux 2012; Kasuya

et al. 2016; Mansoor et al. 2016). These data

collectively suggest that permeant ions access

the membrane pore through the lateral

fenestrations.

Fig. 4 Extracellular domain flexes during activation
of a P2X channel. Cartoon representations of the apo-
closed (PDB ID: 4DW0) and the ATP-bound (PDB ID:

4DW1) P2X4 receptor highlight that the upper body
domain remains relatively static while the lower body
domain flexes during channel activation. The

extracellular fenestration widens upon the flexing of the

lower body domain, which allows extracellular cations

such as Na+ and Ca2+ to access the membrane pore

(orange arrow). The ATP molecule is depicted as a

sphere. For clarity, only select domains from two of the

three subunits are shown in this figure
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The recently determined crystal structures of

the P2X7 receptor unveiled a subtype specific

conformational change in the extracellular

domain (Karasawa and Kawate 2016). Unlike

P2X3 or P2X4 receptors, the “turret” like struc-

ture located at the top of the central pathway of

P2X7 is at least ~4Åwide. By just looking at this

structure, one could argue that ions may perme-

ate the central pathway in the P2X7 receptor.

However, Q98 and G99 located just below the

turret tightly constrict the central pathway,

preventing ions from reaching the central vesti-

bule that leads to the membrane pore. Further-

more, the turret seems to become narrower upon

ATP binding, as accessibility of the Y295C

mutant significantly decreases during channel

opening. This narrowing motion of the turret is

in contrast to the relatively static (slight widening

if any) turret in P2X3 and P2X4. Another unique

structural rearrangement was discovered using

small molecules that specifically inhibit P2X7

receptors. The crystal structures of antagonist-

bound P2X7 receptors revealed a novel allosteric

drug-binding pocket, which is located between

neighboring UB domains juxtaposed with the

ATP-binding site. Cysteine scanning mutagene-

sis and accessibility studies demonstrated that

this drug-binding pocket also narrows upon

ATP-binding and that this structural rearrange-

ment is necessary for the channel opening. Inter-

estingly, the equivalent regions in P2X3 and

P2X4 are too small (with or without ATP) for

the P2X7 specific inhibitors to enter, providing a

mechanistic basis for why these drugs specifi-

cally inhibit the P2X7 receptor. Considering

that both the turret and the drug-binding pocket

need to narrow for P2X7 activation, the extracel-

lular domain of P2X7 in the open state may

resemble those of P2X3 and P2X4.

4 Channel Gating

P2X receptors are among the simplest ion

channels, with only three transmembrane helices

(one from each subunit), constituting the pore

and another three helices surrounding them

(Alves et al. 2014). Flexing of the LB triggered

by ATP-binding promotes the rotation of both

the pore-lining second transmembrane helix

(TM2) and the surrounding transmembrane

helix (TM1) by ~15� counterclockwise, render-

ing the upper part of the TM region ~10 Å wider

than that in the closed conformation (Hattori and

Gouaux 2012; Mansoor et al. 2016; Habermacher

et al. 2016b) (Fig. 5). Accessibility of the pore-

facing residues on TM2 in this region, therefore,

increases during channel activation (Li et al.

2008; Pippel et al. 2017). Importantly, widening

of the upper TM region is necessary and suffi-

cient for transition from the closed state to the

open channel. Introduction of an intrasubunit

disulfide bridge between V48 in TM1 and I328

in TM2 (rP2X2), which restricts the widening

movement of the upper TM region, diminishes

ATP-dependent channel activity that can be

recovered by reducing the disulfide bridge

(Stelmashenko et al. 2014; Jiang et al. 2001,

2003; Liang et al. 2013; Rothwell et al. 2014).

Conversely, cis-trans isomerization of an artifi-

cially introduced photoswitchable ligand at the

upper TM region (e.g. I328 or P329 in rP2X2)

evokes robust channel opening in the absence of

ATP (Browne et al. 2014; Lemoine et al. 2013).

These data highlight that opening of P2X

channels are tightly coupled with widening of

the upper TM regions, which is achieved by

flexing the LB domain upon ATP binding.

To open the P2X channel, the most

constricted region in the closed conformation

(i.e. gate) needs to become wider than the size

of permeant ions. The gate is located at the inter-

section of the three TM2s, which cross to each

other about halfway in the lipid bilayer, forming

an hourglass shape (Kawate et al. 2009; Mansoor

et al. 2016; Karasawa and Kawate 2016) (Fig. 5).

Consistent with the closed-state crystal

structures, electrophysiological studies using the

substituted cysteine accessibility method

(SCAM) identified potential gate residues on

TM2 (Li et al. 2008; Pippel et al. 2017;

Rassendren et al. 1997; Egan et al. 1998; Kracun

et al. 2010). In particular, residues T336 and

T339 (rP2X2) seem to play central roles as the

gate residues, as supported by studies analyzing

ion selectivity and spontaneous activity of the
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mutant at these residues (Cao et al. 2007; 2009;

Migita et al. 2001; Browne et al. 2011). How

does widening of the upper TM region open the

channel gate? Simple rotation of the TM helices

around the threefold axis running through the

center, obviously, does not promote gate expan-

sion. By measuring accessibility changes for sys-

tematically introduced cysteine residues in both

TM helices, and by analyzing Cd2+ coordination

mediated by a cysteine mutant at V343 (rP2X2)

located just below the gate, Li et al. demonstrated

that TM2 helices vertically straighten during

activation, with respect to the steeply angled

positions in the closed state viewed from the

side (Li et al. 2010). This experiment indicates

that the lower part of TM2 rotates to a lesser

extent. Further studies using metal bridges and

MD simulation demonstrated that the lower TM

region rearranges during channel opening and

creates both intersubunit and intrasubunit

contacts among the TM helices (Heymann et al.

2013). These extra interactions hold the lower

parts of TM1 and TM2 together, which

counteracts the rotation of the upper TM region.

In combination with the overall counterclock-

wise rotation, the vertically straightening TM2

helices enable the expansion of the channel gate

in an iris-like motion. This movement is consis-

tent with the tryptophan scanning mutagenesis

(Silberberg et al. 2005, 2007) and the recent

study using photoswitchable molecular tweezers

implemented both vertically and horizontally in

the pore of the rat P2X2 receptor (Habermacher

et al. 2016b).

Once ATP escapes from the binding pocket,

the LB domain quickly relaxes back to its resting

conformation, which forces the upper TM region

to narrow, leading to the channel closure. While

this channel deactivation process is simply the

reverse of channel activation, the desensitization

process cannot be construed easily. How do P2X

channels start closing in the presence of ATP,

which should keep the upper TM region wide?

Comparison of the slowly desensitizing P2X2

Fig. 5 P2X channel gating and desensitization. Car-
toon representations of the P2X3 receptor transmembrane

helices in the apo-closed (PDB ID: 5SVJ), open (PDB

ID: 5SVK), or desensitized (PDB ID: 5SVL)

conformations viewed from the side (a) or from the top

(b). The TM2-TM2 distance at the membrane boundary

on the extracellular side is indicated for each state. Each

subunit is depicted in a different color and the grey area
represents the predicted transmembrane region
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receptor with its naturally existing splice variant

that shows relatively faster desensitization

prompted that the C-terminus (residues

370–472 in rP2X2) includes a region important

for slowing the rate of channel desensitization

(Brandle et al. 1997; Simon et al. 1997; Smith

et al. 1999). Further studies using C-terminally

modified P2X2 receptors suggested that the

residues between V370 and P376 are particularly

important for the slow desensitization kinetics

(Koshimizu et al. 1998, 1999; Fountain and

North 2006). Interestingly, however, the

C-terminally truncated P2X2 receptor still

desensitizes slower than the rapidly desensitizing

P2X1 or P2X3 receptors. To investigate the con-

tribution of each domain of the P2X1 receptor in

desensitization, the Evans group analyzed the

desensitization kinetics of chimeras between

P2X1 and P2X2 (Allsopp and Evans 2011).

When the N-terminus of P2X1 was replaced

with that of P2X2, the channel desensitized

much more slowly. The reverse chimera, on the

other hand, showed rapid desensitization. They

also demonstrated that the TM regions and the

ATP-binding extracellular domain are essentially

irrelevant for desensitization. Indeed, the light-

gated P2X receptor using photoswitchable

ligand, which renders the upper TM region

wide, desensitizes normally, supporting that

movement of the extracellular domain plays

minimal roles in desensitization (Habermacher

et al. 2016b; Browne et al. 2014). Altogether,

these studies strongly suggest that the intracellu-

lar N- and C-termini promote channel closure

even in the presence of ATP.

How do the intracellular domains govern the

desensitization process? The recent crystal

structures of the P2X3 receptor determined by

the Gouaux group unveiled the much-needed first

structural insights into the roles of the intracellu-

lar domains in channel gating (Mansoor et al.

2016). While the closed structure of the P2X3

receptor resembles that of the P2X4 receptor in

general, the ATP-bound open structure revealed

striking new features. First, each of the three N-

and C-terminus interacts with each other,

forming a previously unseen triangular structure

termed “cytoplasmic cap” (Fig. 5). This cap

structure bundles the six TM helices together,

providing extra support for holding the

rearranged TM helices in the open conformation.

Second, the TM2 transforms from a regular

α-helix into a 310-helix between G333 and

G335, which stretches this pore-lining helix by

~4 Å. Third, the extracellular gate residues I323
and V326 move upward by ~6 Å and swing away

from the pore (Figs. 5 and 6). At the same time,

the cytoplasmic gate residue T330 becomes the

narrowest point of the pore, potentially serving as

a selectivity filter. During the transition from this

Fig. 6 Conformational change of the pore-lining TM2
helix during the gating cycle. Cartoon representations of
the P2X3 receptor TM2 helix in the apo-closed (PDB

ID: 5SVJ), open (PDB ID: 5SVK), or desensitized (PDB

ID: 5SVL) conformations viewed from the side. Impor-

tant gating residues are shown as a stick. Grey area
represents the predicted transmembrane region
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open state to the desensitized conformation, TM2

helix in the desensitized state recoils back to the

normal α-helix and rotates counterclockwise for

another ~9�. Notably, the cytoplasmic cap was

not observed in the desensitized structure. Fur-

thermore, the α-helix at the C-terminus (N349-

K357) swings away from the central threefold

axis. These observations postulate a novel desen-

sitization mechanism termed, “helical recoil

model”. In this model, the cytoplasmic cap

unfolds or disassembles while the extracellular

domain still accommodates ATP molecules in its

binding pockets. This triggers the stretched TM2

helices to shrink back to its normal length, which

makes V334 move up by a few angstroms and

rotate towards the pore, forming a new gate that

constricts the ion permeation pathway (Fig. 6).

This elegant model fits well with the previous

studies demonstrating that desensitization kinet-

ics dramatically changes when the counterpart

residues forming the cytoplasmic cap are

mutated (Koshimizu et al. 1998; Allsopp and

Evans 2011; Hausmann et al. 2014).

5 Conclusion

Like other ligand-gated ion channels, P2X

receptors convey extracellular messages into the

cell through the gating cycle comprising at least

three distinctive stages, namely, closed, open,

and desensitized states. Extensive studies using

electrophysiology, X-ray crystallography, and

molecular simulations have elucidated the funda-

mental mechanisms underlying transition from

the closed to open state for this class of ligand-

gated ion channels. The recent crystal structures

of the P2X3 receptor postulate a completely new

channel opening mechanism involving the intra-

cellular domains and shed light on the poorly

understood transition from the open to the

desensitized state. In addition, the first crystal

structures of P2X7 uncovered a subtype specific

conformational change in its extracellular

domain, providing a structural foundation for

dissecting the mechanisms for this unique sub-

type. There are, however, many unanswered

questions. For example, is the cytoplasmic cap

common to all other P2X subtypes? How does

the cytoplasmic cap assemble and disassemble?

What are the molecular basis for subtype specific

Mg2+ dependency, ATP sensitivity, or large pore

formation? Considering the current progress

being made in the mechanistic research for this

important class of ligand-gated ion channels, we

should start to discover the answers to these

questions in the near future.
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Abstract

In this chapter we try to show a comprehensive image of current knowl-

edge of structure, activity and physiological role of the P2Y1 purinergic

receptor. The structure, distribution and changes in the expression of this

receptor are summarized, as well as the mechanism of its signaling

activity by the intracellular calcium mobilization. We try to show the

connection between the components of its G protein activation and cellu-

lar or physiological effects, starting from changes in protein phosphoryla-

tion patterns and ending with such remote effects as receptor-mediated

apoptosis. The special emphasis is put on the role of the P2Y1 receptor in

cancer cells and neuronal plasticity. We concentrate on the P2Y1 receptor,

it is though impossible to completely abstract from other aspects of

nucleotide signaling and cross-talk with other nucleotide receptors is

here discussed. Especially, the balance between P2Y1 and P2Y12

receptors, sharing the same ligand but signaling through different

pathways, is presented.
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Nencki Institute of Experimental Biology, Polish

Academy of Sciences, 3 Pasteur St., PL 02-093 Warsaw,

Poland

e-mail: j.baranska@nencki.gov.pl

R. Czajkowski

Laboratory of Spatial Memory, Department of Molecular

and Cellular Neurobiology, Nencki Institute of

Experimental Biology, Polish Academy of Sciences,

3 Pasteur St., PL 02-093 Warsaw, Poland

e-mail: r.czajkowski@nencki.gov.pl

P. Pomorski (*)

Laboratory of Molecular Basis of Cell Motility,

Department of Cell Biochemistry, Nencki Institute of

Experimental Biology, Polish Academy of Sciences,

3 Pasteur St., PL 02-093 Warsaw, Poland

e-mail: p.pomorski@nencki.gov.pl

71

mailto:j.baranska@nencki.gov.pl
mailto:r.czajkowski@nencki.gov.pl
mailto:p.pomorski@nencki.gov.pl


Abbreviations

AC Adenylate cyclase

Akt Protein kinase B/Akt kinase

[Ca2+] Intracellular calcium concentration

CA1 Cornu Ammonis area 1

CA3 Cornu Ammonis area 3

DAG Diacylglycerol

ER Endoplasmic reticulum

ERK1/2 Extracellular signal-regulated

kinases 1/2

GABA γ-Aminobutyric acid

IP3 Inositol-1,4,5-trisphosphate

LTD Long term depression

mGluR Metabotropic glutamate receptor

2MeSADP 2-Methylthio ADP

MRS2365 (N)-Methanocarba 2MeSADP

NMDA N-Methyl-D-aspartic acid

NR2B NMDA receptor subtype 2B

PI3K Phosphatidylinositol 3-kinase

PIP2 Phosphatidylinositol-4,5-

bisphosphate

PIP3 Phosphatidylinositol-3,4,5-

trisphosphate

PKC Protein kinase C

PLC Phospholipase C

PMCA Plasma membrane calcium pump

PPADS Pyridoxal-phosphate-6-azophenyl-

20,40disulfonic acid
PTEN 3-Phosphatase and tensin homolog

SOCE Store-operated calcium entry

STIM1 Stromal interaction molecule

TM Transmembrane domain

1 P2Y1 Receptors – Principles

The P2Y1 receptor was the first P2 receptor orig-

inally cloned as early as nearly 25 years ago

(Webb et al. 1993). The cDNA encoding this

receptor was isolated from an embryonic chick

whole brain cDNA library by hybridization

screening. It was found that the encoded protein

consists of 362 amino acids, belongs to the G-

protein-coupled receptor class and binds ATP.

This protein was then designated as a novel

P2Y purinoceptor and given the number one.

The P2Y1 designation was further supported by

the restricted expression of the corresponding

mRNA transcript (Webb et al. 1993). After-

wards, P2Y1 receptors were cloned and

characterized in numerous other animal species:

Meleagris gallopavo, turkey (Filtz et al. 1994);

Bos taurus, cow (Henderson et al. 1995); rodent

(Tokuyama et al. 1995); Homo sapiens (Janssens
et al. 1996; Léon et al. 1996); Xenopus laevis

(O’Grady et al. 1996), showing 83–95% amino

acids identity (Léon et al. 1996).

The later pharmacological studies on the

P2Y1 receptor showed that ADP is more potent

natural agonist than ATP itself, while UTP and

UDP, CTP and GTP are not effective (Léon et al.

1997). Several artificial agonists were later

synthesized and non-hydrolyzing analogs of

ADP, 2-methylthio-ADP (2MeSADP) and (N)-

methanocarba-2MeSADP (MRS2365) were

found to be even more potent, exhibiting EC50

values in a low nanomolar range (Chhatriwala

et al. 2004). However, it is now firmly

established that ADP is a natural agonist not

only for P2Y1, but also for P2Y12 and P2Y13

receptors and both ADP and 2MeSADP activate

these receptors subtypes (Fumagalli et al. 2004;

Hollopeter et al. 2001). Therefore, the most

selective P2Y1 agonist known presently is

MRS2365, activating P2Y1 with a high potency,

but not activating, or activating with a very low

potency, P2Y12 and P2Y13 receptors

(Chhatriwala et al. 2004; Carrasquero et al.

2005; Koch et al. 2015). Nevertheless, since the

signal transduction pathway induced by activated

P2Y1 differs distinctly from that induced by

P2Y12 and P2Y13 (see Fig. 1A), ADP and

2MeSADP are widely and successfully used for

P2Y1 activity assessment. It has been found

that the P2Y1 receptor is inhibited by suramine

and pyridoxal-phosphate-6-azophenyl-20,40

disulfonic acid (PPADS), but the most effective

and selective antagonists are MRS2179,

MRS2279 and MRS2500 (for review, see

(Burnstock and Knight 2004; Abbracchio et al.

2006; Burnstock 2007)).

Similarly to other metabotropic G-protein-

coupled receptors, P2Y1 contains seven
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hydrophobic transmembrane domains

(TM) linked to each other by three extracellular

loops and three intracellular loops. Intracellular

loops participate in G-protein coupling. NH2 ter-

minus is extracellular while intracellular termi-

nus contains COOH group (Ralevic and

Burnstock 1998). Site-directed mutagenesis of

the human P2Y1 receptor has shown a critical

role in receptor activation of some positively

charged amino acids residues on TM 3, 6 and

7, which are suggested to assist in forming

ligand–docking pocket (Ralevic and Burnstock

1998; Jiang et al. 1997). In addition, four cystein

residues in the extracellular loops have been pro-

posed to be critical for the proper trafficking of

the human P2Y1 receptor to the cell surface

(Hoffmann et al. 1999).

From the phylogenetic and structural point of

view, P2Y receptor family can be divided into

two subgroups with high structural divergence

(Abbracchio et al. 2003). The first one contains

P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11, while the

other includes P2Y12, P2Y13 and P2Y14 subtypes

(Abbracchio et al. 2003). Each subgroup is

characterized by specific motifs in TM 6 and

TM 7 that might be important for agonist–recep-

tor interactions and receptor activity. All P2Y

receptors from both subgroups share the presence

in TM 6 of a histidine – X – X – arginine/lysine

(H-X-X-R/K), motif proposed as crucial for

receptor activity (symbols of amino acids impor-

tant for ligand binding are bold-faced). In TM

7, a tyrosine – glutamine/lysine – X – X – argi-

nine (Y-Q/K-X-X-R) motif for the first P2Y

subgroup and a lysine – glutamic acid – X – X

– leucine (K-E-X-X-L) for the second one are

considered to participate in the different mode of

agonist binding for these two receptor subgroups.

In particular, human P2Y1 receptor (hP2Y1) is

characterized by a histidine – valine – methio-

nine – lysine (H-V-M-K) and a tyrosine – gluta-

mine – valine – threonine – arginine (Y-Q-V-T-

R) motifs in TM 6 and TM 7, respectively

(Abbracchio et al. 2003).

It is worth adding that Homo sapiens P2Y1

receptor contains a sequence of 372 amino acids

(Léon et al. 1996) and it’s gene is located at

human third chromosome long arm (locus

3q24–25) ( Abbracchio et al. 2003, 2006). In

this chromosome, P2Y1 is a member of a seven

receptors cluster together with P2Y12, P2Y13,

P2Y14 and three other metabotropic receptors

(Abbracchio et al. 2003). Most recently, the

X-ray crystal structure of the human P2Y1 recep-

tor has been presented, postulating two separate

ligand binding sites in the receptor protein

(Zhang et al. 2015).

When stimulated with nucleotides, all P2Y

receptors act via binding α,β,γ – heterotrimeric

G protein at the inner surface of the cell. Two

P2Y receptor subgroups mentioned above differ

from each other structurally, which leads to their

ability to couple with different G protein

subfamilies. Thus, P2Y receptors of the first sub-

group (P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11) are

coupled with Gq protein and activate phospholi-

pase C β (PLCβ), leading to the increase in inosi-
tol-1,4,5-trisphosphate (IP3) and cytosolic Ca2+,

whereas those belonging to the second subgroup

(P2Y12, P2Y13 and P2Y14) are coupled with Gi/o

and their activation leads to inhibition of

adenylate cyclase (AC) and the decrease in

cAMP level (Fig. 1A). However, while the

P2Y1 receptor is coupled exclusively with the

Gq protein subfamily, the others of this subgroup

are additionally able to signal via: Go (P2Y2,

P2Y4); G12 (P2Y2, P2Y6); G13 (P2Y6); or Gs

(P2Y11) inducing the increase in cAMP level

(Erb and Weisman 2012; Waldo and Harden

2004). According to Soulet et al. coupling of

the platelet ADP–stimulated P2Y1 receptor with

Gq activates not only PLCβ, but also small,

monomeric G proteins, particularly the Rac

small G protein (Soulet et al. 2005), however

the mechanism of this effect is unclear. Never-

theless, although RhoA and Rac are crucial

proteins for cytoskeleton rearrangements

(Kłopocka et al. 2013), their downstream signal-

ing will not be discussed here. The main function

of the P2Y1 receptor still seems to be intracellu-

lar Ca2+ mobilization (Wypych and Barańska

2013; Wypych and Pomorski 2013) and this sig-

naling pathway will be further described in detail

(see Sect. 3).
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Fig. 1 Schematic diagram of the P2Y1 receptor signaling

pathways. (A) Effects of extracellular ADP on

metabotropic P2Y1 and P2Y12/13 receptors. Extracellular

ATP is hydrolyzed by ectoenzymes to ADP and further to

adenosine (which acts on P1 receptors). ADP stimulates

both P2Y1 and P2Y12 as well as P2Y13 receptors. The

P2Y1 receptor activates PLC via Gq protein (green
pathways). PLC converts PIP2 to IP3 and DAG, which

activates PKC. IP3 binds to specific receptors (IP3R) on

the endoplasmic reticulum (ER) membrane and causes

release of Ca2+ into the cytosol. Calcium inhibits

adenylate cyclase (AC) activity. The P2Y12 and P2Y13

receptor coupled with Gi protein inhibits AC activity,

decreases intracellular level of cAMP and inhibits protein

kinase A (PKA) activity (blue). Emptying of ER calcium

stores activates STIM1 sensor (purple pathway, SOCE

mechanism). STIM1 activates ORAI channel in the

plasma membrane and initiates calcium influx from the

cell environment. The P2Y2 receptor (not shown),

activated by ATP (and UTP) signals in the same way as
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2 P2Y1 Receptors – Distribution

P2Y1 receptors are widely distributed in animals

and abundant in nearly all human and rodent

tissues. In situ hybridization, immunochemistry

and functional studies have demonstrated that

this receptor subtype is expressed in such diverse

tissues, as heart, testis, prostate glands, ovary,

placenta, neural tissues, blood cells, blood

vessels, platelets, or skeletal and smooth muscle

(for review see: (Burnstock and Knight 2004),

see also a recent special issue of the “Purinergic

Signaling” containing review articles on the role

of purinergic receptors in visceral organs

(Burnstock G ed. 2014)). The special and very

important role is played by the P2Y1 receptor in

platelets, where it cooperates with P2Y12 recep-

tor in thrombosis (Hechler and Gachet 2015).

The role of purinergic signaling, including

P2Y1 receptors, was most recently described in

the cardiovascular system (Burnstock 2017).

Thus, P2Y1-mediated responses occur both in

excitable and noon-excitable cell types, involv-

ing short- and long-term signaling (Burnstock

and Knight 2004).

In comparison with other tissues, the human

brain exhibits the presence of P2Y1 mRNA in

large quantities (Moore et al. 2001). P2Y1

mRNA was most highly expressed in regions of

the basal ganglia including the striatum, nucleus

accumbens, putamen and caudate nucleus and

was detected in the globus pallidus, hippocam-

pus, cerebellum and many regions of the cerebral

cortex (Illes and Ribeiro 2004). A P2Y1 poly-

clonal antibody indicated the receptor localiza-

tion to neuronal structure of the human cerebral

cortex, cerebellar cortex, hippocampus, caudate

nucleus, putamen, globus pallidus and midbrain

(Moore et al. 2000). Similar high expression and

basically similar distribution of this receptor was

observed in the rat brain (Morán-Jiménez and

Matute 2000). The P2Y1 receptor, highly

expressed in central nervous system (CNS),

may take a part in many functions and exhibits

various effects both in neuronal and glial cells

(see Sect. 7). Interesting phenomenon

concerning P2Y1 receptors expression and distri-

bution is the fact that in contrast to healthy neu-

ronal cells where the P2Y1 predominate,

neuronal cancer cell lines, both of human and

rodent origin, do not contain any detectable

P2Y1 receptors (Illes and Ribeiro 2004; Sak and

Illes 2005). Sak and Illes suggested that the lack

of this receptor subtype could be a general prop-

erty of neuronal malignant cells. It is assumed

that this phenomenon could be related to the

pathogenesis of neuronal malignancies (Sak and

Illes 2005).

In many studies, cell lines have been used as a

model to examine in vitro receptors expression

profile and properties. Such examples are neuro-

nal cell lines of human origin (SH-SY5Y, SK-N-

BE, IMR-32 neuroblastomas), rat neuronal cells

(PC12 rat pheochromocytoma), or mouse neuro-

blastoma and rat glioma fusion cells

(NG108–15), used as a model to investigate the

functions of neuronal receptors (Sak and Illes

2005). On the other hand, rat glioma C6 cells,

belonging to the type of non-excitable cells

(Barańska et al. 1995), is a commonly used

model system for related studies on glial cell

biology, both for astrocytes and oligoden-

drocytes, as well as for glioma cells (Barańska

et al. 2004).

���

Fig. 1 (continued) the P2Y1 receptor. (B) Effect of ADP
on [Ca2+]i measured in Fura-2 loaded glioma C6 cells.

Experiment performed in the presence of extracellular

Ca2+. Each trace represents the response of an individual

cell. (C) Schematic presentation of the averaged data

from biphasic experiment showing mechanism of

SOCE. Appearance of ADP in calcium free medium

(Minimal Medium with 500 μM EGTA, MM+EGTA)

activates P2Y1 receptors and leads to the release of Ca2+

from ER through IP3 receptors (the first phase of the

signal), then plasma membrane calcium pumps remove

Ca2+ from cytoplasm while STIM1-ORAI system remains

active. After exchange of medium to one containing

2 mM calcium (MM+Ca2+), a sustained increase in

[Ca2+]i results from the influx of calcium ions through

open ORAI channels (the second phase of the signal).

For details, see text. (Fig. 1B) (Adapted from (Sabala

et al. 2001), with permission of John Wiley and Sons)
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The presence of the P2Y1 receptor in glioma

C6 cells seemed to be doubtful and was the

subject of a serious debate in the 1990s. It was

generally accepted that this cell line expressed

the P2Y2 receptor, responding to ATP (and

UTP), activating PLC and affecting IP3 forma-

tion. However, ADP used as an agonist induced

only the inhibition of adenylate cyclase

(AC) (Boarder and Hourani 1998; Schachter

et al. 1996). It was therefore concluded that gli-

oma C6 cells were devoid of the P2Y1 receptor

(Claes et al. 2001; Grobben et al. 2001). On the

other hand, Webb and others showed that the

cloned rat P2Y1 receptor cDNA and that derived

from C6 cells were 100% identical in the entire

coding region. The authors suggested the same

P2Y1 receptor could have different properties in

different cell types, i.e. in C6 cells it could inhibit

AC without activating PLC (Webb et al. 1996).

The question of presence of the P2Y1 receptor in

glioma C6 cells was finally clarified due to

experiments which showed the ability of ADP-

and 2MeSADP-activated cells to increase the

intracellular Ca2+ concentration ([Ca2+]i) (see

Sect. 3). It has been also shown that the presence

or absence of these receptor in C6 cells depends

on the differences in culture conditions

(Barańska et al. 2004; Czajkowski et al. 2004)

(see Sects. 4 and 5).

3 P2Y1 Receptors – Signaling
Mechanism

As mentioned before, the P2Y1 receptor belongs

to the wider category of G-protein coupled

receptors, which means that receptor protein

forms the functional entity with heterotrimeric

GTP bounding protein complex. In case of the

P2Y1 receptor it is Gαq subclass member. Gαq

protein activates PLCβ which cleaves phosphati-

dylinositol-4,5-biphosphate (PIP2) into the IP3
and diacylglycerol (DAG). IP3 diffuses through

cytoplasm and binds to the IP3 receptor on the

endoplasmic reticulum (ER), opening calcium

channels and releasing Ca2+ ions into the cyto-

plasm. DAG activates protein kinase C (PKC)

(Wypych and Pomorski 2013; Putney and Bird

1993) (Fig 1A). Gβγ complex is also a signaling

molecule and may regulate plasma membrane

channels, mainly G-protein-regulated inwardly

rectifying K+ channels (GIRKs) and P/Q- as

well as N-type voltage-gated Ca2+ channels in

excitable cells. This will be discussed later,

since the role of Gβγ complex in the calcium

signal formation was postulated during studies

on cross-talk between P2Y1 and P2Y12 receptors

(Van Kolen et al. 2006; Van Kolen and Slegers

2006) (see Sect. 5).

Release of calcium from the ER (the first

phase) does not end the signaling event. The

emptying of the reticulum leads to the phenome-

non known as the capacitative calcium entry

(Putney 1990) (or the store operated calcium

entry, SOCE). When calcium concentration in

the reticulum falls, STIM1 (stromal interaction

molecule 1), calcium binding protein abundant in

the ER membrane (Roos et al. 2005), starts to

oligomerize and forms large complexes, known

as foci. Those complexes bind plasma membrane

protein ORAI1 (Zhang et al. 2005; Calloway

et al. 2009), leading to formation of plasma

membrane voltage-independent calcium channel

and further extracellular calcium flow into the

cytoplasm (the second phase of SOCE), known

also as the Calcium Release-Activated Current

(CRACI) (Fig. 1A, C). This time influx originates

from the extracellular environment. SOCEmech-

anism works as digital switch (Bird et al. 2009),

enhancing signal and preventing permanent emp-

tying of the intracellular calcium stores.

This is not a place to discuss the whole field of

calcium signaling, since the topic is extremely

wide and interferes with every aspect of cell

physiology. It is however, worth to notice, that

SOCE rarely leads to cell calcium overstimula-

tion with all its toxic effects (Salińska et al.

2005). Rather contrarily, there are studies

showing that SOCE down regulation inhibits

cancer cell proliferation, DNA synthesis, cell

migration and impairs cell adhesion. Specifi-

cally, STIM1 silencing with siRNA leads to cell

cycle arrest (Chen et al. 2011; Li et al. 2013),

DNA synthesis inhibition (Yoshida et al. 2012),

weaker cell contractility (Chen et al. 2013) and

focal adhesions degradation (Yang et al. 2009,

76 J. Barańska et al.



2013). Thus, even if calcium signal is widely

considered as proapoptotic, SOCE induced by

P2Y1 is rather prosurvival and thus will promote

cancer development by both proliferation and

motility enhancement leading to metastasis

promotion.

Figure 1B illustrates typical calcium response

compatible with capacitative model of Ca2+

influx initiated by ADP (Sabala et al. 2001).

ADP induces [Ca2+]i elevation that starts with

an initial peak response (the first phase of the

cell response) resulting from a direct effect of

IP3 on the ER Ca2+ stores, followed by the sec-

ond phase – a long, sustained plateau, generated

by the opening of voltage-independent plasma

membrane Ca2 channels and extracellular Ca2+

influx into the cell. These data as well as facts

that stimulation of the glioma C6 cells with ADP

caused the breakdown of PIP2 by activated PLC

while knockdown of the P2Y1 receptor caused a

loss of PLC activity have proved that ADP

stimulates here functionally active P2Y1

receptors (Czajkowski et al. 2002).

4 P2Y1 Receptors –Properties
and Functional Activity

The main property of the P2Y1 receptor is its

ability to induce the intracellular Ca2+ mobiliza-

tion, described in the previous section. The very

important functional activity of the P2Y1 recep-

tor established in platelets is just concerned with

this signaling pathway. Thus, through P2Y1

generated Ca2+ mobilization, P2Y1 is involved

in control platelet shape change and in initiation

of ADP-induced platelet aggregation. Further-

more, under pathological condition P2Y1 plays

a crucial role in different models of thrombosis.

In this process P2Y1 positively cooperates with

P2Y12 receptors, both activated by ADP. P2Y1

contributes also to chronic vascular inflammation

and related diseases as e.g. atherosclerosis. The

platelet P2Y1/P2Y12 cooperation has been exten-

sively studied (for recent review see (Hechler

and Gachet 2015)).

In central nervous system the P2Y1 receptor

plays a crucial role in the regulation of synaptic

plasticity (see Sect. 7). The P2Y1 protein abun-

dance in neurons is important also in peripheral

nerves. Well documented is the dependence of

pain and temperature sensing on extracellular

nucleotides. It was shown, that MRS2500, spe-

cific inhibitor of the P2Y1 receptor, blocks sens-

ing formalin-induced pain in rats, used as animal

model of inflammatory pain (Barragán-Iglesias

et al. 2015). Also models of ischemic pain, based

on injection of acidic saline into rat paws, are

dependent on the P2Y1 receptor activity and sen-

sitive to MRS2179, inhibitor of this receptor. In

the case of ischemic pain it was also shown, that

pain sensation is sensitive to inhibition of the

TRPV1 protein activity, directly suggesting

capacitative calcium signaling as mechanism of

P2Y1 receptor participation in pain transmission

(Kwon et al. 2014). Similar results were obtained

during studies of mouse and human colon pain.

Animal studies suggested ADP and UTP as

stimulators of visceral nociceptors. P2Y1 and

P2Y2 receptors were detected in respectively

80% and 56% retrogradely labeled colonic

neurons, suggesting the P2Y1 as one of the cru-

cial receptors responsible for visceral pain during

gastrointestinal diseases, such as colon cancer,

severe constipations and Crohn’s disease

(Hockley et al. 2016). Studies on the P2Y1 role

in neuropathic pain suggest that this receptor is

engaged in the stimuli transmission and is

directly connected to importance of this receptor

in CNS system function (see Sect. 7). Intrathecal

administration of MRS2500, aforementioned

inhibitor of the P2Y1 receptor, inhibited pain

sensation resulting from the nerve injuries.

Peripheral nerve injuries caused also elevation

of the P2Y1 receptor level in spinal cord cells,

which was inhibited by injections of MRS2500

into spinal canal (Barragán-Iglesias et al. 2016).

The other property of the P2Y1 receptor seems

to be its pro-apoptotic activity. This property

leads to flexibility of the receptor expression in

cancer development (see Sect. 6). Although other

P2Y receptors, e.g. P2Y2, may be up- or down-

regulated upon pathophysiological conditions
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(Burnstock 2007), the P2Y1 receptor has ability

to reversible disappearance under physiological

conditions, what may lead to incorrect

conclusions about its presence in some cell

types. This flexibility was well documented in

glioma C6 cells. It has been namely shown that

the culture condition can cause the presence, or

absence of the P2Y1 receptor in these cells. It has

been found that the P2Y1 receptor mRNA

expression, as well as its protein level and the

response to nucleotide agonist, can depend on the

presence of serum in the culture medium. The

lack of activity described previously might be

therefore explained by culturing of C6 cells in a

chemically defined serum free medium

(Schachter et al. 1996; Grobben et al. 2001).

Long-term absence of serum in the medium spe-

cifically affected the P2Y1 receptor, decreasing

very strongly its mRNA, protein level as well as

activity, while was without any effect on the

P2Y2 receptor mRNA and protein level

(Barańska et al. 2004; Czajkowski et al. 2002,

2004; Krzemiński et al. 2007).

In pathophysiological conditions this receptor

flexibility is even better pronounced, as in

already mentioned situation where P2Y1 is the

predominant receptor in neuronal healthy cells

and is not detectable in neuronal cancer cells

(Sak and Illes 2005). In platelets, P2Y1 can be

overexpressed leading to increased ADP-induced

platelets aggregation and arterial thrombosis, or

can be downregulated under conditions of injury

or inflammation. The latter process is combined

with the increase in expression of the A2B aden-

osine receptor coupled with Gs and inducing

increase in cAMP levels and resulting in reduced

ADP-dependent aggregation (Hechler and

Gachet 2015). Also, during C2C12 myoblasts

differentiation into myotubes, the expression of

P2Y1 receptors distinctly diminished

(Banachewicz et al. 2005). Interestingly, 10%

fetal bovine serum withdrawal for 48 h induced

cell-cycle arrest and changed glioma C6 cells

morphology from fibroblast-like to astrocyte-

like appearance. This process did not reflect dif-

ferentiation into astrocytes or oligodendrocytes,

but occurred simultaneously with the strong

decrease in the level of P2Y1 receptors. Transfer

of the cells into fresh medium containing serum

reversed all of these changes, demonstrating their

temporary character (Barańska et al. 2004;

Krzemiński et al. 2007). Taken together, these

data allow to speculate that the P2Y1 receptor

may be involved in many important, cellular

regulatory functions at the level of protein

expression.

Among properties of the P2Y1 receptor one

should mention its ability to form oligomers.

There is evidence that the human P2Y1 receptors

form homodimers (Choi et al. 2005). The P2Y1

receptor forms also hetero-oligomers (Nakata

et al. 2003). In HEK293 or 1321NA1 cells, the

P2Y1 receptor forms a heterodimeric complex

with the P2Y11 receptor, which alters the P2Y11

receptor function by promoting agonist-induced

receptor endocytosis (Ecke et al. 2008). On the

other hand, in cotransfected HEK293 cells rat

P2Y1 receptor forms heteromeric complex with

adenosine A1 receptor. Such heteromeric com-

plex seems to respond predominantly to the P2Y1

receptor agonists, since P2Y1 and not A1 receptor

appears to be involved in the process of Gαq

activation and IP3 formation, suggesting that the

cross-talk with G proteins for both receptors

complex is unidirectional (Yoshioka et al.

2001). What is more interesting, such P2Y1/A1

hetero-dimers were also observed in vivo with

confocal laser microscopy in rat brain – in cortex,

hippocampus and cerebellum. Yoshioka and

others suggested that P2Y1/A1 hetero-oligomers

display a wide-spread colocalization in the brain,

since both receptors can exist in the same neuron

(Yoshioka et al. 2002). However, it is generally

believed from the studies on solid tumor cells or

on transfected cells that the A1 adenosine

receptors exerts pro-survival and anti-apoptotic

actions. The increase in its expression could even

represent a diagnostic marker for glioblastoma

progression (Ceruti and Abbracchio 2013).

Since in gliomas, the P2Y1 receptor has just

opposite, pro-apoptotic properties, these two –

P2Y1 (coupled with Gq) and A1 adenosine (cou-

pled with Gi, Gq and Go) receptors interactions

greatly increased the diversity of purinergic sig-

naling. It is worth to add that the ability to form

homo- and hetero-oligomers has been also found
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among other P2Y receptors: P2Y4 and P2Y6

(D’Ambrosi et al. 2007). More recently, the

P2Y1 receptor heteromeric association with

P2Y2 and P2Y4 receptors was shown in mouse

granulocytes. However the association between

P2Y2 and P2Y4 receptors was not observed

(Ribeiro-Filho et al. 2016).

5 P2Y1 Receptors – Cross-Talk
with P2Y12 Receptors

P2Y1 and P2Y12 are both activated by the same

nucleotide, thus the cross-talk between these

receptors, even on the level of the accessibility

of the agonist, seems to be obvious and was

observed in many cells. In glioma C6 cells,

long-term (48 h) absence of serum in the culture

medium resulted in the decrease in P2Y1 mRNA

expression correlated with an increase in P2Y12

receptor mRNA expression, while the P2Y2

receptor mRNA level was not changed. The orig-

inal level of P2Y1 and P2Y12 receptors mRNA

was restored by supplementation with serum.

The similar pattern was observed for protein

level (Czajkowski et al. 2004; Krzemiński et al.

2007). However, the silencing of P2Y1 with

siRNA did not lead to the increase in P2Y12

receptors expression. Thus, the increased P2Y12

protein level during serum starvation was not a

consequence of the inhibition of P2Y1 receptor

expression, but it rather should be a result of the

change in cell culture medium, i.e. the lack of

some factor present in serum (Wypych and

Pomorski 2012). One could speculate that this

important serum component might be

lysophosphatidic acid.

Lysophosphatidic acid, bound to albumin and

carried in the blood stream, interacts with recep-

tor coupled to Gi protein and similarly as P2Y12

is negatively-coupled with AC and decreases

cAMP synthesis (Jalink et al. 1994; Kranenburg

and Moolenaar 2001; Moolenaar 1999). In con-

trast to neurons, in primary astrocytes and glioma

C6 cells, the increase in cAMP concentration

inhibits extracellular signal-regulated kinase 1/2

(ERK1/2) cascade and in consequence blocks

cell growth and promotes differentiation (for

review, see (Stork and Schmitt 2002)) In glioma

C6 cells growing in chemically defined serum

free medium, agents activating β-adrenergic
receptor or membrane-permeable cAMP

analogues (dibutyryl cAMP) stimulate AC,

increase cAMP synthesis and induce differentia-

tion of C6 cells into type II astrocytes (Messens

and Slegers 1992). Claes et al. showed that this

cAMP induced differentiation of C6 cells could

be inhibited by activation of the P2Y12 receptor

(Claes et al. 2004). Thus, serum starvation and

the increase in intracellular cAMP level produce

similar morphological changes as a result of

inhibition of cellular proliferation, but – as it

was mentioned above – when the level of

cAMP is not additionally increased, absence of

serum causes only differentiation-like changes.

Thus, most probably, during long-term serum

starvation, due to the lack of lysophosphatidic

acid in extracellular space the level of intracellu-

lar cAMP might increase. This cAMP

up-regulation might be even slight, but sufficient

to give a signal for the increase in P2Y12

receptors expression. Such increase acts to main-

tain the low intracellular cAMP concentration

and, due to that, to block cAMP-induced inhibi-

tion of cellular proliferation and cell differentia-

tion. In this precise cellular scenery, P2Y1

receptor seems to be an important regulatory

molecule, since the strong decrease in its expres-

sion during serum starvation, or its lack in some

malignant cells (e.g. neuronal cancer cells),

allows the P2Y12 receptor to be the main player

responsible for ADP-evoked signal transduction.

On the contrary, in healthy neurons, where the

increase in cAMP activates ERK1/2, thus

stimulating their growth and survival (Dugan

et al. 1999), P2Y1 is the predominating P2Y

receptor (Sak and Illes 2005) and this receptor

(but not P2Y12) is the main component responsi-

ble for ADP-induced signaling. Taken together,

it seems that in a variety of cell types, in different

physiological and pathological conditions, the

most important cross-talk between P2Y1 and

P2Y12 receptors might occur at the level of the

regulation of protein expression.

The interactions of ADP with two distinct

receptors, P2Y1 and P2Y12, may also involve
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the action of second messengers. In glioma C6

cells, the P2Y1 receptor activation leads to Ca2+

mobilization, which may down-regulate type VI

of AC, predominating in gliomas (Chiono et al.

1995). Thus, the increase in [Ca2+]I induced by

P2Y1 may in cooperation with P2Y12 negatively

regulate cAMP synthesis in favor of the cells

growth. On the other hand, Van Kolen and

coworkers suggested that the stimulation of the

P2Y12 receptor may generate, via Gβγ subunits

of the G protein, a direct entry of extracellular

Ca2+ by a P2Y12-dependent N-type calcium

channel in plasma membrane of glioma C6 cells

(Van Kolen et al. 2006; Van Kolen and Slegers

2006). However, according to our studies this

hypothesis and existence of such channel seems

to be doubtful (Suplat et al. 2007). We have

found that Ca2+ response evoked by P2Y1

receptors might be indeed potentiated by P2Y12,

but most probably due to the other mechanism

proposed by Hardy et al. in platelets, i.e. due to a

lower level of cAMP induced during P2Y12

receptors stimulation, leading to the inhibition

of the plasma membrane calcium pump

(PMCA), which disrupts the removal of calcium

from the cytoplasm (Hardy et al. 2004). Thus, the

activation of both, P2Y1 and P2Y12 receptors by

the same agonist may generate the increase in the

intracellular Ca2+ level as a result of the positive

cross-talk between these two receptors – P2Y1

inducing capacitative Ca2+ entry and P2Y12

playing modulatory role in calcium signaling

(Suplat et al. 2007). In glioma C6 cells, ADP,

via both P2Y1 and P2Y12 receptors, also takes

part in the activation of ERK1/2 (a known cell

proliferation regulator), but this effect is primar-

ily mediated by the P2Y12 receptor (Czajkowski

et al. 2004; Krzemiński et al. 2007).

There are data, showing that P2Y1 and P2Y12

receptors work together in a wide variety of the

cell systems. De Simone and coworkers showed

that both receptors take their part in LPS and

TGF-β dependent activation of microglia as

well as regulate microglia motility (De Simone

et al. 2010). Similar phenomenon was shown for

monocytes where crucial role of the P2Y12 and

ERK kinases in cell activation was proved

(Zhang et al. 2016). On the other hand,

immunohistochemical studies of sinus endothe-

lial cells of the rat spleen revealed strong

colocalization between P2Y1 and P2Y12

receptors in those cells (Uehara and Uehara

2011). Inhibition of P2Y12 receptor by

AR-C69931MX abolished also ADP evoked

contractility in rat intrapulmonary artery

showing the influence of P2Y12 receptor on

P2Y1 (or P2Y6) calcium signaling in smooth

muscle cells (Mitchell 2012). There are, how-

ever, no systematic studies how common is this

cross-talk mechanism among tissues and cell

types.

It is worth to add that in cerebellar astrocytes,

Carrasquero et al. postulate co-expression and

cross-talk between P2Y1 and P2Y13 receptors,

while P2Y12 was not detected. The authors

suggested that in these cells P2Y13 substitutes

for P2Y12 and cooperates with P2Y1 similarly

as it was observed in platelets (Carrasquero

et al. 2005).

6 P2Y1 Receptors and Cancer

The role of purinergic receptors in anticancer

activity was described for the first time in 1983

(Rapaport 1983). In this in vivo studies, mice

inoculated with cancer cells were systematically

treated with ATP and ADP, which caused an

inhibition of their weight loss and prolonged the

survival time. It was also shown that ATP

injected daily into mice significantly inhibited

cancer growth in animals with CT26 colon

tumor (Rapaport and Fontaine 1989; Rapaport

1990). However, since ATP (due to the action

of ectonucleotidases) can be degraded to ADP

and further to adenosine in animal body, the

participation of particular P2 receptor subtypes

in this process was unknown. To address this

problem in vitro studies in different cell lines

and different types of cancer were further

performed. These in vitro studies on agonists

and antagonists have in general suggested that

among P2Y receptor subtypes, P2Y1 is the one

which mediates a decrease in cancer cell number.

On the opposite, the activation of P2Y2 and

P2Y12 receptors generates an increase in cells
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population (for review, see (White and

Burnstock 2006)).

According to much evidence, P2Y1 receptors

may indeed regulate cancer cells growth and

death (White and Burnstock 2006). For example,

in 1321 N astrocytoma cells expressing recombi-

nant human P2Y1 receptor, an agonist-activation

of this receptor induces apoptosis and inhibits

proliferation (Sellers et al. 2001; Mamedova

et al. 2006). Similar anti-proliferative effect of

the P2Y1 receptor was observed in A375 mela-

noma cells (White et al. 2005). In prostatic carci-

noma PC-3 cells the prolonged (8 h) P2Y1

receptor activation by specific agonist

(MRS2365) had also pro-apoptotic effect (Wei

et al. 2011).

As it was already discussed in the one of the

earlier sections of this Chapter, the main func-

tional activity of the P2Y1 receptor is connected

with the signaling pathway that leads to the Gαq

and PLCβ activation, IP3 formation and intracel-

lular Ca2+ mobilization. However, the same sig-

naling pathway is induced by P2Y2 receptors,

which in contrast to P2Y1 increase and not

decrease the cell growth (White and Burnstock

2006). Since it has been found that the P2Y1

receptor-mediated apoptosis was correlated with

ERK1/2 activation, both in 131N1 astrocytoma

(Sellers et al. 2001), as well as in prostate cancer

cells (Wei et al. 2011), Wei and co-authors

suggested a crucial role of ERK1/2 signaling in

this process (Wei et al. 2011). On the other hand,

the intense proliferation and invasiveness of var-

ious types of cancer, including glioma, seems to

depend on up-regulation of the phosphatidy-

linositol 3-kinase/Akt kinase (PI3K/Akt) signal-

ing pathway (Kubiatowski et al. 2001).

PI3K/Akt up-regulation may be explained by

a finding that in a wide variety of human cancer

cells the gene encoding the tumor suppressor

protein (PTEN), a 3-phosphatase that

dephosphorylates phosphatidylinositol-3,4,5-

phosphate (PIP3), is absent or mutated (Cantley

and Neel 1999). Due to a loss or a very low level

of PTEN, the expression of PI3K and PIP3 is

up-regulated, which results in a constitutively

high activation of serine-threonine kinase Akt

(also called protein kinase B). Over-expression

of constitutively active forms of Akt promotes

cell proliferation and invasiveness, regulates cell

growth and is strongly involved in cell survival

mechanisms (Kubiatowski et al. 2001; Cantley

and Neel 1999). Furthermore, Akt promotes res-

cue from apoptosis by direct phosphorylation and

inactivation of components of apoptotic machin-

ery, including Bad protein (Sellers et al. 2001).

Studies on glioma C6 cells have shown that

both, in the presence and in the absence of serum

in the culture medium, the P2Y1 receptor has an

inhibitory effect on the PI3K/Akt signaling. In

contrast, P2Y12 receptors take a part in the acti-

vation of PI3K/Akt pathway (Czajkowski et al.

2004; Krzemiński et al. 2007). Similar relation-

ship was presented in platelets, showing inhibi-

tory and stimulatory effects of, respectively,

P2Y1 and P2Y12 on PI3K signaling (Hardy

et al. 2004). Thus, the P2Y1 receptor, which

acts as an antagonist of PI3K/Akt signaling may

be also, in both, platelets and C6 cells,

characterized as the receptor that mediates apo-

ptosis. Although the mode of such pro-apoptotic

action of P2Y1 receptors is still not clear, all

these data point out a potential therapeutic role

of P2Y1 receptors in the regulation of cancer

growth and suggest their use in clinical trials.

An example of such treatment may be melanoma

treated with 2MeSADP and MRS2179, a selec-

tive agonist and antagonist, respectively, of P2Y1

receptors (Burnstock 2002).

It is worth to add that the control of cells

growth and death is regulated by a crucial bal-

ance of activities induced by various signaling

pathways generated by different receptors, which

particularly in cancer cells may evoked cells self-

sufficient mechanisms. Such mechanisms may be

involved in, and may explain the inhibitory effect

of P2Y1 receptors on PI3K/Akt signaling that

leads in glioma C6 cells to a strong decrease in

these receptor protein level in the unfavorable

condition of serum withdrawal. Also the lack of

P2Y1 receptors in neuronal cancer cell lines may

be a result of and may be explained by a possible

cell self-sufficient mechanisms, acting against

the pro-apoptotic and anti-survival P2Y1 activity.

Furthermore, according to us, such pro-survival

mechanisms may also include the increase of
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ERK1/2 activity in the P2Y1 receptor mediated

apoptosis, characteristic for prolonged receptor

activation. The effect was described in astrocy-

toma and prostate cancer cells (Sellers et al.

2001; Wei et al. 2011). However, one has to be

aware that simple inhibition or induction of sin-

gle receptor or signaling pathway is not enough

for promising therapeutic effect. The cross-talks

and compensations described above lead us to

conclusion, that only multiple drug approach

may be really promising and that a real inhibition

of the cancer growth needs simultaneous attack

aimed on multiple signaling events.

Furthermore, cancer progression is more com-

plex phenomenon than just multiplication of the

cancer cells. Other factors influence tumor

growth and one of them is it vascularization.

The P2Y1 receptor plays here additional role by

induction of epithelial cells proliferation and pro-

moting angiogenesis (Burnstock 2017; Cha et al.

2000).

7 P2Y1 Receptors in Neuronal
Plasticity

P2Y1 receptors signaling, apart from its role in

tumor survival and metastasis, play an important

part in the regulation of brain physiology on

multiple levels (Burnstock et al. 2011). The

basic cellular mechanism of P2Y1 receptors acti-

vation in neurons is similar to that observed in

cancer cells. However, there is substantial differ-

ence in the expression of these receptors, with

P2Y1 being predominant, and P2Y12 playing

only a minor role (Burnstock and Knight 2004)

(see also previous Sections of this Chapter).

Despite relative abundance, the P2Y1 receptor

does not appear to participate directly in the

process of neurotransmission. Instead, it

regulates the process of adaptive changes in neu-

ronal connectivity, known as neuronal plasticity.

The precise nature of its involvement in this

phenomenon initially remained elusive despite

cloning of the receptor in 1993 and subsequent

distribution studies (Moore et al. 2000; Morán-

Jiménez and Matute 2000). The major shift of

paradigm in understanding the role of all P1 and

P2Y receptors occurred when the idea of tripar-

tite synapse was introduced, acknowledging the

importance of the interplay not only between

presynaptic and postsynaptic element but also

with adjacent glial cells (Araque et al. 1999).

The concept of tripartite synapse created a frame-

work to incorporate growing evidence of the

involvement of glial cells (mainly astrocytes,

but also microglia and oligodendrocytes) in

modulating the process of neurotransmission.

ATP and its metabolites can be stored in the

neuronal synaptic vesicles and co-released with

other transmitters or independently (Pankratov

et al. 2006, 2007; Fields 2011). Astrocytes also

possess the ability to release neurotransmitters,

neuromodulators, and growth factors. Astrocytic

P2X7 receptor and connexin hemichannels

(Montero and Orellana 2015) are permeable to

ATP, but the release process mostly depends on

vesicular transport. The discovery of this mecha-

nism, and subsequent astrocyte- specific genetic

manipulations opened the possibility to precisely

attribute certain biological effects to

gliotransmission (Lalo et al. 2014; Pascual et al.

2005). The P2Y1 receptor plays a pivotal role in

these mechanisms. It is worth noticing that the

natural agonist of the P2Y1 receptor is ADP,

usually resulting from ATP hydrolysis by

ectonucleotidases, widely distributed in the

brain (Zimmermann 2006).

ATP released from presynaptic terminals acts

mainly via the P2X receptors and contributes to

fast neurotransmission (Evans et al. 1992;

Pankratov et al. 1999). The astrocytic pool, act-

ing via P2Y1 receptor, as well as other subtypes

of P2 family, modulates a number of other neu-

rotransmitter systems, both pre- and post-

synaptically. The direct presynaptic action of

ATP is mainly inhibitory. P2Y receptors, includ-

ing P2Y1, acting via interaction with Gβγ subunit

have the capability of inhibiting the N-type Ca2+

channels (see Sect. 3). This effect may cause the

decrease in release probability at the synaptic

terminal. Indeed, such effect was observed for

glutamate and noradrenaline in hippocampal

(Mendoza-Fernández et al. 2000; Rodrigues

et al. 2005; Koizumi et al. 2003) and cortical

neurons (Bennett and Boarder 2000; Guzman
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et al. 2005) and for serotonin in cortex (von

Kügelgen et al. 1997). The P2Y1 receptor activa-

tion may also cause postsynaptic effects,

inhibiting NMDA receptor, triggering the inter-

nalization of metabotropic glutamate receptors

(mGluR1), and enhancing sensitivity of GABA

receptors. In all cases its action leads to

decreased synaptic transmission (Luthardt et al.

2003; Saitow et al. 2005).

Astrocytes respond to external stimuli by

elevating the cytoplasmic Ca2+ level, following

activation of several families of G protein-

coupled receptors. These calcium waves can be

transmitted from one cell to another,

synchronizing the activity of astrocytic network

(Halassa and Haydon 2010; Anderson et al.

2004; Guthrie et al. 1999). While the P2X

receptors and gap junctions mediate fast calcium

waves, the P2Y1 receptor orchestrates this activ-

ity on much longer timescale (Fumagalli et al.

2003) and across longer distances (Bowser and

Khakh 2007). It acts via G protein – dependent

PLC activity and calcium release from intracel-

lular stores (see Sect. 3). These Ca2+ waves often

emerge under pathological conditions: ischemia,

mechanical injury or during the course of

Alzheimer’s disease (Moraga-Amaro et al.

2014). The process leads to long-term changes

in cell physiology and allows for adaptive

changes in response to the abnormal conditions.

The downstream processes triggered by glia usu-

ally occur on a much slower timescale than fast

synaptic transmission, and they often reflect the

overall metabolic state of the brain. This in turn

leads to complex network patterns of activation.

An example of such interactions was observed in

the prefrontal cortex, the key brain structure

involved in short term and working memory as

well as cognitive control of thalamus and the

limbic system (Miller and Cohen 2001). One of

the mechanisms related to learning in this area is

the long term depression (LTD). ATP release

leads to the activation of the presynaptic P2Y1

receptor and prolonged Ca2+ increase that

interferes with LTD formation (Guzman et al.

2010). Synaptic ATP also causes behavioral

impairments in prefrontal-dependent tasks, most

probably by interfering with dopaminergic

signaling in medial prefrontal cortex and nucleus

accumbens. The P2Y1 receptor agonist,

MRS2365, attenuated prepulse inhibition of the

acoustic startle reflex, impaired accuracy in the

delayed non-matching to position task and

delayed reversal learning (Koch et al. 2010).

The P2Y1 receptor appears to be working in

concert with the metabotropic receptor for gluta-

mate, mGluR5. The two receptors share common

signaling pathways that link them via Gq protein

to inhibition of specific ion channels (Filippov

et al. 2010). The P2Y1 receptor is responsible for

the heterosynaptic depression of synaptic trans-

mission in hippocampal neurons (Zhang et al.

2003). Synaptic glutamate spills over from

potentiated synapse to the astrocytes and

activates the mGluR5 receptor. This in turn

leads to prolonged ATP release to the adjacent,

non-active synapses. It acts presynaptically via

A1 and P2Y receptors, decreasing release proba-

bility and enhancing the net effect at the

potentiated synapse (Pascual et al. 2005). Regu-

lation of activity in the Cornu Ammonis area

1 (CA1) and 3 (CA3) fields of hippocampus

occurs also by modulation of inhibitory neuro-

transmission. Astrocytic P2Y1 receptors present

on interneurons, trigger GABA release and lead

to silencing of the network (Bowser and Khakh

2007; Kawamura et al. 2004). Interestingly, in

the dentate gyrus, the opposite net effect was

observed when the sequence of glutamate and

ATP action was reversed (Jourdain et al. 2007).

ATP triggered P2Y1 receptor-dependent astro-

cytic activation and glutamate release. This led

to activation of presynaptic NMDA receptor

(with NR2B as dominant subunit) and to increase

in synaptic release. The ATP action appears not

to be limited to functional plasticity. In develop-

ing brain, activation of the P2Y1 receptor triggers

mechanism of synapse elimination in thalamus.

This process also depends on IP3-dependent

capacitative Ca2+ signal (Yang et al. 2016). All

these phenomena indicate the possible involve-

ment of ATP signaling in the synaptic scaling, a

process of regulation of relative synaptic strength

during experience or developmental plasticity, in

order to preserve overall firing rate and avoid

“overdrive” of the system.
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The tripartite synapse appears to be extremely

complicated and regulated on multiple levels.

Microglia is currently emerging as another

important player (Tremblay and Majewska

2011). Its activation causes weak ATP release

that can be later amplified by astrocytes (Imura

et al. 2013). Triggering the astrocytic P2Y1

receptor leads to glutamate release and activation

of postsynaptic GluR5 receptors (Pascual et al.

2012).

Taken together, these observations show a

role for the P2Y1 receptor in regulating synaptic

plasticity on an extended timescale in large neu-

ronal ensembles. This process is orchestrated by

the synchrony and extent of glial network

involved. Interestingly, the astrocytic and

microglia activation often occurs as a response

to stressing factors. The P2Y1 receptor antago-

nism is therefore emerging as a possible inter-

vention in cognitive impairments after injury or

disease (Naviaux et al. 2013, 2014). The role of

the entire family of P2Y receptors as therapeutic

agents in cognitive dysfunctions has been

reviewed recently (Guzman and Gerevich 2016).

8 Concluding Remarks

The P2Y1 receptor is widely distributed in ani-

mal body. It has been found in nearly all tissues

and cultured cell lines examined so far. It has

wide spectrum of activities and some of them,

e.g. P2Y1 receptor role in platelets were exten-

sively studied for years. In this Chapter we point

out to increasing knowledge about this receptor

in the nervous system and cancer progression.

One should remember that the P2Y1 may be

described as a typical G-protein coupled recep-

tor, signaling only via Gαq signaling pathway and

evoking capacitative calcium signal. In this it

differs from such receptors as P2Y2, which may

engage different Gα proteins in different molecu-

lar environments, so that the signaling of the

receptor is regulated by the change of the signal-

ing pathway. Moreover, in contrast to many other

receptors (e.g. aforementioned P2Y2 receptor), it

seems that the P2Y1 signaling is regulated by the

changes in receptor expression and its protein

production, strongly dependent on the cell phys-

iological condition, so this is the active protein

level that regulates the receptor signaling. This

special property of the P2Y1 receptor is clearly

visible in cancer cells, where the level of active

receptor is strongly diminished if cells are grown

in adverse environment (e.g. during prolonged

serum deprivation). This disappearance of P2Y1

receptor has strong pro-survival effect, promot-

ing PI3K/Akt signaling activity. The effect was

postulated as a possible drug handle for

antitumor therapy, however the complex network

of cross-talks between nucleotide receptors and

common ligand shared with P2Y12 receptor may

easily compensate any simple approach of using

this receptor in cancer treatment. In contrast to

cancer cells, P2Y1 receptors are predominant in

neurons, playing an important role in the modu-

lation of the synaptic transmission. Thus P2Y1

receptor takes part in the regulation of neuronal

plasticity in central nervous system as well as

pain transmission in the peripheral nerves.

While we know pretty well how P2Y1 and other

nucleotide receptors work, the knowledge about

interplay between them, their cross-talks, as well

as the ability to form complexes (homo- and

hetero-oligomers) is still limited and should be

further increased, since both nucleotide receptors

and extracellular nucleotides are common at least

in metazoan organisms.
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86 J. Barańska et al.



Jalink K, Hordijk PL, Moolenaar WH (1994) Growth

factor-like effects of lysophosphatidic acid, a novel

lipid mediator. Biochim Biophys Acta 1198:185–196

Janssens R, Communi D, Pirotton S, Samson M,

Parmentier M, Boeynaems JM (1996) Cloning and

tissue distribution of the human P2Y1 receptor.

Biochem Biophys Res Commun 221:588–593

Jiang Q, Guo D, Lee BX, Van Rhee AM, Kim YC,

Nicholas RA, Schachter JB, Harden TK, Jacobson

KA (1997) A mutational analysis of residues essential

for ligand recognition at the human P2Y1 receptor.

Mol Pharmacol 52:499–507

Jourdain P, Bergersen LH, Bhaukaurally K, Bezzi P,

Santello M, Domercq M, Matute C, Tonello F,

Gundersen V, Volterra A (2007) Glutamate exocytosis

from astrocytes controls synaptic strength. Nat

Neurosci 10:331–339

Kawamura M, Gachet C, Inoue K, Kato F (2004) Direct

excitation of inhibitory interneurons by extracellular

ATP mediated by P2Y1 receptors in the hippocampal

slice. J Neurosci 24:10835–10845
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Abstract

Purinergic signaling has recently emerged as a network of signaling

molecules, enzymes and receptors that coordinates the action and behav-

ior of cancerous cells. Extracellular adenosine 50 triphosphate activates a
plethora of P2 nucleotide receptors that can putatively modulate cancer

cell proliferation, survival and dissemination. In this context, the G

protein-coupled P2Y2 receptor was identified as one of the entities

coordinating the cellular and molecular events that characterize cancerous

cells. In this chapter, we will look at the contribution of the P2Y2 receptor

in cancer outcomes and use this information to demonstrate that the P2Y2

receptor represents a drug target of interest in the setting of colorectal

cancer, for which the role and function of this receptor is poorly defined.

More particularly, we will review how the P2Y2 receptor modulates

cancer cell proliferation and survival, while promoting cell dissemination

and formation of metastases. Finally, we will investigate how the P2Y2

receptor can contribute to the detrimental development of drug resistance

that is often observed in cancerous cells.

Keywords

P2Y2 receptor • Cancer • Colorectal cancer • Extracellular nucleotides

Abbreviations

AOM Azoxymethane

APC Adenomatous polyposis coli

ATP Adenosine 50-triphosphate
BMDC Bone marrow-derived dendritic cell
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DSS Dextran sulfate sodium

EGF Epithelial growth factor

EMT Epithelial-mesenchymal transition

GPCR G protein-coupled receptor

IEC Intestinal epithelial cell

IP3 Inositol 1,4,5-triphosphate

ITGA5 Integrin alpha 5

LOX Lysyl oxidase

MAPK Mitogen-activated protein kinases

MMP Matrix metalloproteinase

MRP2 Multidrug resistance-associated pro-

tein 2

MT Microtubule

NFκB Nuclear factor-kappa B

NSCLC Non-small cell lung carcinoma

PI3K Phosphoinositide 3-kinase

PKC Protein kinase C

PLC Phospholipase C

SNP Single nucleotide polymorphism

TGF-β Tumor growth factor beta

TME Tumor microenvironment

UTP Uridine 50-triphosphate
VEGF Vascular epithelial growth factor

1 Colorectal Cancer: A Rapid
Overview

Colorectal cancer (CRC) is the third most preva-

lent form of cancer worldwide and despite colos-

sal research efforts, approximately 55% of CRC

patients will die from this type of cancer (Andres

et al. 2015; Morris et al. 2010). Western

countries harbor most of the CRC cases,

representing the fourth form of cancer-related

deaths (Kuipers et al. 2015). However, the latter

is becoming a worldwide concern due to the

“westernization” of certain developing countries

over the years (Kuipers et al. 2015). The etiology

of CRC is multifactorial and involves both intrin-

sic and extrinsic factors that lead to mutations in

oncogenes, tumor suppressor genes and genes

related to DNA repair (Fearon 2011). Sporadic

cancer, which represents 70% of all CRC,

originates from the accumulation of genetic

mutations and epigenetic deregulation of tumor

suppressor genes and oncogenes, most promi-

nently APC, KRAS and TP53 genes in intestinal

epithelial cells (IECs) (Fearon 2011). As a result,

transformed IECs acquire an evolutionary

growth advantage leading to the formation of

tumors (Fearon 2011). Somatic mutations that

inactivate APC are present in more than 80% of

sporadic colorectal adenomas and carcinomas

(see Fearon and references therein (Fearon

2011)). Truncated APC is thus unable to control

β-catenin signaling, resulting in aberrant cell

cycle stimulation and cell proliferation (Aoki

and Taketo 2007; Polakis 2007). These

mutations are involved in the initial growth of

polyps but are insufficient for tumor progression

(Fearon 2011). The progression from

hyperplastic lesions, such as polyps, to invasive

carcinoma requires the mutation of other genes,

including KRAS and TP53. Amongst the extrin-

sic factors contributing to CRC, age represents

the first risk factor (Levin et al. 2008). Chronic

intestinal inflammation, as found in ulcerative

colitis and Crohn’s disease, dietary and physical

activity habits (obesity) as well as tobacco smok-

ing are all factors that also contribute to tumori-

genic conditions (Marmol et al. 2017). Hence,

the immune system is thereby molded by the

tumor environment while directly contributing

to the formation of the tumor niche and dissemi-

nation of cancerous cells (Lasry et al. 2016;

Parcesepe et al. 2016). Consequently, solid

cancers, such as CRC, are viewed not as a single

disease but as an amalgam of numerous diseases

as reflected by the observed cell heterogeneity

found in tumors.

The contribution of growth factor receptors,

such as epithelial growth factor (EGF) and vas-

cular epithelial growth factor (VEGF) receptors,

as well as Frizzled for WNT factors and the

TGF-β type II receptor for TGFβ is well

documented in CRC (Kuipers et al. 2015; De

Rosa et al. 2016). Surprisingly, the role and func-

tion of G protein-coupled receptors (GPCRs)

remain largely unknown in the setting of cancer,

despite representing the largest family of signal-

transducing receptors. Interestingly, GPCRs reg-

ulate cell functions associated with cancer cell

behavior such as proliferation, resistance to
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apoptosis, promotion of angiogenesis, immune

tolerance and adaptation, as well as cell migra-

tion and dissemination (Bar-Shavit et al. 2016;

Liu et al. 2016). Protease activated receptors,

lysophosphatidic acid receptors, chemokine

receptor CXCR4, endothelin receptors, prosta-

glandin receptors (PE2 and PE4), bradykinin

receptor types 1 and 2 and sphingosine

1-phosphate receptor 1 are amongst the most

studied GPCR in the context of cancer

(Bar-Shavit et al. 2016). However, the under-

standing of GPCR signaling in colorectal cancer

cell biology is practically abysmal or, at least,

largely underappreciated. Despite recent reviews

highlighting the potential influences of

purinergic signaling in cancer biology, including

CRC, the contribution of the G protein-coupled

P2Y receptors in cancer, and in CRC carcinogen-

esis in particular, remains very limited.

In the following sections, we will examine

various aspects associated with cancer and how

the ATP and UTP-activated P2Y2 receptor can

contribute to these cancer hallmarks. We will

review what it is known regarding the P2Y2

receptor in the context of colorectal cancer and

subsequently focus on the function and potential

implication of the P2Y2 receptor in cancerous

intestinal epithelial cell proliferation, dissemina-

tion and metastasis. Finally, we will examine the

potential implication of the P2Y2 receptor in the

complex mechanism of drug resistance of cancer

cells.

2 P2Y2 Receptor Expression
in Cancer

The increased expression of the P2Y2 receptor

has been measured in various diseases, including,

but not limited to neurological disorders

(Weisman et al. 2012a, b), cardiovascular

diseases (Djerada et al. 2016; Chen et al. 2017)

and inflammatory bowel diseases (Grbic et al.

2008; Degagne et al. 2009, 2012). More recently,

the participation of this receptor to the etiology

of cancer has gained increasing interest given the

ability of the receptor to modulate the prolifera-

tion of cancer cells and to increase their survival

and dissemination. With the worldwide increase

in cancer incidence, understanding and

identifying new molecular entities allowing the

development of disease-modifying agents is crit-

ical. Despite minute regional discrepancies and

disparities between sexes, lung, breast, colorectal

and prostate cancers remain the top four most

incidental and prevalent forms of cancer (Ferlay

et al. 2015). The following will thus focus on the

modulation of P2Y2 receptor expression in these

four cancer forms.

Lung cancer is the most common cause of

death from cancer worldwide with smoking

remaining the principal cause of this disease

(Ferlay et al. 2015). As in other diseases, the

expression of the P2Y2 receptor is upregulated

in lung cancer cells when compared to normal

epithelial cells. In fact, the receptor expression is

increased by more than threefold in the

adenocarcinoma-derived, non-small cell lung

cancer H23 cell line and by more than 14-fold

in the lung carcinoma A549 cell line when com-

pared to the Beas-2b normal lung epithelial cell

line (Song et al. 2016). However, these in vitro
observations need to be validated both in animal

models and in lung cancer patients.

Breast cancer is the most prevalent form of

cancer in adult females in the world (Ferlay et al.

2015). The expression of P2RY2mRNA has been

observed in MCF-7 and MDA-MB-231 breast

cancer cell lines (Li et al. 2011; Zhang et al.

2017). However, the highly metastatic

MDA-MB-231 breast cancer cell line displays

an increased P2Y2 receptor activity compara-

tively to low metastatic MCF-7 cells without

significant modulations of receptor mRNA

expression (Jin et al. 2014). Such results are not

surprising since GPCR expression is a highly

regulated process in which mRNA expression

rarely correlates with protein expression level

and receptor activity. Again, validation for

P2Y2 receptor expression must be confirmed

in vivo.

Prostate cancer is the most prevalent form of

cancer in males worldwide (Ferlay et al. 2015).

The mRNA and protein expression of the P2Y2

receptor has been studied in LNCap cells

(androgen-sensitive human prostate
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adenocarcinoma cells), DU-145 cells (hormone-

insensitive human prostate adenocarcinoma

cells) and in the PC-3M human prostate carci-

noma cell line, as well as in the PC-3M highly

metastatic subclone 1E8 and non-metastatic

subclone 2B4 (Li et al. 2013). The expression

of the P2Y2 receptor was found in all of the

studied cell types (Li et al. 2013). Unfortunately,

it is not known whether receptor expression is

increased in cancerous cells vs. non-cancerous

prostate cells, as the authors of this latter study

did not include non-cancerous prostate cells in

their experiments. In PC-3 and DU-145 cells, the

mRNA expression of the P2Y2 receptor has been

correlated with the activity of the receptor, as

determined by the ability of ATP and UTP to

stimulate inositol phosphate accumulation in an

equipotent, equiactive and non-additive manner

(Janssens and Boeynaems 2001). The protein

expression of the P2Y2 receptor has also been

reported in human hormone refractory prostate

cancer (HRPC) cells (Calvert et al. 2004).

Colorectal cancer is the third most common

diagnosed cancer in the world and represents the

fourth cause of cancer-related deaths in devel-

oped countries (Favoriti et al. 2016). In the intes-

tine and in IECs, P2Y2 receptor expression has

been reported to be increased in response to

inflammatory challenges (Grbic et al. 2008;

Degagne et al. 2009, 2012). In this environment,

the molecular mechanism regulating P2Y2 recep-

tor expression in IEC involves the cooperative

action of NF-κB and C/EBPβ (Degagne et al.

2009, 2012). Although the precise molecular

mechanisms regulating P2Y2 expression in can-

cer cells are unknown, the expression of this

receptor has been reported to be increased in

human colorectal carcinoma tissues obtained

from surgical resection for colon tumors (Nylund

et al. 2007). Increased expression of P2Y2 in

CRC tissues has also been observed in tumors

and corresponding margins harvested from mice

with AOM/DSS-induced CRC (Fig. 1). The

azoxymethane/dextran sodium sulfate

(AOM/DSS) CRC mouse model is a highly suit-

able animal model for recapitulating the human

colorectal adenoma-carcinoma sequence by

displaying neoplastic lesions, aberrant crypt

foci and adenocarcinomas (Bird and Good

2000; De Robertis et al. 2011). Of note, a differ-

ent study reported that human P2RY2 mRNA

expression was down-regulated in colorectal

cancer tissue samples as compared to normal

tissues (Kunzli et al. 2011). This apparent dis-

crepancy may stem from differences in experi-

mental design between the Nylund (Nylund et al.

2007) and Kunzil (Kunzli et al. 2011) studies.

Indeed, the Nylund study used matched tumor-

free samples (Nylund et al. 2007), whereas the

Kunzil study used non-CRC tissues obtained

from various patients (Kunzli et al. 2011). Clas-

sically, comparison studies typically use matched

tumor-free samples obtained from the same

patient as in the Nylund publication.

Finally, amongst the other forms of cancer,

the expression of the P2Y2 receptor has also been

found in biopsies of gastric cancer patients

(Aquea et al. 2014), as well as in biopsies

obtained from patients suffering from melanoma

(White et al. 2005), cutaneous squamous cells

(Greig et al. 2003) and human hepatocellular

carcinoma (Xie et al. 2014; Tak et al. 2016).

3 P2Y2 Receptor Signaling
and Cell Proliferation
and Survival

Colorectal cancer, as is the case for most solid

tumors, is derived from the proliferation of

transformed epithelial cells in which the tumor

microenvironment (TME) is key in shaping

tumor cell behaviors (Pancione et al. 2014;

Peddareddigari et al. 2010; Wang and Karin

2015; Crotti et al. 2017). TME also molds the

function of mesenchymal and immune cells so as

to favor immune cell evasion, tumor cell growth

and metastasis (Lasry et al. 2016; Parcesepe et al.

2016). These modifications in cell behaviors and

molding are modulated by numerous growth

factors, cytokines and extracellular nucleotides

as recently highlighted (Ferrari et al. 2016; Di

Virgilio and Adinolfi 2017). In fact, it is well

documented that the TME is enriched in ATP

(Pellegatti et al. 2008) and one can easily specu-

late that other nucleotides, such as UTP, are also
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present in the TME as reported in the literature

(Di Virgilio and Adinolfi 2017).

Extracellular ATP and UTP are the equipotent

agonists of the human P2Y2 receptor which,

upon stimulation, elicit a Gαq-dependent activa-
tion of phospholipase C (PLC), leading to the

production of inositol 1,4,5-trisphosphate (IP3)

and diacylglycerol as well as the subsequent

release of intracellular Ca2+ and activation of

protein kinase C (PKC), the modulation of ion

channel activities, and MAP kinase (MAPK)

activation (Erb and Weisman 2012). Studies

performed in Weisman’s laboratory, at the Uni-

versity of Missouri-Columbia, and in Gendron’s

laboratory, at the Université de Sherbrooke in

Canada, showed that P2Y2 receptor signaling

Fig. 1 P2Y2 receptor mRNA and protein expression
in mouse CRC tumors. Colorectal cancer was induced in
three 3-month-old C57BL/6J mice (Jackson Laboratory)

according to the protocol presented in panel (A). (B)
P2ry2 expression was determined by qPCR from mRNA

isolated from tumor tissues (Tumors) and matched

non-cancerous margins (Margins) obtained from mouse

tumors (AOM/DSS) and matching margins. Two tumors

and matching margins were isolated from every mouse.

The qPCR assays were performed as previously described

(Degagne et al. 2012). The statistical significance was

determined by unpaired, two-tailed t test. (C) P2Y2 recep-

tor protein expression was determined by Western blot of

protein lysates obtained from isolated mouse tumors

(T) and matching margins (M). For Western blots, tissues

were processed as previously described (Grbic et al.

2008). Immunoblots were performed using a 1:1000 dilu-

tion of rabbit anti-P2Y2 receptor (Alomone Labs #APR-

010) as previously described (Degagne et al. 2012). Spe-

cific protein bands were detected using a 1:10,000 dilution

of horseradish peroxidase-conjugated anti-rabbit IgG and

visualized on autoradiographic film using the Millipore

chemiluminescence system. Signal normalization was

performed as described previously using an antibody

against β-actin (Grbic et al. 2008)
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also occurs via pathways that are dependent on

Gαo and Gα12 recruitment (Erb and Weisman

2012; Bagchi et al. 2005; Erb et al. 2001; Liao

et al. 2007; Degagne et al. 2013). Contrary to the

direct coupling of P2Y2 receptor with Gαq, the
interaction with Gαo and Gα12 proteins requires
the interaction between the P2Y2 receptor-RGD

domain with integrin αv (Bagchi et al. 2005; Erb
et al. 2001; Degagne et al. 2013). This interaction

was first observed in astrocytoma 1321N1 cells

overexpressing the recombinant human P2Y2

receptor (Erb et al. 2001), and more recently

with the endogenous P2Y2 receptor expressed

by intestinal epithelial cells (Degagne et al.

2013). The coupling of the P2Y2 receptor with

integrin signaling and Gαo and Gα12 mobiliza-

tion is important for the modulation of actin

cytoskeleton dynamics, as elegantly reviewed

by Erb and Weisman (Erb and Weisman 2012).

In IECs, the cooperative interaction between the

P2Y2 receptor and integrin αv in the recruitment

of Gαo favors microtubule (MT) elongation and

stabilization (Degagne et al. 2013). Accordingly,

modulation of cytoskeleton dynamics is impor-

tant for the maintenance of cell architecture and a

key event for cell division and migration as pre-

viously reported (Parker et al. 2014). Cytoskele-

ton dynamics is thus crucial for cancer cell

proliferation and dissemination (Davidson and

Wood 2016; Fanale et al. 2015; Gehren et al.

2015), with the modulation of MT dynamics

being a target of chemotherapeutic agents as

recently reviewed (Fanale et al. 2015). Indeed,

these drugs modulate MT dynamics so as to

reduce cell migration and block cell proliferation

by interfering with both cell mitosis and tumor

vascularization (Fanale et al. 2015). In this

setting, modulating P2Y2 signaling could poten-

tiate the effect of these MT-modifying drugs. For

example, it has been shown that P2Y2 activation

stimulates the acetylation of α-tubulin on lysine-

40 and the stabilization of MT elongation by a

mechanism involving the recruitment of Gαo
protein with the cooperative interaction of

integrin αv and the activation of PI3K/AKT and

inhibition of GSK3β (Fig. 2) (Degagne et al.

2013). The end result is the stimulation of IEC

migration, which is a prerequisite for wound

healing. However, in the context of cancer,

including CRC, this effect is seemingly detri-

mental to patients (Degagne et al. 2013). In gen-

eral, P2Y2 receptor activation appears to

stimulate proliferation and survival of human

A549 lung epithelial tumor cells (Schafer et al.

2003), cutaneous squamous cells (Greig et al.

2003), breast cancer cells (Chadet et al. 2014),

human hepatocellular carcinoma (Xie et al.

2014), human PANC-1 cancerous pancreatic

duct epithelial cells (Choi et al. 2013), and

ARO cells derived from a human anaplastic thy-

roid carcinoma (Pines et al. 2006). Surprisingly,

the P2Y2-dependent signaling pathway, which

mediates A549 lung epithelial tumor cell prolif-

eration, is independent of PKC, ERK1/2, PI3K,

or Src kinases, but is rather stimulated by PLC,

Ca2+/calmodulin-dependent protein kinase II and

NFκB (Schafer et al. 2003). It would thus appear

that P2Y2 receptor signaling events leading to the

stimulation of cancer cell proliferation may be as

diverse as the number of affected organs and cell

types. If one takes into account, that the P2Y2

receptor can transactivate EGF and VEGF

receptors (Liu et al. 2004; Li et al. 2015;

Rumjahn et al. 2009; Seye et al. 2004), the num-

ber of potential signaling combinations is signif-

icantly enhanced. Furthermore, both G protein-

coupled receptor kinase 2 (GRK2) and arrestin-

2 have been shown to putatively modulate P2Y2

receptor signaling (Morris et al. 2011, 2012),

similar to signaling for other GPCR. The number

of signaling possibilities triggered by the P2Y2

receptor thus appears to be substantial. As such,

investigators should keep in mind this myriad of

potential signaling effectors associated with this

particular receptor in cancer studies.

On the other hand, other studies have reported

that the P2Y2 receptor may suppress the prolifer-

ation of ovarian and endometrial cancer cells

(Schultze-Mosgau et al. 2000; Katzur et al.

1999), as well as inhibit cell proliferation and

induce apoptosis in colorectal and esophageal

cancer cells (Maaser et al. 2002; Hopfner et al.

2001). However, these studies must be consid-

ered with caution since the concentration of

nucleotides, namely ATP, was within the range
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necessary to activate the ionotropic P2X7 recep-

tor, which is well known for its apoptotic effect.

4 The P2Y2 Receptor Coordinates
the Dissemination
and Metastasis of Cancerous
Cells

In the previous sections, we have shown that

P2Y2 receptor expression is often upregulated

in different forms of cancer, including CRC.

We also highlighted that the diversity of signal-

ing pathways activated by the P2Y2 receptor

putatively contribute to cancer cell proliferation

and survival, as well as in suppressing prolifera-

tion and inducing apoptosis under defined

conditions and for particular cancer cell types.

One of the hallmarks of cancer cells is their

ability to infiltrate tissues and disseminate to

other organs to form metastases (Hanahan and

Weinberg 2011). Indeed, in all cancers, the pres-

ence of metastatic foci is correlated with poor

prognosis and patient survival (Morris et al.

2010; Riihimaki et al. 2016). In order to dissemi-

nate and colonize distant organs, cancerous cells

undergo a transformation process known as

epithelial-mesenchymal transition (EMT)

(Yilmaz and Christofori 2009; Heerboth et al.

2015). The mechanism leading to EMT is com-

plex and still poorly understood. In brief,

polarized IECs, in the case of CRC, lose their

cell-cell junctions and transform into

non-polarized, motile and invasive cells having

Fig. 2 Proposed signaling mechanisms involved in the
stabilization of microtubules (MT) in response to the
stimulation of the P2Y2 receptor in intestinal epithe-
lial cells as reported by Degagné et al. (2013). The
stabilization of the MT was initiated by the interaction

of the P2Y2 receptor with integrin αv via the receptor

RGD motif located in its first extracellular loop. This

cooperative interaction recruits the Gαo protein and

subsequent phosphorylation of AKT by phosphoi-

nositide-3-kinase (PI3K). MT stabilization is achieved

through the acetylation of α-tubulin in response to the

AKT-dependent inhibitory phosphorylation of GSK3β as

previously described (Degagne et al. 2013). PIP2:

phosphatidylinositol (3,4)-bis- phosphate, PIP3:

phosphatidylinositol (3,4,5)-tris- phosphate
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a mesenchymal phenotype (Yilmaz and

Christofori 2009). EMT can be triggered by a

number of factors among which include TGFβ
(Zavadil and Bottinger 2005) and EGF (Lo et al.

2007). At the molecular level, EMT involves the

engagement of small GTPases such as RhoA and

Rac1 (Bakin et al. 2002; Bhowmick et al. 2001),

Ras (Janda et al. 2002), PI3K (Bakin et al. 2000)

and MAPK (Bakin et al. 2002) as well as other

effectors as reviewed by Heerboth and coll

(Heerboth et al. 2015). Of note, all of these

signaling pathways are also activated by the

P2Y2 receptor as presented in this chapter.

As previously stated, the tumor microenviron-

ment is enriched in extracellular nucleotides.

However, the presence and potential functions

of these signaling molecules have long been

ignored until recently. In a recent review by

Ferrari et al., purinergic signaling molecules,

including ATP and UTP, were identified as

important modulators of tumor biology as well

as pro-metastatic factors (Ferrari et al. 2016). For

instance, stimulation of the P2Y2 receptor in the

highly metastatic breast cancer cell line

MDA-MB-231 contributes to the formation of a

pre-metastatic niche by mediating the release of

lysyl oxidase (LOX), which catalyzes the cross-

linking of extracellular matrix proteins, and by

promoting the recruitment of THP-1 monocytes

in vitro (Joo et al. 2014). In vivo, subcutaneous
injections of MDA-MB-231 cells in athymic

nude mice lead to high levels of LOX secretion,

cross-linking collagen and CD11b+ BMDC

recruitment to the lung (Joo et al. 2014). These

effects are conversely abolished when

MDA-MB-231-shP2RY2 cells are injected, thus

elegantly demonstrating the contribution of the

P2Y2 receptor in the formation of a metastatic

niche. Furthermore, the metastatic effect of the

P2Y2 receptor in breast cancer appears to rely on

the crosstalk between cancer cells and endothe-

lial cells in order to facilitate the extravasation of

EMT-transformed breast cancer cells (Jin et al.

2014). Accordingly, P2Y2 receptor stimulation in

MDA-MB-231 breast cancer cells show an

increased expression of EMT markers such as

Snail, vimentin and N-cadherin (Eun et al.

2015). The increased expression of these EMT

markers in MDA-MB-231 cells has furthermore

been associated with P2Y2 receptor-dependent

activation of ERK and PKC pathways (Eun

et al. 2015), which are signaling pathways classi-

cally linked to P2Y2 receptor recruitment of Gαq
protein as described earlier. Similar results have

been reported using MCF-7 breast cancer cells

(Chadet et al. 2014). In this latter study, P2Y2

receptor activation was shown to increase

MCF-7 migration via a MEK-ERK1/2-depen-

dent signaling pathway (Chadet et al. 2014).

More recently, UTP stimulation of the P2Y2

receptor in human ovarian SKOV-3 adenocarci-

noma-derived cell line was found to lead to EMT

and stimulate cell migration through a crosstalk

with the EGF receptor (Martinez-Ramirez et al.

2016). Similar observations have also been made

using the PC-3M human prostate carcinoma cell

line (Li et al. 2015). Although the signaling path-

way was not clearly established, it would appear

that the P2Y2 receptor can trigger EMT and

stimulate the formation of a metastasis niche.

In addition to reported migration of intestinal

epithelial cells in response to P2Y2 receptor acti-

vation in vitro and in vivo (Degagne et al. 2013),

there is surprisingly little or no information

regarding the potential participation of the P2Y2

receptor in colorectal cancer cell dissemination

and metastasis. Notwithstanding the latter, stim-

ulation of the colorectal adenocarcinoma-derived

Caco-2 cell line with ATP and UTP increases the

expression of ICAM-1 at the surface of these

cells by a mechanism involving the P2Y2-depen-

dent activation of NFκB (Langlois and Gendron

2009). This increase in ICAM-1 expression is

similar to observations reported in the study by

Jin et al. (Jin et al. 2014) in which a cross-talk

between cancerous breast cells was shown to

interact with endothelial cells via ICAM-1 in

order to facilitate cancer cell dissemination. The

expression of other adhesion proteins and matrix

metalloproteinases (MMP) are also modulated in

response to UTP stimulation of Caco-2 cells

(Table 1). Among these proteins, the expression

of integrin subunit α5 (ITGA5) is upregulated by
more than 15-fold over non-stimulated cells.

ITGA5 is furthermore associated with poor

patient outcome in non-small-cell lung cancer
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(Dingemans et al. 2010; Zheng et al. 2016) in

addition to increasing metastases in lung cancer

(Cimino et al. 2013; Valastyan et al. 2010).

ITGA5 expression also promotes angiogenesis

and carcinoma metastasis in ovarian and lung

cancer glioblastoma and melanoma (Schaffner

et al. 2013). Conversely, MMP8 expression is

down-regulated by more than fivefold in

UTP-stimulated cells (Table 1). MMP8 has

been identified as a tumor suppressive protease

and the loss of MMP8 expression is acknowl-

edged to accelerate tumor onset (Thirkettle

et al. 2013; Decock et al. 2015).

5 Cancer Drug Resistance: Is
There a Role for the P2Y2

Receptor?

An important aspect of cancer cell biology is

resistance, or the acquisition of resistance, of

cancerous cells to drug treatments. In effect,

resistance to chemotherapy is a major crisis fac-

ing treating clinicians, which directly impact the

well-being and chances of survival of cancer

patients (Holohan et al. 2013). Although ATP

infusions in patients with advanced non-small

cell lung cancer (NSCLC) have been reported

to be beneficial to the overall quality of life

(Coolen et al. 2011; Agteresch et al. 2003),

recent findings suggest, however, that P2Y2

receptor stimulation may drive drug resistance.

Indeed, P2Y receptors, including the P2Y2 recep-

tor, have been identified as drug resistance

drivers in anaplastic lymphoma kinase-driven

NSCLC (Wilson et al. 2015). This subset of

NSCLC is particularly challenging as patients

develop resistance to the chemotherapeutic

agent crizotinib within the first 12 mo (Sullivan

and Planchard 2016). Briefly, the expression of

the P2RY2 mRNA is upregulated in anaplastic

lymphoma kinase inhibitor-resistant tumors. In

vitro, the resistance of the H3122 NSCLC cell

line to crizotinib as well as to certinib, two che-

motherapeutic agents used for the treatment of

anaplastic lymphoma kinase-driven NSCLC, has

been linked to P2Y2 receptor-dependent stimula-

tion of PKC-δ (Wilson et al. 2015). Furthermore,

P2Y2 receptor stimulation of Src/p38/COX-2-

pathways in the CRC HT-29 cell line and the

prostate cancer DU145 cell line is associated

with ursolic acid-induced apoptosis (Limami

et al. 2012). Ursolic acid is a natural pentacyclic

triterpenoid carboxylic acid shown to have potent

anti-cancer properties in lung cancer as well as in

other forms (Kim et al. 2015; Shanmugam et al.

2013). In another study, P2Y purinergic receptor

signaling was identified as a potential biomarker

for sensitivity of gallbladder cancer cells to

gemcitabine (Yang et al. 2014). Unfortunately,

the DNA microarray performed in this study did

not determine the P2Y receptor subtype(s) nor

whether P2Y receptor signaling was blocking or

enhancing the effect of gemcitabine treatment. In

the context of CRC, ATP, via the activation of

the P2Y2 receptor, has been reported to enhance

colorectal cancer cell resistance to etoposide,

cisplatin and doxorubicin (Vinette et al. 2015).

The chemoresistance of cancerous epithelial

cells is induced by the increased expression of

the multidrug resistance-associated protein

2 (MRP2) (Vinette et al. 2015). MRP2 belongs

to the ATP-binding cassette superfamily of

proteins that interfere with the efficacy of cancer

drugs by mediating their export out of the cells

(Hlavata et al. 2012). This increase in MRP2 is

stimulated by the P2Y2 receptor activation of the

MEK/ERK signaling pathway (Vinette et al.

2015).

In the present section, we have provided evi-

dence that the P2Y2 receptor may contribute to

cancer drug resistance by modulating the signal-

ing pathway activated by chemotherapeutic

agents (Wilson et al. 2015; Limami et al. 2012)

or by stimulating drug export out of the target

cells (Vinette et al. 2015). Previously in this

chapter, we have reported that the P2Y2 receptor

contributes to breast cancer cell EMT and

provided clues that the P2Y2 receptor may well

drive CRC cell EMT and dissemination. If we

accept that EMT participates in drug resistance

by providing a resistance-promoting adaptive

response, as recently reviewed (Holohan et al.

2013), we now have two mechanisms of action

by which the P2Y2 receptor could contribute to

cancer drug resistance. Despite these recent
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Table 1 Activation of the P2Y2 receptor by UTP modulates the expression of adhesion proteins and matrix

metalloproteinase (MMP) in human cancer Caco-2 intestinal epithelial cells as compared to nonstimulated cells

Targets Fold variation (mean � SEM) Targets Fold variation (mean � SEM)

MMP8 �5.36 � 1.87 LAMA1 2.00 � 0.49

COL15A1 �5.04 � 1.85 TGFBI 2.01 � 0.34

ITGA4 �4.80 � 2.6 SPG7 2.01 � 0.46

SELE �3.98 � 1.26 CTNND1 2.07 � 0.09

VCAM1 �3.71 � 0.74 MMP11 2.07 � 0.22

ADAMTS1 �3.59 � 1.18 LAMC1 2.18 � 0.24

CNTN1 �2.87 � 0.63 ICAM1 2.20 � 0.24

MMP12 �2.76 � 0.57 KAL1 2.29 � 0.87

CTNND2 �2.30 � 0.19 CD44 2.31 � 0.27

MMP16 �2.15 � 0.39 TIMP1 2.41 � 0.32

LAMA3 2.41 � 0.44

ITGAV 2.44 � 0.43

CDH1 2.46 � 0.31

SGCE 2.49 � 0.45

ITGB5 2.51 � 0.43

PECAM1 2.53 � 0.61

VTN 2.54 � 0.74

TIMP2 2.58 � 0.33

ITGAL 2.61 � 0.57

CTNNA1 2.65 � 0.42

ITGB1 2.67 � 0.45

MMP14 2.76 � 0.63

COL16A1 2.78 � 0.49

LAMB3 2.78 � 0.49

THBS3 2.80 � 0.76

COL6A2 2.80 � 0.44

COL1A1 2.82 � 0.21

CTNNB1 2.82 � 0.41

MMP2 2.84 � 0.80

ECM1 2.86 � 0.53

COL6A1 2.92 � 0.54

MMP9 2.94 � 0.03

VCAN 3.15 � 0.54

MMP1 3.55 � 0.04

ITGA2 3.62 � 0.01

MMP15 3.99 � 1.01

COL12A1 4.10 � 1.31

ITGA6 4.46 � 0.42

HAS1 6.31 � 1.46

THBS1 8.50 � 2.01

CTGF 8.73 � 1,84

ITGA5 15.10 � 1.78

Target mRNA expression was determined by quantitative real-time PCR using the Qiagen extracellular matrix and

adhesion molecules RT2 profiler PCR array. Only the targets presenting a twofold variation are displayed. Data are

presented as the mean � SEM of the fold variation of UTP-stimulated over nonstimulated Caco-2 cells
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findings, the contribution of the P2Y2 receptor, as

well as the other P2 receptors, in cancer drug

therapy remains largely unknown. With the

development of novel molecules aimed at

modulating P2Y2 receptor activity and function,

it will be crucial to understand how this receptor

ultimately interacts with existing chemothera-

peutic agents and anti-cancer biologics. The cel-

lular heterogeneity of solid tumors, such as that

found in colorectal adenocarcinomas, call for a

better identification of P2Y2 receptor functions in

the various cellular entities comprising tumors.

Furthermore, the presence of single nucleotide

polymorphism (SNP) for the P2Y2 receptor has

been linked to particular human diseases such as

cardiovascular diseases (Wang et al. 2009a, b,

2010) and the risk of osteoporosis (Wesselius

et al. 2013). Consequently, it would be of interest

to determine whether there is a correlation

between P2Y2 receptor SNP and cancer.

6 Conclusion

In this chapter, we have highlighted the contri-

bution of the P2Y2 receptor to cancer cell

Fig. 3 Hypothetical model by which the
P2Y2 receptor could contribute to the formation of
the colorectal tumor microenvironment promoting
cancer cell proliferation and dissemination.① Follow-

ing a tumorigenic stress, the expression of the P2Y2

receptor increases in cancerous IEC. ② The nucleotide

(ATP and UTP)-enriched tumor microenvironment

activates the P2Y2 receptor to promote cancerous IEC

proliferation and survival. ③ The extracellular ATP and

UTP shape the tumorigenic immune environment by act-

ing on macrophages, T lymphocytes and other immune

cells such as dendritic cells, as well as on fibroblasts and

myofibroblasts, which enhances cancerous IEC prolifera-

tion while stimulating tissue invasion. ④ The activity of

the P2Y2 receptor drives EMT that contributes to tissue

invasion and migration to metastatic niches. Y2: P2Y2

receptor
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proliferation, dissemination and resistance to

chemotherapeutic agents in various cancers. In

the context of colorectal cancer, given that the

P2Y2 receptor can (i) drive immune and intesti-

nal epithelial cell migration, (ii) modulate the

expression of adhesion proteins and MMPs and

that P2Y2 receptor endogenous agonists have

recently been identified as a guide for metastatic

cells (Ferrari et al. 2016), it is plausible that the

P2Y2 receptor could contribute to the formation

of the colorectal cancer microenvironment while

facilitating cancer cell dissemination as

illustrated in the hypothetical model presented

in Fig. 3. However, it would be surprising that

the P2Y2 receptor is able to mediate these actions

on its own. Indeed, the literature as well as our

personal observations lead us to believe that the

P2Y2 receptor coordinates and modulates the

action of other signaling molecules. As such,

further studies are required to identify potential

P2Y2 receptor partners and to decipher the sig-

naling events modulating receptor actions in the

cancer microenvironment.
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P2Y11 Receptors: Properties, Distribution
and Functions

Charles Kennedy

Abstract

The P2Y11 receptor is a G protein-coupled receptor that is stimulated by

endogenous purine nucleotides, particularly ATP. Amongst P2Y receptors

it has several unique properties; (1) it is the only human P2Y receptor gene

that contains an intron in the coding sequence; (2) the gene does not

appear to be present in the rodent genome; (3) it couples to stimulation

of both phospholipase C and adenylyl cyclase. Its absence in mice and

rats, along with a limited range of selective pharmacological tools, has

hampered the development of our knowledge and understanding of its

properties and functions. Nonetheless, through a combination of careful

use of the available tools, suppression of receptor expression using siRNA

and genetic screening for SNPs, possible functions of native P2Y11

receptors have been identified in a variety of human cells and tissues.

Many are in blood cells involved in inflammatory responses, consistent

with extracellular ATP being a damage-associated signalling molecule in

the immune system. Thus proposed potential therapeutic applications

relate, in the main, to modulation of acute and chronic inflammatory

responses.
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DAMPs damage-associated molecular

patterns

GPCR G protein-coupled receptors

GTP guanosine 50-triphosphate
hP2Y11

receptor

human P2Y11 receptor

IP3 inositol 1,4,5-trisphosphate

IPs inositol phosphates

ITP inosine 50-triphosphate
LXA4 lipoxin A4

MDC Malmo Diet and Cancer

NAADP+ nicotinic acid adenine dinucleo-

tide phosphate

NAD+ nicotinamide adenine dinucleotide

PKC protein kinase C

PLC phospholipase C

SNPs single nucleotide polymorphisms

UDP uridine 50diphosphate
UTP uridine 50-triphosphate

1 Introduction

P2Y receptors are G protein-coupled receptors

(GPCR) that are stimulated by the endogenous

nucleotides, adenosine 50-triphosphate (ATP),

adenosine 50-diphosphate (ADP), uridine 5-
0-triphosphate (UTP), uridine 50diphosphate
(UDP) and UDP-glucose. Eight human subtypes

have been cloned (P2Y1,2,4,6,11,12,13,14)

(Abbracchio et al. 2005, 2006) and are expressed

throughout the body (Burnstock and Kennedy

1985; Burnstock and Knight 2004; Kennedy

et al. 2013). The missing numbers represent

non-mammalian orthologues or proteins pro-

posed to be P2Y receptors, but at which the

nucleotides were subsequently found to be inac-

tive. The eight genuine P2Y subtypes show dif-

ferential sensitivities to the endogenous agonists

and the P2Y11 receptor is activated by ATP and

ADP, but not the uridine nucleotides. In addition,

the P2Y11 receptor has several unique properties;

(1) it is the only human P2Y receptor gene that

contains an intron in the coding sequence; (2) the

gene does not appear to be present in the rodent

genome; (3) it couples to stimulation of both

phospholipase C (PLC) and adenylyl cyclase.

Here, we will discuss these properties and review

the pharmacological profile and possible physio-

logical functions of the P2Y11 receptor.

2 Cloning and Sequence of P2Y11

Receptors

Humans The human P2Y11 (hP2Y11) receptor

was first cloned from placenta using probes

based on the nucleotide sequence of the P2Y4

receptor (Communi et al. 1997). The P2RY11

gene (AJ298334) is on chromosome

19 (19p13.2) in humans, is 1125 base pairs long

and codes a protein of 274 amino acids

(CAC29362.1) (Communi et al. 2001). Unlike

all other P2Y subtypes, the gene has a 1.9 kb

intron that separates two exons, which encode the

first six amino acids and the rest of the receptor

respectively. The P2Y11 protein has relatively

low sequence identity with the other P2Y

subtypes, ranging from 23% (P2Y14) to 34%

(P2Y6) (Table 1). Multiple single nucleotide

polymorphisms (SNPs) have been identified in

the human genome and two of these, rs3745601

and rs2305795, will be discussed below when

considering possible functions of P2Y11

receptors.

Initially, the P2RY11 receptor sequence was

reported to comprise 1113 base pairs

(AF030335), coding 371 amino acids

(AAB88674.1), but subsequently, the same

group reported that this cDNA sequence arose

from intergenic splicing of the P2RY11 gene and

that of PPAN, the human orthologue of Ssf1, a

nuclear protein that is involved in mating in

Saccharomyces cerevisiae, which lies adjacent

and upstream (Communi et al. 2001; Suarez-

Huerta et al. 2000). The first P2RY11 exon was

thus revealed to code for the protein sequence

MAANVS, rather than MDR, as initially

reported. The P2RY11/PPAN fusion transcript

(AJ300588) lacks the first exon of P2RY11 and

the last two thirds of the final exon in PPAN and

is of unknown function. It appears to be
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expressed widely throughout the body and, as

will be discussed below, this has been a problem

when studying the distribution of

P2RY11 mRNA.

Species Orthologues The canine P2RY11 recep-

tor (NM_001204441) was subsequently cloned

(Zambon et al. 2001). The gene is found in the

same synteny as the human gene and the resul-

tant protein has 70% amino acid sequence iden-

tity with the hP2Y11 receptor. An amphibian p2y

receptor (AM040941) that has 35% amino acid

sequence identity with the hP2Y11 receptor is

proposed to be the species homologue of

Xenopus (Devader et al. 2007). Putative

orthologues are identified in a number of other

species in the NCBI HomoloGene database, but

intriguingly, the gene does not appear where

expected in the rat and mouse genomes and con-

vincing P2RY11 mRNA transcripts have not

been identified in rodent tissues (Abbracchio

et al. 2006; Vassilatis et al. 2003; Dreisig and

Kornum 2016). Furthermore, it is unlikely that

the gene has translocated to a different chromo-

somal region and can still be transcribed to pro-

duce a functional protein, as using the human

sequence to search the UniProt protein database

for similar mouse proteins, Dreisig and Kornum

(2016) found the closest match to be the P2Y1

receptor, at 32% similarity. This is the same

degree of similarity as seen between the human

P2Y1 and P2Y11 receptors (Table 1). Thus there

is no evidence for expression of P2RY11 mRNA

and P2Y11 protein in rodents that resemble those

present in humans, which must be taken into

account when considering pharmacological stud-

ies in rodent tissues, as will be discussed below.

3 Coupling of P2Y11 Receptors
to 2nd Messenger Systems

Direct Activation of Signalling Pathways As

P2Y receptors are GPCR, they couple to

heterotrimeric G proteins and in this respect

they fall into two groups: the P2Y1, P2Y2,

P2Y4, P2Y6 and P2Y11 subtypes couple mainly

to Gαq/11, as indicated by a rise in cytoplasmic

levels of inositol 1,4,5-trisphosphate (IP3) and

related inositol phosphates (IPs), whilst the

P2Y12, P2Y13 and P2Y14 receptors couple to

Gαi/o (Abbracchio et al. 2006; Von Kügelgen
and Harden 2011). The P2Y11 receptor is unique

in that it couples to both Gαq/11 and Gαs
(Communi et al. 1999). When activated, Gαq/11
stimulates PLCβ, which cleaves phosphatidy-

linositol 4,5-bisphosphate in the plasma mem-

brane into (1) IP3, which binds to IP3 receptors

in the endoplasmic reticulum to release Ca2+

stores; and (2) diacylglycerol, which activates

protein kinase C (PKC). Gαq can also bind to

and activate the guanine nucleotide exchange

factor, p63RhoGEF, which in turn stimulates

Rho GTPases, such as RhoA (Lutz et al. 2005).

Gαs, on the other hand, activates adenylyl cyclase,
leading to increased synthesis of cAMP and

subsequently stimulation of protein kinase A.

Initially, ATP was reported to activate

adenylyl cyclase with similar (Communi et al.

Table 1 Human P2Y receptor subtype amino acid sequence identity

% Identity

Subtype P2Y1 P2Y2 P2Y4 P2Y6 P2Y11 P2Y12 P2Y13 P2Y14

P2Y1 – 38 44 46 32 24 24 27

P2Y2 – 41 41 29 25 26 26

P2Y4 – 43 32 25 26 28

P2Y6 – 34 24 24 23

P2Y11 – 22 21 23

P2Y12 – 48 48

P2Y13 – 47

P2Y14 –
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1997) or greater potency (Communi et al. 1999)

compared to PLC activation. The experiments

were, however, carried out in different cell

lines; 1321 N1 human astrocytoma cells for IP

accumulation and CHO-K1 cells for cAMP syn-

thesis. Since agonist potency is greatly

influenced by the level of receptor expression

(Kenakin 1997; Palmer et al. 1998), the coupling

of the hP2Y11 receptor to these signalling

pathways was studied further in the same cell

line (Qi et al. 2001a). In 1321 N1 cells, ATP

promoted IP accumulation with low μM potency

(EC50 ¼ 8.5 � 0.1 μM) and was 15-fold less

potent in raising cAMP (EC50 ¼ 130 � 10 μM).

In CHO-K1 cells, ATP evoked IP accumulation

withslightlyhigherpotency(EC50¼3.6�1.3μM)

than in 1321 N1 cells, but it was still 15-fold less

potent in promoting cAMP synthesis

(EC50 ¼ 62.4 � 15.6 μM). Comparable

differences in potencies for promoting the 2 s

messenger responses were observed with other

adenosine nucleotide analogues. Thus the P2Y11

receptor appears to couple more effectively with

the Gαq/11 signalling pathway than that of Gαs.

Indirect Activation of Adenylyl Cyclase It is

important to note that some isoforms of adenylyl

cyclase can be activated by PKC, independently

of Gαs (Sunahara et al. 1996). For example, P2Y1

receptors can activate PKCζ, which increases the
activity of isoform 5 of adenylyl cyclase (del

Puerto et al. 2012). Such a mechanism does not

appear to underlie the rise in cAMP mediated by

P2Y11 receptors, as inhibition of PKC did not

supress cAMP production elicited by stimulation

of the canine P2Y11 (cP2Y11) receptor stably

expressed in CF2Th cells (Zambon et al. 2001).

Concomitant activation of PKC may, however,

potentiate cAMP synthesis, as down-regulating

PKC by chronic treatment with a phorbol ester

decreased ATP-promoted cAMP accumulation

by 60–80%, with no change in ATP’s potency,

in both 1321 N1 and CHO-K1 cells expressing

the hP2Y11 receptor (Qi et al. 2001a). Likewise,

chelation of intracellular Ca2+ decreased

ATP-promoted cAMP accumulation by ~45%

in 1321 N1 cells, whereas chelation had no effect

on either the efficacy or potency of ATP in

CHO-K1 cells. Thus the capacity of the P2Y11

receptor to elicit cAMP accumulation appears to

be via Gαs, and this can be potentiated by the

concomitant activation of PKC and mobilisation

of intracellular Ca2+ stores in a cell-type- and/or

species subtype-dependent manner.

4 Pharmacological Properties
of P2Y11 Receptors

Agonists The hP2Y11 receptor is adenine-

nucleotide-preferring, with ATP more

potent than ADP, whilst UTP, UDP and the

nucleotide triphosphates, guanosine 50-tripho-
sphate (GTP), cytidine 50-triphosphate, thymi-

dine 50-triphosphate and inosine 50-triphosphate
(ITP), are inactive (Communi et al. 1997; Qi

et al. 2001a; Morrow et al. 2014). The rank

order of agonist potency for increasing either

cAMP or IPs is ARC67085MX � ATPγS �
BzATP > dATP > ATP � 2-methythioATP �
ATPαS > ADPβS >2-methylthioADP > ADP

(Communi et al. 1997, 1999; Qi et al. 2001a, b;

van der Weyden et al. 2000; Meis et al. 2010). In

addition, the diphosphates, ADP, ADPβS and

2-methylthioADP are partial agonists, with

apparent efficacies of 60–80% of maximal

response to ATP (Qi et al. 2001b). Note that

AR-C67085XX, the most potent P2Y11 agonist,

also antagonises P2Y12 receptors (Von Kügelgen
and Harden 2011), which limits its usefulness in

characterising the functions of native P2Y11

receptors. These studies all used the original

hP2Y11 clone, in which the N terminal amino

acid sequence begins MDR. When the receptor

with the correct sequence, MAANVS, was

expressed, there was, however, no significant

difference in the potency of ATP and related

molecules between the two isoforms (Meis

et al. 2010).

Screening of a library of sulphonic and

phosphonic acid derivatives identified NF546, a

full agonist at hP2Y11 receptors (Meis et al.

2010). It is 2.5-fold less potent than ATP, but
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has a degree of selectivity over other P2Y

subtypes as its EC50 value at hP2Y11 receptors

was 28-fold, 102-fold and 604-fold lower than

that at human P2Y2, P2Y6 and P2Y12 receptors

respectively and it had little or no effect at human

P2Y1 and P2Y4 receptors. Its activity at other

P2X and P2Y subtypes has not been reported.

Apparent agonist potency in bioassays depends,

however, on the level of receptor expression, so

whilst NF546 is a very useful tool for the phar-

macological characterisation of native P2Y

receptor subtypes, an action over a particular

concentration range is not necessarily evidence

for the presence of P2Y11 receptors and an appro-

priate antagonist action profile and/or knock-

down of the receptor using siRNA must also be

obtained.

Nicotinamide adenine dinucleotide (NAD+)

and nicotinic acid adenine dinucleotide phos-

phate (NAADP+), which both play important

roles in intracellular signalling, are also hP2Y11

agonists (Moreschi et al. 2006, 2008). Further-

more, it has been suggested that NAD+ can be

released from cells via connexin 43 hemichannels

and so may act endogenously (Fruscione et al.

2011). Note, however, that NAD+ also stimulates

other P2 subtypes, including P2X1, P2X4, P2X7

and P2Y1 receptors (Grahnert et al. 2009; Klein

et al. 2009). In addition, NAD+ can be

metabolised to cyclic ADP-ribose, a potent ago-

nist for release of intracellular Ca2+ stores

(Grahnert et al. 2011), so a pharmacological

effect of NAD+ cannot, on its own, be automati-

cally taken as evidence for the expression of

P2Y11 receptors and again and an appropriate

antagonist action profile and/or knockdown of

the receptor using siRNA must also be obtained.

Antagonists Suramin and PPADS are general,

non-selective P2X and P2Y antagonists

(Kennedy et al. 2013; Burnstock and Kennedy

2011) and whilst suramin, at low μM
concentrations, is a surmountable hP2Y11 antag-

onist, PPADS is inactive (Communi et al. 1999;

van der Weyden et al. 2000). The suramin ana-

logue, NF157, is a competitive antagonist with

pA2 ¼ 7.77, which makes it more potent than

suramin, and it is at least 650-fold selective over

P2Y1 and P2Y2 receptors (Ullmann et al. 2005).

In addition, NF157 is non-selective over P2X1

receptors and has low (P2X2, P2X3) to moderate

(P2X4, P2X7) selectivity over other P2X

subtypes (Ullmann et al. 2005). Its activity at

other P2X and P2Y subtypes has not been

reported. These factors can limit its usefulness

when studying native P2Y11 receptors and care

must be taken when using NF157 to obtain

supporting data, such as lack of effect of a

range of other P2X and P2Y antagonists and/or

depression of receptor expression using tools

such as siRNA.

Another suramin analogue, NF340, is also a

competitive antagonist, with a pA2 of 8.02 (Meis

et al. 2010). 10 μM NF340 inhibited responses at

recombinant human P2Y1, P2Y2, P2Y4 and P2Y6

receptors by less than 10% and so NF340 was

calculated to have at least 520-fold selectivity

over other P2Y receptors. Similarly, stimulation

of recombinant human P2X1, P2X2 and P2X2/3

receptors was unaffected by 3 μM NF340. This

compound may, therefore be more useful in

determining the physiological functions of native

P2Y11 receptors, but again, its activity at other

P2X and P2Y subtypes has not been reported and

supporting data should be obtained.

UTP Is Not a Biased Agonist at P2Y11
Receptors Biased agonism describes a multi-

state model of GPCR activation in which each

ligand induces a unique structural conformation

of the receptor, such that the receptor couples

differentially to G proteins and other intracellular

proteins. For example, activation of the P2Y2

receptor by UTP causes similar translocation of

β-arrestin-1 and 2 from the cytoplasm to the

plasma membrane, whereas ATP induced a

greater translocation of β-arrestin-1 (Hoffmann

et al. 2008). These differential effects of ATP

and UTP had a downstream effect on cell signal-

ling, as both agonists increased the levels of

phosphorylated extracellular-signal regulated

kinase, but the effect of UTP was transient,

whereas that of ATP was prolonged.

P2Y11 Receptors: Properties, Distribution and Functions 111



As discussed above, all of the initial studies

found UTP to be ineffective at raising IPs or

cAMP in cells expressing hP2Y11 receptors. A

subsequent report proposed, however, that UTP

was a biased P2Y11 agonist, as it increased cyto-

solic [Ca2+], but did not induce accumulation of

IPs, whereas ATP did both (White et al. 2003).

This was an intriguing proposal, so we studied

the action of UTP at P2Y11 receptors in greater

detail (Morrow et al. 2014).

We found that ATP evoked a rapid,

concentration-dependent rise in intracellular Ca
2+ with an EC50 that was essentially the same as

that reported by (White et al. 2003). This is not

surprising, as the 1312 N1-hP2Y11 cell line used

in both studies was generated by the present

author whilst on sabbatical at the University of

North Carolina. Despite this, we did not observe

a rise in intracellular Ca2+ when UTP was

applied, even at 100 μM, a concentration that

was almost maximally effective in the earlier

study (Fig. 1). Consistent with this, another

group also failed to see a UTP-induced rise in

intracellular Ca2+ levels in 1321 N1 cells stably

expressing the hP2Y11 receptor (Meis et al.

2010). Furthermore, we found that coapplying a

high concentration of UTP with ATP did not

inhibit either the rise in Ca2+ or IPs evoked by

ATP (Fig. 2), indicating that UTP does not bind

to this receptor.

In contrast, UTP was slightly, but significantly

more potent than ATP in evoking a rise in intra-

cellular Ca2+ in 1321 N1 cells stably expressing

the human P2Y2 receptor, with no difference in

the maximum response. Thus the lack of

response to UTP at hP2Y11 receptors was not

due to a problem with the UTP solution. So,

contrary to the previous report, we found no

evidence for an agonist action of UTP at the

hP2Y11 receptor, nor does UTP act as an antago-

nist. In our view the most feasible explanation for

the discrepancy in the activity of UTP is contam-

ination of the UTP solution by a non-nucleotide

agent acting at a receptor that is not a P2Y

receptor in the earlier study.

cP2Y11 Pharmacology Interestingly, the cP2Y11

receptor is adenine diphosphate-preferring, with

reported rank order of agonist potencies of

ADPβS ¼ 2-methylthioADP �
2-methylthioATP >> ADP > ATP (Zambon

et al. 2001) and 2-methylthioADP > ADPβS
>2-methylthioATP > ADP > ATPγS � ATP

(Qi et al. 2001b) for both IP and cAMP produc-

tion. Furthermore, ADP, ADPβS and

2-methylthioADP are full agonists (Qi et al.

2001b). Like the hP2Y11 receptor, UTP, UDP,

Fig. 1 ATP, but not UTP

increases intracellular Ca
2+ in 1321 N1-hP2Y11 cells

(a) The superimposed

traces show fluo-4 fluores-

cence during superfusion

with ATP (10 μM) (upper
trace) and UTP (100 μM)

(lower trace) for 90 s, as

indicated by the horizontal
bar. Both records are from

the same population of

cells (b) The mean peak

amplitude of responses

evoked by ATP (n ¼ 5)

and UTP (10 μM, n ¼ 6

and 100 μM, n ¼ 12) are

shown. Responses are

expressed as % of the

response to ATP (10 μM).

Vertical lines show

S.E.M. (From Morrow

et al. 2014)
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GTP and ITP were inactive, and suramin, but not

PPADS inhibited these responses.

The human and canine receptors have only

70% amino acid identity and a mutagenesis

study targeted the arginine residue (Arg268)

that is present at the junction between TM6 and

the third extracellular loop of the hP2Y11 recep-

tor, by replacing it with glutamine, which is

present in the analogous position in the cP2Y11

receptor (Qi et al. 2001b). This change increased

both the potency and efficacy of ADP relative to

ATP, such that they were now nearly equipotent

and equi-efficacious. Likewise, mutating the glu-

tamine in the canine receptor to arginine

increased the efficacy and potency of ATP rela-

tive to ADP, and they now had essentially identi-

cal potency and efficacy. Thus this single amino

acid within the P2Y11 receptor is at least partially

responsible for the species differences in its phar-

macological properties.

Ligand Binding Site Computational modelling

and mutational analysis have provided insight

to some of the amino acid residues that likely

Fig. 2 UTP does not inhibit ATP-evoked responses in

1321 N1-hP2Y11 cells (a) The traces show the rise in

intracellular Ca2+ evoked by ATP (2 μM) in the same

population of cells before (left-hand side) and after

superfusion for 10 min with UTP (100 μM) (right-hand
side), as indicated by the horizontal bars (b) The mean

peak amplitude of responses evoked by ATP (2 μM) in the

absence and presence of UTP (100 μM, n¼ 5) are shown.

Responses are expressed as % of the control response to

ATP (2 μM) (c) The mean basal level of IPs (left-hand
column) and the mean amplitude of responses evoked by

ATP (3 μM) in the absence (middle column) and presence
of UTP (100 μM) (right-hand column) are shown. n ¼ 3.

Vertical lines indicate S.E.M. (From Morrow et al. 2014)
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play a role in ligand binding. As noted above,

Arg268 in the hP2Y11 receptor is at least partially

responsible for the differences in the relative

potency of ATP and ADP compared with at the

canine orthologue (Qi et al. 2001b). This amino

acid also plays a major role in agonist stereo-

selectivity. The hP2Y11 receptor is preferentially

activated by the Rp stereoisomer of ATPαS, but
mutating Arg268 to an uncharged residue caused

the stereo-selectivity to be lost (Ecke et al.

2008a). This mutational approach has also

implicated arginine 106 and 307, glutamate

168 and alanine 313 in the ATP binding pocket

(Zylberg et al. 2007). Determination the three

dimensional structure of the P2Y11 receptor

through crystallisation or similar high resolution

techniques is required, however, to confirm this.

5 P2Y1/P2Y11 Heteromultimers

GPCR were long considered to be monomeric

entities that couple to G proteins on a 1:1 stoi-

chiometric basis. It is now clear, however, that

GPCR, including P2Y receptors, can interact to

form dimeric or higher ordered oligomeric

complexes, which may couple to one or more G

proteins, with implications for the regulation of

receptor subcellular localisation and trafficking,

ligand binding and functional activity (Ferré

et al. 2009, 2014; Kamal et al. 2011; Milligan

2013). Constitutive formation of P2Y1, P2Y4,

P2Y6 and P2Y12 homodimers has been shown

using biochemical techniques (d’Ambrosi et al.

2006; Savi et al. 2006; Choi et al. 2008) and

publication of the crystal structure of the P2Y12

receptor confirmed the latter (Zhang et al. 2014).

Furthermore, different P2Y subtypes can interact

physically to form function heterodimers, with

altered pharmacological and signalling

properties (see, for example, (d’Ambrosi et al.

2007; Shakya Shrestha et al. 2010; Ribeiro-Filho

et al. 2016).

This is true also for the P2Y11 receptor, which

forms a complex with P2Y1 receptor that has a

greatly altered sensitivity to the antagonists,

MRS2179 and NF157 (Ecke et al. 2008b). In

addition, the P2Y11 receptor did not undergo

agonist-induced endocytosis when expressed on

its own, consistent with the early report that

P2Y11 receptors do not desensitise (Communi

et al. 1999). However, after cotransfection of

the P2Y1 subtype, ATP induced endocytosis of

the P2Y11 protein, which was not inhibited by the

P2Y11 antagonist NF157 (Ecke et al. 2008b). The

authors, therefore, concluded that agonist-

induced endocytosis of the P2Y11 receptor

requires coexpression of the P2Y1 receptor and

in a subsequent study identified alanine 87 of the

P2Y11 receptor as playing a crucial role in the

interaction with P2Y1 receptors (Haas et al.

2014). In addition, G protein receptor kinase

2 may also be required for P2Y11 internalisation

(Hoffmann et al. 2008).

6 Expression of P2Y11 Receptors

mRNA Expression Many studies using RT-PCR

or northern blotting have reported detection of

P2RY11 mRNA in a range of tissues and species

(Abbracchio et al. 2006), but this is complicated

by the discovery that the P2RY11/PPAN fusion

mRNA transcript is expressed widely (see

(Dreisig and Kornum 2016) for an extensive

overview). The latter transcript comprises the

second exon of P2RY11 and most of the sequence

of PPAN, so RT-PCR and northern blotting will

only distinguish between the two sequences if

one of the primers is designed to recognise at

least part of the first exon of P2RY11 and/or

part of the untranslated upstream sequence.

After a detailed and extensive review of the

published literature, Dreisig and Kornum

(Dreisig and Kornum 2016) identified only

5 papers out of 89 in which detection of the

fusion transcript could confidently be discounted,

all in human cells (Ding et al. 2011; Kornum

et al. 2011; Gao et al. 2013; Higgins et al.

2014; Azimi et al. 2016). Thus it is clear that

care must be taken when designing primers and

that many reports that claimed to show P2RY11

mRNA expression need to be revisited and

reviewed. The same group subsequently reported
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detection of P2RY11 mRNA in distinct regions

of macaque monkey brain (Dreisig et al. 2016).

Protein Expression The presence of mRNAmay

not necessarily mean that the corresponding pro-

tein is expressed, so it is essential to confirm

protein expression using a selective antibody.

This approach has been used widely to study

expression of all P2Y receptor subtypes, but in

most cases the specificity of the antibody has not

been unequivocally confirmed, for example, by

showing that staining is absent in the appropriate

receptor knock-out animal. Indeed, a commonly-

used anti-P2Y1 antibody has been reported to be

nonspecific (Vial et al. 2006) and we found that

several commercially-available P2Y subtype

antibodies show staining in 1321 N1 cells,

which do not express endogenous P2Y receptors

(Kennedy, unpublished observations). Thus care

must be taken when interpreting antibody

staining data.

This holds true for data obtained using anti-

P2Y11 antibodies, as a review of the published

literature identified several issues with the

commercially-available anti-P2Y11 antibodies

(Dreisig and Kornum 2016). Most of these target

a region of the C-terminus of the receptor that has

significant sequence similarity with the

C-terminus of other P2Y subtypes, so there is a

reasonable chance that this antibody may not be

specific for the P2Y11 receptor. Although the

predicted size of the P2Y11 protein is 40 kDa,

western blot data from different groups, in which

the most commonly used antibody (#APR-015)

was utilised, reported the molecular mass to be

33–60 kDa. All claimed that their band

represented the monomeric P2Y11 receptor (see

(Dreisig and Kornum 2016) for full details).

Anti-P2Y11 antibodies also bind proteins in

rodent tissues (Abbracchio et al. 2006; Dreisig

and Kornum 2016), even though the P2RY11
gene is not present in the rodent genome, further

casting doubt upon their specificity. An attempt

to verify the specificity of three commercially-

available anti-P2Y11 antibodies was made by

first determining if they recognised the recombi-

nant hP2Y11 receptor when expressed in a cell

line (Dreisig et al. 2016). One antibody that

targeted the 3rd cytoplasmic loop of the hP2Y11

receptor did not show any signal of the expected

band size in western blots, but instead produced

two bands of 142 and 195 kDa, including in

untransfected cells. The other two antibodies,

targeted against the 3rd extracellular loop or the

C-terminus, both produced multiple bands,

including of the expected size. These two

antibodies stained neuronal-like cells in macaque

monkey brain, but an identical staining pattern

was also seen in rat brain. Thus the specificity of

these antibodies could not be validated.

Finally, the targeted C-terminus region is also

present in the P2Y11/PPAN fusion protein, which

has a predicted size of 90 kDa, so that too will be

detected by anti-P2Y11 antibodies. For example,

an antibody generated against a sequence at the

end of the P2Y11 C-terminus produced a band of

around 90 kDa in western blots using CHO-K1

cells transfected with the P2RY11/PPAN fusion

plasmid, whereas transfection with the P2RY11
plasmid resulted in bands of around 45 kDa

(Communi et al. 2001). Transfection with the

empty vector produced no bands.

7 Functions of P2Y11 Receptors

Criteria for Identifying Receptor

Function Ideally, a comprehensive understand-

ing of the function of any receptor arises from

characterisation of the effects of highly selective

agonists and antagonists on cellular and tissue

activity and correlation of these with the expres-

sion of its mRNA and protein and perhaps also

with the effects of deleting the gene or supressing

translation of the mRNA. Unfortunately, since

the P2RY11 gene appears to be absent in mice

and rats, the species used in genetic deletion

studies, it is not possible to produce P2Y11-

knock-out animals. In addition, as discussed

above, doubt has been cast on the specificity of

commercially-available anti-P2Y11 antibodies.

Nonetheless, possible functions of native P2Y11

receptors have been identified in a range of
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non-rodent cells by applying two or more of the

following criteria: a) detection of mRNA using

appropriately designed primers; b) demonstra-

tion of appropriate effects of appropriate

concentrations of NF546, NF157 and NF340; c)

lack of effect of agonists and antagonists selec-

tive at other P2Y and P2X subtypes; d) inhibition

of the proposed P2Y11 function by P2RY11 RNA

interference. Detection of a band close to the

predicted size of the P2Y11 receptor, ~40 kDa,

in western blots, although not direct evidence in

itself, might also be considered consistent with

P2Y11 expression in a tissue.

Mostly, the proposed functions are based on

single reports, though they may be supported by

other studies in the same cell type in which only

one of the above criteria are fulfilled. The major-

ity of studies used siRNA knock-down of hP2Y11

receptors to support pharmacological data and

many are in blood cells involved in immune

responses, consistent with extracellular ATP

being a member of the damage-associated

molecular patterns (DAMPs) family (Rubartelli

and Lotze 2007).

Granulocytes β-NAD+ elicited rises in cytoplas-

mic Ca2+, IP3 and cAMP in freshly isolated

human granulocytes, which were inhibited by

1 μM NF157, (a concentration that is 50-times

higher than the antagonist’s affinity for hP2Y11

receptors) and downregulation of P2Y11 expres-

sion by siRNA (Moreschi et al. 2006). Further-

more, NF157 inhibited β-NAD+-induced

granulocyte chemotaxisand it was suggested

that β-NAD+ is an endogenous hP2Y11 agonist

and acts as a proinflammatory cytokine. Subse-

quently, similar effects were seen with another

endogenous P2Y11 agonist, NAADP
+ (Moreschi

et al. 2008).

Neutrophils Human neutrophils undergo consti-

tutive apoptosis, which was delayed by ATP,

NAD+ and BzATP, but not UTP and appeared

to be dependent upon cAMP activation of PKA

(Vaughan et al. 2007), consistent with earlier

reports of a P2Y11-mediated increase in cAMP

in human HL-60 cells, which are comprised

mainly of neutrophil promyelocyte precursor

cells (Choi and Kim 1997; Suh et al. 2000). The

delay in apoptosis was inhibited by 500 nM

NF157, but unaffected by P2X7 antagonism.

Western blotting identified a protein of approxi-

mately 45 kDa. Similar results were reported in

(Pliyev et al. 2014), which further demonstrated

that the delay in neutrophil apoptosis was due to

inhibition of the mitochondrial, but not the

extrinsic, pathway of apoptosis. Thus endoge-

nous ATP, and possibly also NAD+, may act

via P2Y11 receptors to increase neutrophil sur-

vival, which will prolong the inflammatory

response and the ability of neutrophils to phago-

cytose and destroy foreign particles and invading

microorganisms. Further supporting evidence is,

however, required.

Macrophages THP-1 cells are a human acute

monocytic leukemia cell line that differentiate

into the M1-proinflammatory type of macro-

phage after priming with lipopolysaccharide

(LPS) and interferon-γ. This was inhibited by

apyrase, a soluble enzyme that dephosphorylates

ATP, and by 50 μM NF157 (Sakaki et al. 2013).

This is a high concentration of NF157 (2500-

times greater than its KB at P2Y11 receptors)

and is enough to produce substantial blockade

of numerous P2X and P2Y subtypes. THP-1 dif-

ferentiation, was, however, unaffected by a range

of other antagonists, PPADS (non-selective P2X

and P2Y antagonist), NF449 (P2X1 antagonist),

A438079 (P2X7 antagonist), MRS2179 (P2Y1

antagonist), MRS2578 (P2Y6 antagonist),

clopidogrel (P2Y12 antagonist), MRS2211

(P2Y13 antagonist), consistent with NF157 acting

here via P2Y11 receptors. Furthermore, THP-1

differentiation was also supressed by down-

regulation of P2Y11 receptors by specific siRNA.

LPS also induced the release of the

pro-inflammatory cytokine, IL-6, and this too

was inhibited by NF157 and P2Y11-specific

siRNA. Inhibition of adenylyl cyclase, similarly,

depressed IL-6 release, consistent with IL-6

release being mediated by P2Y11 receptors.

Based on these and other results, the authors

concluded that LPS induces vesicular exocytosis
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of ATP from macrophage precursor cells, which

then acts in an autocrine manner at P2Y11

receptors to cause these cells to differentiate

into M1-pro-inflammatory macrophages that

release pro-inflammatory cytokines, such as

IL-6. In addition, they proposed that P2Y11

receptor antagonists might potentially be useful

in the treatment of inflammatory diseases, such

as sepsis.

Dendritic Cells The first clear evidence for

functional expression of P2Y11 receptors in

human dendritic cells was that the P2Y11 agonist,

NF546, induced a rise in intracellular Ca2+ con-

centration that was abolished by NF340 (Meis

et al. 2010), which is consistent with expression

of P2RY11 mRNA in these cells (Kornum et al.

2011). In contrast to the studies above, which

indicate pro-inflammatory roles for P2Y11

receptors, an anti-inflammatory role is indicated

in human cultured, monocyte-derived dendritic

cells (Chadet et al. 2015). Here, ATP and

BzATP, but not ADP, UTP or UDP, induced

dendritic cell maturation, which was inhibited

by 10 μM NF340 and suramin, but unaffected

by PPADS and P2X4 and P2X7 antagonists. In

these cells, LPS caused release of the inflamma-

tory cytokine, IL-12 and this was inhibited by

ATP, an action that was reversed by both NF340

and down-regulation of P2Y11 receptors by spe-

cific siRNA. Exposing dendritic cells to hypoxia

for 5 h, followed by reoxygenation, also

suppressed the inhibitory effects of ATP and in

addition, down-regulated P2RY11 mRNA. The

authors proposed that this inhibition of P2Y11

receptor activity may cause dendritic cells to

become pro-inflammatory and so contribute to

post ischaemia/reperfusion injury.

Bronchial Epithelial Cells The human bronchial

epithelial cell lines, NuLi-1 and CuFi-1, are

amongst the small number of cell types in

which expression of P2RY11 mRNA has been

demonstrated with confidence (Higgins et al.

2014). This group further showed that in these

cells, lipoxin A4 (LXA4), a regulator of adaptive

immunity that has been proposed to reduce

inflammation, acts by inducing ATP release,

which in turn stimulates P2Y11 receptors. In

these cells, LXA4 raised cytoplasmic Ca2+ and

cAMP, increased airway surface liquid height,

induced cell proliferation and migration and

improved wound repair, all of which were

inhibited by NF340 (0.1–1 μM). In addition,

knock-down of the P2Y11 receptor using siRNA

inhibited the increase in airway surface liquid

height. Thus in this situation it is stimulation,

rather than inhibition, of P2Y11 receptors that is

likely to be beneficial therapeutically.

Keratinocytes P2Y11 receptor-mediated release

of pro-inflammatory cytokines is also indicated

in keratinocytes (Ishimaru et al. 2013). Inter-

feron-γ induced IL-6 release from the human

HaCaT keratinocyte cell line and this was

inhibited by apyrase, suramin and NF157. The

concentration of NF157 used, 100 μM, was very

high, but IL-6 release was unaffected by a range

of other antagonists; PPADS (non-selective P2X

and P2Y antagonist), AZ10606120 (P2X7 antag-

onist), MRS2179 (P2Y1 antagonist), MRS2578

(P2Y6 antagonist), clopidogrel (P2Y12 antago-

nist), MRS2211 (P2Y13 antagonist). Further-

more, IL-6 release was also inhibited by down-

regulation of P2Y11 receptors using specific

siRNA. Thus P2Y11 receptors may play a role

in inflammatory conditions of the skin, such as

psoriasis and blocking them could facilitate skin

repair.

Mesenchymal Cells NAD+ evoked rises in cyto-

plasmic Ca2+, cAMP and cyclic ADP-ribose in

human bone marrow-derived mesenchymal stem

cells, which were all abolished by 1 μM NF157

(Fruscione et al. 2011). Although alternative

antagonists were not employed to rule out the

involvement of other P2X and P2Y receptor

subtypes, the effects of NAD+ were also

inhibited by P2Y11 receptor down-regulation by

siRNA, consistent with NAD+ acting here via

P2Y11 receptors. In the same study, NAD+ also

induced NF157-sensitive chemotaxis of the mes-

enchymal cells, a small increase in cell prolifera-

tion, release of a variety of cytokines and
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increased nuclear translocation of a number of

cAMP/Ca2+-dependent transcription factors. The

cells also released NAD+ and ATP via

connexin43 hemi-channels, suggesting that

these nucleotides may act as endogenous

modulators of mesenchymal cell function.

8 P2RY11 Polymorphisms as an
Indicator of Function

Numerous SNPs of the P2RY11 gene are

identified in the NCBI Single Nucleotide Poly-

morphism database and whilst their functional

consequences are mostly unknown, genetic

screening has implicated two SNPs in disease

states.

Cardiovascular Disease Genotyping of

participants in the Malmo Diet and Cancer

(MDC) study identified a small increased risk

of acute myocardial infarction (AMI) in the

A87T polymorphism (rs3745601) and the risk

was greater in patients with a family history of

AMI and/or early onset AMI (Amisten et al.

2007). In addition, patients in the MDC cardio-

vascular risk group had elevated plasma levels of

C-reactive protein, a marker of inflammation and

a strong prognostic factor for the development of

AMI. Thus this P2Y11 polymorph appears to be

associated with increased systemic inflammation

and risk of cardiovascular disease.

Position 87 is near the extracellular end of the

second transmembrane spanning region of the

P2Y11 receptor and the P2Y11A87T variant

replaces a hydrophobic alanine residue with a

polar threonine. How this could lead to the

changes seen in the MDC cohort is unclear, but

the A87T mutation had no effect on the potency

and efficacy of BzATP compared with wild-type

P2Y11 receptors expressed on their own, but

BzATP became inactive when hP2Y11A87T

was coexpressed with P2Y1 receptors (Haas

et al. 2014). This was not mimicked by replacing

A87 with serine or tyrosine. Additionally, the

A87T mutation rendered the receptor insensitive

to agonist-induced internalisation and the authors

concluded that it disrupts the P2Y1/P2Y11

heteromeric receptor interaction.

Narcolepsy Increasing evidence indicates that

narcolepsy is an autoimmune disease that leads

to a loss of hypocretin (orexin)-releasing

neurones in the hypothalamus. Genome-wide

association studies have identified a SNP

(rs2305795) that is associated with narcolepsy

in European and Asian (Kornum et al. 2011),

Chinese (Han et al. 2013) and Japanese

(Yamasaki et al. 2016) patients. The SNP is in a

region of the 30 untranslated sequence of P2RY11
that appears to regulate transcription, as it

correlated with substantially reduced expression

of P2RY11 mRNA in CD8+ T lymphocytes and

natural killer cells of the carriers, which in turn

was associated with a reduced ability of P2Y11

receptors to inhibit ATP-induced monocyte cell

death (Kornum et al. 2011). These data are con-

sistent with roles for P2Y11 receptors in modula-

tion of immune cell function, as discussed above.

9 P2Y11-Like Receptors
in Rodents

As discussed in Sect. 2, the P2RY11 gene has not
been identified in rodent genomes and careful

analysis has failed to reveal good evidence for

expression of P2RY11 mRNA and P2Y11 protein

in rodents that resemble those present in humans.

Nonetheless, there is a body of reports that pro-

pose functional P2Y11 receptor expression in

rodent tissues. Some are based on the ability of

ATP to raise cytosolic cAMP, but, as discussed

in Sect. 3, some isoforms of adenylyl cyclase can

be activated independently of Gαs and so an

increase in cAMP cannot, on its own, be taken

as evidence for P2Y11 expression. In the main,

the reports are based on pharmacological data

using agonists, such as NAD+, and/or NF157, as

a supposedly selective P2Y11 antagonist. As

discussed in Sect. 4, however, both compounds

have multiple sites of action and should not be
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described as “selective”. Furthermore, no report

has convincingly excluded these other sites from

the effects of NAD+ or NF157 by using a variety

of subtype-selective antagonists. In addition,

data obtained using NF340 or NF546, which are

more selective that NAD+ and NF157, cannot be

supported by knock-down of the receptor by

siRNA due to the lack of the P2RY11 gene.

Consequently, until a solution to the apparent

lack of P2RY11 gene in rodent genomes has

been found, these receptors should, at best, only

be termed P2Y11-like.

10 Concluding Remarks

In the 20 years since the P2Y11 receptor was first

cloned, our knowledge and understanding of its

properties and functions have improved rela-

tively slowly. This has been, in part, due to its

apparent absence in mice and rats, the most com-

monly used species for studying receptors and

drug action and which prevent genetic deletion

studies from being performed. In common with

many other purinergic receptor subtypes, prog-

ress has also been hampered by the limited range

of selective pharmacological tools. Nonetheless,

by careful use of the available tools, along with

suppression of receptor expression using siRNA

and also genetic screening for SNPs, possible

functions of native P2Y11 receptors have been

identified in a range of human cells and tissues.

Many are in blood cells involved in inflammatory

responses, consistent with extracellular ATP

being a DAMP signalling molecule in the

immune system. Thus proposed potential thera-

peutic applications relate, in the main, to modu-

lation of acute and chronic inflammatory

responses. Further study of these in animals will

require the development of non-rodent models,

whilst selective ligands with suitable pharmaco-

kinetic properties are needed before potential

trials in humans can go ahead. Regardless of

these difficulties it is clear that the P2Y11 recep-

tor is a viable, novel therapeutic target.
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Abstract

P2Y receptors are G-protein-coupled receptors (GPCRs) for extracellular

nucleotides. The platelet ADP-receptor which has been denominated

P2Y12 receptor is an important target in pharmacotherapy. The receptor

couples to Gαi2 mediating an inhibition of cyclic AMP accumulation and

additional downstream events including the activation of phosphatidy-

linositol-3-kinase and Rap1b proteins. The nucleoside analogue ticagrelor

and active metabolites of the thienopyridine compounds ticlopidine,

clopidogrel and prasugrel block P2Y12 receptors and, thereby, inhibit

ADP-induced platelet aggregation. These drugs are used for the preven-

tion and therapy of cardiovascular events such as acute coronary

syndromes or stroke. The recently published three-dimensional crystal

structures of the human P2Y12 receptor in complex with agonists and

antagonists will facilitate the development of novel therapeutic agents

with reduced adverse effects. P2Y12 receptors are also expressed on

vascular smooth muscle cells and may be involved in the pathophysiology

of atherogenesis. P2Y12 receptors on microglial cells operate as sensors

for adenine nucleotides released during brain injury. A recent study

indicated the involvement of microglial P2Y12 receptors in the activity-

dependent neuronal plasticity. Interestingly, there is evidence for changes

in P2Y12 receptor expression in CNS pathologies including Alzheimer’s

diseases and multiple sclerosis. P2Y12 receptors may also be involved in

systemic immune modulating responses and the susceptibility to develop

bronchial asthma.
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Abbreviations

ADPßS adenosine 5-O-2-thiodiphosphate

Akt proteinkinase B

AR-C66096 2-(propylthio)adenosine-50-O-
(β,γ-difluoromethylene)

triphosphate

AR-C67085 2-propylthio-β,-
γ-dichloromethylene-D-ATP

AR-

C69931MX

N6-(2-methylthioethyl)-2-(3,3,3-

trifluoropropylthio)-β,-
γ-dichloromethylene-ATP)

AZD1283 ethyl 6-(4-[(benzylsulfonyl)

carbamoyl]piperidin-1-yl)-5-

cyano-2-methylnicotinate)

AZD6140 ticagrelor

EL extracellular loops

FITC fluorescein isothiocyanate

GPCRs G-protein-coupled receptors

LPS lipopolysaccharide

PDZ postsynaptic density 95/disc

large/zonula occludens-1–bind-

ing domain

PSB-0739 1-Amino-9,10-dihydro-9,10-

dioxo-4-[[4-(phenylamino)-3-

sulfophenyl]amino]-2-anthrace-

nesulfonic acid

RASA3 Ras GTPase-activating protein 3

TM transmembrane regions

1 Introduction

The physiological roles and molecular properties

of G-protein-coupled receptors for extracellular

nucleotides – P2Y receptors – have previously

been summarized by several comprehensive

articles (Ralevic and Burnstock 1998, 2003;

Müller 2002; Abbracchio et al. 2006; von

Kügelgen 2006; Burnstock 2007; von Kügelgen
and Harden 2011; Burnstock and Boeynaems

2014; von Kügelgen and Hoffmann 2016).

Based on structural properties and G protein sig-

naling mammalian P2Y receptors belong to

either the P2Y1-subfamily (including P2Y1,

P2Y2, P2Y4, P2Y6, and P2Y11 receptors coupling

to activation of Gq) or the P2Y12-subfamiliy

(P2Y12, P2Y13, and P2Y14 receptors coupling to

Gi) (Abbracchio et al. 2006; von Kügelgen
2006). This chapter is focused on novel findings

in structure, molecular mechanisms and pharma-

cology of the P2Y12 receptor. The P2Y12 recep-

tor plays a prominent role in ADP-induced

platelet aggregation (together with platelet

P2Y1 receptors) (Hollopeter et al. 2001; Cattaneo

et al. 2003; Dorsam and Kunapuli 2004; Gachet

2006; Liverani et al. 2014a; Scavone et al. 2017).

This is the basis for the use of P2Y12 receptor

antagonists for the prevention and therapy of

cardiovascular events such as acute coronary

syndromes (Dorsam and Kunapuli 2004; Gachet

2006). Active metabolites of the thienopyridine

compounds clopidogrel and prasugrel as well as

direct acting compounds including the nucleo-

side analogue ticagrelor inhibit platelet aggrega-

tion by a blockade of P2Y12 receptors (Savi et al.

2006; Algaier et al. 2008; Hoffmann et al. 2014;

Hechler and Gachet 2015). P2Y12 receptors are

also expressed on the membranes of a number of

cells including vascular smooth muscle cells

(Wihlborg et al. 2004) and microglial cells

(Sasaki et al. 2003) as discussed below in detail.

2 Gene, Receptor Structure
and Receptor Polymorphisms

The gene sequence encoding for the platelet ADP

receptor protein was identified in 2001

(Hollopeter et al. 2001; Takasaki et al. 2001;

Zhang et al. 2001). The gene P2RY12 contains

no introns and is located on human chromosome

3 (3q25.1) very close to the genes P2RY13 and

P2RY14. The predicted human P2Y12 receptor

protein consists of 342 amino acids. It shares

43.5 and 44.9% identical amino acids with the

P2Y13 and P2Y14 receptors, respectively, but

only 18.8% identical amino acids with the P2Y1

receptor in agreement with the existence of two

subfamilies of P2Y receptors (Abbracchio et al.

2006; von Kügelgen 2006).

Recently, crystal structural data of the human

P2Y12 receptor bound to both agonists and

antagonists have been obtained by high-
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resolution x-ray analysis (Zhang et al. 2014a, b).

The crystals had been grown in complex with the

non-nucleotide antagonist AZD1283 (ethyl

6-(4-[(benzylsulfonyl) carbamoyl]piperidin-1-

yl)-5-cyano-2-methylnicotinate) (Zhang et al.

2014a) or the agonists 2-methylthio-ADP or

2-methylthio-ATP (Zhang et al. 2014b). The

observed structures confirm general features of

GPCRs including seven hydrophobic transmem-

brane regions (TM) connected by three extracel-

lular loops (EL) and three intracellular loops.

Moreover, the structures bound to agonists

show a disulfide bridge in the extracellular com-

partment between TM3 and EL2 which is highly

conserved among family A GPCRs (Zhang et al.

2014b) in agreement with previous data from

mutational analysis (Savi et al. 2006; Algaier

et al. 2008; Ding et al. 2009). In contrast to

many structures of GPCRS, the x-ray analysis

of the human P2Y12 showed an unusual straight

α–helical conformation of TM5 (Zhang et al.

2014a).

The binding pocket of the inactive, antagonist

bound P2Y12 receptor is very wide and consists

of two subpockets (Zhang et al. 2014a). Interest-

ingly, no disulfide bridge between TM3 and EL2

was observed in the inactive, antagonist bound

structure (Zhang et al. 2014a). The cysteine resi-

due Cys973.25 forming this bridge with Cys175

has been shown to interact with the active

metabolites of the thienopyridine compounds

clopidogrel and prasugrel which are irreversible

acting P2Y12 receptor inhibitors (Savi et al.

2006; Algaier et al. 2008). The antagonist

AZD1283 is bound in subpocket 1 formed by

regions of TMs 3–7 (Zhang et al. 2014a). Key

residues involved in AZD1283 binding include

the positively charged residues Arg2566.55, and

Lys2807.35 (Zhang et al. 2014a). A classical ionic

lock mechanism between charged residues in the

intracellular portions of TM3 and TM6 stabilizes

the inactive state of many rhodopsin-like GPCRs

(Park et al. 2008; Jacobson et al. 2015). This

mechanism, however, is absent in the human

P2Y12 receptor (Zhang et al. 2014a; Jacobson

et al. 2015).

The agonist bound P2Y12 receptor showed

large-scale rearrangements (Zhang et al.

2014b). The agonists are also bound within

subpocket 1, but the total binding pocket of the

agonist bound receptor is markedly contracted.

The negatively charged phosphate groups of the

nucleotide agonists interact with positively

charged residues including Arg933.21, Arg256
6.55, and Lys2807.35 and hydrogen-bonding

groups (for a predicted two dimensional structure

see Fig. 1). Adenine of the agonist 2-methylthio-

ADP forms a p-p interaction with Tyr1053.33

(Zhang et al. 2014b). These structural data mark-

edly extend published data of mutational studies

(Hoffmann et al. 2008; C€oster et al. 2012;

Schmidt et al. 2013).

The crystal structural data also show that the

extracellular regions of TM6 and TM7 are bent

inward toward the bound agonist closing the

entrance to the binding pocket (Zhang et al.

2014b; Jacobson et al. 2015). As mentioned

above, the highly conserved disulfide bridge

between TM3 and EL2 is present in the agonist

bound receptor (Zhang et al. 2014b). The agonist

bound structures show only small minor

rearrangements in the intracellular portions of

TM6 and TM7 indicating that the analyzed

structures represent an agonist-bound inactive

state (Zhang et al. 2014b). The published struc-

tural data are now used to optimize receptor

models for a guided drug design (Jacobson

et al. 2015; Paoletta et al. 2015; Ahn et al.

2016; Zhang et al. 2016). These models explain

interactions of P2Y12 ligands such as ticagrelor

with residues of the receptor protein (Hoffmann

et al. 2014; Paoletta et al. 2015).

Interestingly, some patients with a loss or a

reduction of platelet function carry changes in

the gene P2RY12 (Hollopeter et al. 2001;

Cattaneo et al. 2003; Scavone et al. 2017;

Nicholas 2015; Cattaneo 2011). These changes

include Arg122Cys, Lys174Glu, His187Gln,

Arg256Gln, P258T, R265Trp and P341A

(Cattaneo et al. 2003; Scavone et al. 2017;

Cattaneo 2011; Remijn et al. 2007; Daly et al.

2009; Nisar et al. 2011; Patel et al. 2014; Lecchi
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et al. 2015). The mutations alter ligand binding,

the activation process or, possibly, the function

of the postsynaptic density 95/disc large/zonula

occludens-1 (PDZ)–binding domain at the

C-terminus of the receptor protein (Nisar et al.

2011).

There is ongoing search for P2RY12 gene

polymorphisms possibly associated with altered

platelet functions or a changed responsiveness

toward antiplatelet treatment (Fontana et al.

2003; Ou et al. 2016; Siasos et al. 2016; Yang

et al. 2016; Yi et al. 2016, 2017). A study

analyzing the P2Y13 receptor M158 T polymor-

phism, which was shown to be in linkage dis-

equilibrium with the P2Y12 locus, revealed no

association with the risk of acute myocardial

infarction (Amisten et al. 2008).

3 Signaling Transduction
Pathways

Cooper and Rodbell showed in 1979 that ADP

promotes inhibition of adenylyl cyclase in plate-

let membranes (Cooper and Rodbell 1979). Two

decades later, Hollopeter et al. identified the gene

sequence encoding the ADP-activated P2Y12

receptor and demonstrated the coupling of the

recombinant receptor via Gi proteins (Hollopeter

et al. 2001). A number of studies with recombi-

nant P2Y12 receptors confirmed the coupling of

the P2Y12 receptor to activation of Gαi2 leading

to inhibition of adenylyl cyclase activity

(Takasaki et al. 2001; Zhang et al. 2001; Bodor

et al. 2003; Chhatriwala et al. 2004). In platelet

aggregation, P2Y12 receptors also signal via

phosphatidylinositol-3-kinase to inhibition of

Ras GTPase-activating protein 3 (RASA3) to

Fig. 1 Predicted two-dimensional structure of the human P2Y12 receptor (TM transmembrane region,

EL extracellular loop, lines indicate disulfide bridges; modified from (von Kügelgen 2006))

126 I. von Kügelgen



promote GTPase Rap1b activity and integrin

activation (Dorsam and Kunapuli 2004; Hechler

and Gachet 2015; Kim and Kunapuli 2011;

Kamae et al. 2006; Stefanini et al. 2015;

Stefanini and Bergmeier 2016). Additional

downstream signaling events include the activa-

tion of protein kinases C isoforms or K+ channels

(von Kügelgen and Harden 2011; Hollopeter

et al. 2001; Dorsam and Kunapuli 2004; Hechler

and Gachet 2015; Mundell et al. 2006; Guidetti

et al. 2008). The phosphorylation status of

vasodilator-stimulated phosphoprotein is

analyzed to monitor platelet P2Y12 receptor acti-

vation (Hechler and Gachet 2015; Kim and

Kunapuli 2011). P2Y12 receptors in platelets

have been demonstrated to be rapidly relocalized

at the level of the cell membrane following

agonist-induced desensitization and internaliza-

tion in platelets; this could represent a mecha-

nism to maintain haemostatic properties of

platelets (Mundell et al. 2006; Baurand et al.

2005; Mundell et al. 2008). Interestingly, recent

studies demonstrated the heterodimerization and

co-internalization of the P2Y12 receptor and the

protease-activated receptor-4 and the subsequent

signaling via Akt/proteinkinase B (Khan et al.

2014; Smith et al. 2017).

4 Pharmacology

ADP is the endogenous agonist of the P2Y12

receptor (Hollopeter et al. 2001; Bodor et al.

2003). In studies performed on platelets, ATP

has been shown to act as an antagonist (Gachet

2006; Kauffenstein et al. 2004). However, ATP

may also act as an agonist at the P2Y12 receptor

natively expressed in tissues or on cells (Simon

et al. 2001). Very potent agonists with half-

maximal concentrations in the nanomolar range

are 2-methylthio-ADP and 2-methylthio-ATP

(von Kügelgen 2006; Zhang et al. 2014b). In

contrast, 2-methylthio-AMP is a low affinity

antagonist (Hollopeter et al. 2001). Analogues

of ATP, including cangrelor (AR-C69931MX,

N6-(2-methylthioethyl)-2-(3,3,3-trifluoropropylthio)-

β,γ-dichloromethylene-ATP) and AR-C67085

(2-propylthio-β,γ-dichloromethylene-D-ATP) are

potent and competitive P2Y12 receptor

antagonists (von Kügelgen 2006; Ingall et al.

1999). However, both cangrelor and AR-

C67085 also show antagonistic activities at

P2Y13 receptors (Marteau et al. 2003). [3H]PSB-

0413 is a derivative of AR-C67085; it is used as a

radioligand with a KD value of 5 nM at the P2Y12

receptor (El-Tayeb et al. 2005; Ohlmann et al.

2013). Recently, diadenosine tetraphosphate

derivatives have been developed as antagonists

acting in the nanomolar range at the P2Y12 recep-

tor (Yanachkov et al. 2016). Uridine triphosphate

thio analogues also exert antagonistic activities at

the P2Y12 receptor (Gündüz et al. 2017a).

Farnesyl pyrophosphate is an endogenous, low

affinity antagonist blocking P2Y12 receptor-

mediated effects (H€ogberg et al. 2012). In addi-

tion to nucleotides and farnesyl pyrophosphate,

derivatives of nucleosides block the P2Y12 recep-

tor. Ticagrelor (AZD6140) is an orally active

P2Y12 receptor antagonist (Springthorpe et al.

2007; James et al. 2009; van Giezen et al. 2009;

Olivier et al. 2014). When used in low

concentrations in vitro, ticagrelor blocks the

recombinant human P2Y12 receptor in a competi-

tive manner with a pA2 value of 8.7 (Hoffmann

et al. 2014). Depending on the expression level

and the cellular system ticagrelor may also act as

an inverse agonist at the P2Y12 receptor

(Aungraheeta et al. 2016). There is evidence for

an antagonistic action of ticagrelor at the P2Y13

receptor in addition to the P2Y12 receptor

(Bj€orquist et al. 2016). Moreover, ticagrelor has

been shown to block the equilibrative nucleoside

transporter 1 and to increase, thereby, the extra-

cellular concentration of adenosine (Aungraheeta

et al. 2016). There are adverse effects: Ticagrelor

has been reported to cause dyspnea in some

patients (Cattaneo and Faioni 2012; Parker et al.

2017).

A number of compounds with very different

structural properties have been identified or
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developed as antagonists acting at the P2Y12

receptor (Zetterberg and Svensson 2016). Sev-

eral P2 receptor subtypes including the P2Y12

receptor are blocked by suramin and reactive

blue-2 (von Kügelgen 2006; von Kügelgen and

Wetter 2000). An analogue of reactive blue-2,

PSB-0739 (Baqi et al. 2009; Baqi 2016), was

shown to act as a potent and competitive antago-

nist at the recombinant human P2Y12 receptor

(pA2-value 9.8) (Hoffmann et al. 2009). A num-

ber of new scaffolds have been developed. These

include 6-amino-2-mercapto-3H-pyrimidine-4-

one derivatives (Crepaldi et al. 2009),

piperazinyl glutamates (Parlow et al. 2010;

Zech et al. 2012), morpholine analogues (Ahn

et al. 2016), flavonolignans (Bijak et al. 2017)

as well as ethyl 6-aminonicotinate acyl

sulfonamides (Bach et al. 2013; Zhou et al.

2016). The ethyl 6-aminonicotinate acyl sulfon-

amide compound AZD1283 showed a KD value

of 11 nM at the P2Y12 receptor (Bach et al.

2013). As mentioned above, AZD1283 was

used to grow crystals of the human P2Y12 recep-

tor in an inactive state (Zhang et al. 2014a).

Another clinical candidate is ACT-246475 with

an IC50 of about 5 nM in the binding assay

(Caroff et al. 2014; Caroff et al. 2015). Some of

its analogues even displayed higher affinities at

the receptor (Caroff et al. 2014).

For decades, thienopyridine compounds have

been used in pharmacotherapy to inhibit platelet

aggregation for the prevention of myocardial

infarction or stroke (Dorsam and Kunapuli

2004; Gachet 2006). Ticlopidine (Maffrand

et al. 1988), clopidogrel (Savi et al. 2006;

Herbert et al. 1993), and prasugrel (Sugidachi

et al. 2000; Sugidachi et al. 2016) are prodrugs.

As already discussed above, their active

metabolites have been demonstrated to interact

in an irreversible manner with the cysteine resi-

due Cys-97 of the human P2Y12 receptor (Savi

et al. 2006; Algaier et al. 2008; Ding et al. 2009).

The active metabolite of prasugrel has been

shown to modify the P2Y12 receptor function

without any interaction with the platelet P2Y1

receptor (Niitsu et al. 2005; Hashimoto et al.

2007). Several studies indicate that treatment of

patients with prasugrel or ticagrelor is more

effective than treatment with clopidogrel (Olivier

et al. 2014; Angiolillo et al. 2016; Bednar et al.

2016). Treatment using prasugrel or clopidogrel

has been shown to inhibit neutrophil function and

to attenuate lung injury and platelet sequestration

in sepsis- or LPS-induced inflammation

(Liverani et al. 2013, 2014b, 2016).

5 Platelet Aggregation

The role of the ADP receptor in platelet aggrega-

tion is well established (Gaarder et al. 1961; Born

1962; Burnstock 2015). In 1979, ADP was

shown to strongly inhibit adenylyl cyclase activ-

ity in membranes of platelets (Cooper and

Rodbell 1979). About two decades later,

Hollopeter et al. identified the gene sequence

encoding for the Gi coupled P2Y12 receptor

(Hollopeter et al. 2001). Interestingly, mutations

within the human P2Y12 gene have been

demonstrated to be associated with bleeding

disorders in patients as described above

(Hollopeter et al. 2001; Cattaneo et al. 2003;

Scavone et al. 2017; Nicholas 2015; Cattaneo

2011; Remijn et al. 2007; Daly et al. 2009;

Nisar et al. 2011; Patel et al. 2014; Lecchi et al.

2015). Studies with genetic knockout P2Y12(�/

�) mice further confirmed the function of the

P2Y12 receptor in platelet aggregation (Dorsam

and Kunapuli 2004; Foster et al. 2001; Andre

et al. 2003). Platelets express P2Y1 receptors

and P2X1 receptors in addition to P2Y12

receptors (Dorsam and Kunapuli 2004; Wang

et al. 2003). A study revealed the rank order of

mRNA encoding the respective receptors in

platelets to be P2Y12 greater P2X1 greater P2Y1

(Wang et al. 2003). The numbers of P2Y12 bind-

ing sites per single human platelet have been

estimated to amount to 425 in average (Ohlmann

et al. 2013). There is recently published evidence

for a de novo synthesis of P2Y12 receptors in

platelets (Sirotkina et al. 2016). Despite possible

differences in numbers of receptors per platelet,

both P2Y12 receptors and P2Y1 receptors con-

tribute to ADP-induced aggregation (Dorsam and

Kunapuli 2004; Gachet 2006; Nylander et al.

2003; Nylander et al. 2004; Gremmel et al.
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2016). As already described in the pharmacology

section, the inhibition of platelet P2Y12 receptors

by directly acting agents such as ticagrelor or by

active metabolites of thienopyridine compounds

such as clopidogrel is commonly used for the

prevention and therapy of cardiovascular

diseases (Dorsam and Kunapuli 2004; Gachet

2006; Hechler and Gachet 2015; Angiolillo

et al. 2016). Blockade of platelet P2Y12 receptors

reduces the inhibition of adenylyl cyclase and

potentiates thereby the platelet inhibitory actions

of prostacyclin and nitric oxide (Cattaneo and

Lecchi 2007; Kirkby et al. 2013; Chan et al.

2015). The blockade of platelet activity by

P2Y12 receptor antagonists may also exert anti-

inflammatory effects by a decreased release of

pro-inflammatory granule contents and a

decreased formation of platelet-leukocyte

aggregates (Hechler and Gachet 2015; Cattaneo

2015; Thomas and Storey 2015). Moreover, a

reduction in platelet activity by ticagrelor has

been suggested to be involved in the inhibition

of metastasis and in the improvement of survival

in mouse models of cancer (Gebremeske et al.

2015).

6 Vascular and Renal Receptors

P2Y12 receptors had been shown to be expressed

in vascular smooth muscle cells and to contribute

to vasoconstriction (Wihlborg et al. 2004;

Shanker et al. 2006; Rauch et al. 2010; Mitchell

et al. 2012; West et al. 2014). These smooth

muscle P2Y12 receptors also promote migration

and atherogenesis (West et al. 2014; Niu et al.

2017). Smooth muscle cells within plaques

showed increased P2Y12 receptor like immuno-

reactivity (Niu et al. 2017). Interestingly, the

treatment of apolipoprotein E Null mice with

clopidogrel had recently been demonstrated to

reduce both the number of P2Y12 receptor posi-

tive smooth muscle cells in plaques and the

plaque progression (Niu et al. 2017). There

were also benefits in patients treated with

clopidogrel (Niu et al. 2017). A reduction of the

release of platelet contents may contribute to a

reduced vessel wall remodeling (S€odergren et al.

2016). Endothelial cells also express P2Y12

receptors (Uehara and Uehara 2011; Gündüz
et al. 2017b). The P2Y12 receptor antagonist

AR-C66096 but not ticagrelor was reported to

increase endothelial cAMP levels and to counter-

act thrombin-induced hyper-permeability

(Gündüz et al. 2017b). Pharmacological block-

ade of the P2Y12 receptor increases the renal

urine concentrating ability in agreement with a

function of P2Y12 receptors in the kidney (Zhang

et al. 2015).

7 Control of Microglial Function
and Inflammation

Within the adult CNS P2Y12 receptors have been

demonstrated to be specifically expressed on the

cell membrane of microglial cells, but not on the

membranes of neurons, oligodendrocytes or

astroglial cells (Sasaki et al. 2003; Honda et al.

2001; Haynes et al. 2006; Butovsky et al. 2014;

Moore et al. 2015; Tsuda and Inoue 2016;

Mildner et al. 2017). Microglial cells are known

to function as resident macrophages in the CNS

(Tsuda and Inoue 2016). A recent study showed

that microglial P2Y12 receptors are expressed at

a constant level in the human brain throughout

lifetime (Mildner et al. 2017). Microglial P2Y12

receptors operate as a sensor for adenine

nucleotides released at the site of CNS injury

(Honda et al. 2001; Haynes et al. 2006).

Microglia of knockout P2Y12(�/�) mice have a

reduced capacity to polarize, migrate, or generate

process extensions toward the released

nucleotides (Haynes et al. 2006; Tsuda and

Inoue 2016; Koizumi et al. 2013). Intracellular

responses to activation of microglial P2Y12

receptors also include integrin-β1-activation
(Ohsawa et al. 2010), calcium-dependent signal-

ing (Eyo et al. 2015; Sunkaria et al. 2016), open-

ing of potassium channels (Swiatkowski et al.

2016) and the activation of nuclear factor of

activated T cell signaling leading to C-C

Structure, Pharmacology and Roles in Physiology of the P2Y12 Receptor 129



chemokine 3 expression (Tozaki-Saitoh et al.

2017). Under CNS inflammatory conditions

such as infection with Schistosoma mekongi a

high expression of P2Y12 receptors on human

microglial cells has been shown (Moore et al.

2015).

The microglial P2Y12 receptor also plays roles

in physiology. The involvement of P2Y12

receptors on mature microglia in the activity-

dependent synaptic plasticity within the mouse

visual cortex has recently been demonstrated

(Sipe et al. 2016). P2Y12(�/�) mice as well as

wild type mice treated with clopidogrel showed a

decreased ramification of microglial cells and a

defect in the ocular dominance plasticity (Sipe

et al. 2016). Moreover, P2Y12 receptor-mediated

chemotaxis of microglial processes has been

shown to be required for the rapid closure of

the blood brain barrier (Lou et al. 2016). Gene

disruption as well as treatment of wild type mice

with clopidogrel diminished the closing of laser-

induced lesions (Lou et al. 2016).

Interestingly, in patients with CNS

pathologies including Alzheimer’s disease and

multiple sclerosis a decrease in P2Y12 receptor

immune-reactivity within plaques or lesions has

been observed (Moore et al. 2015; Mildner et al.

2017; Amadio et al. 2014). There are conflicting

results in two recent studies analyzing autoim-

mune encephalomyelitis in P2Y12(�/�) mice.

One study showed more severe symptoms in an

experimental model of autoimmune encephalo-

myelitis in P2Y12(�/�) mice (Zhang et al. 2017),

whereas in a second study P2Y12 deficiency led

to a reduced leukocyte infiltration and less exten-

sive demyelination (Qin et al. 2017). The role of

the P2Y12 receptor in autoimmune encephalomy-

elitis has to be studied in more detail. There is

evidence for a neuroprotective role of P2Y12

receptors in the epileptic brain (Eyo et al.

2014). The P2Y12 receptor-dependent microglial

closure of the injured blood–brain barrier

described above may contribute to

neuroprotective mechanisms (Lou et al. 2016).

Activation of microglial P2Y12 receptors may

also acerbate symptoms in other pathologies.

There is emerging evidence for a role of P2Y12

receptor activation in the induction of

neuropathic pain and cancer-induced pain

(Tsuda and Inoue 2016; Tozaki-Saitoh et al.

2008; Horváth et al. 2014; Beko et al. 2017;

Tatsumi et al. 2015; Gu et al. 2016; Tamagawa

et al. 2016; Liu et al. 2017). P2Y12 receptor

antagonists including PSB-0739 reduced pain

responses (Horváth et al. 2014; Beko et al.

2017) and genetic deficiency of the P2Y12 recep-

tor ameliorated pain hypersensitivities (Beko

et al. 2017; Gu et al. 2016). P2Y12 receptors

also play a role in brain ischemia (Pedata et al.

2016). P2Y12(�/�) mice showed reduced

damages after brain ischemia (Webster et al.

2013) and treatment of wild type rats with

ticagrelor reduced ischemic lesions (Gelosa

et al. 2014). In addition to the absence or the

blockade of microglial P2Y12 receptors, a reduc-

tion in platelet aggregation may have contributed

to these effects in brain ischemia (Sugidachi et al.

2016; Pedata et al. 2016).

Systemic immune modulating roles of P2Y12

receptors have been discussed (Burnstock and

Boeynaems 2014; Hechler and Gachet 2015;

Cattaneo 2015; Thomas and Storey 2015; Idzko

et al. 2014). These immune modulating effects

may partially be due to indirect mechanisms

including the reduced release of

pro-inflammatory granule contents from platelets

after blockade of aggregation by P2Y12 receptor

inhibition (Burnstock and Boeynaems 2014;

Hechler and Gachet 2015; Cattaneo 2015;

Thomas and Storey 2015; Idzko et al. 2014).

However, lymphocytes express P2Y12 receptors

in agreement with direct effects (Wang et al.

2004; Diehl et al. 2010). Studies performed on

knock-out animals confirm the involvement of

direct cellular mechanisms. Dentric cells of

P2Y12(�/�) mice showed no ADPβS-mediated

FITC-dextran and oval albumin uptake (Ben

Addi et al. 2010). Activation of P2Y12 receptors

may play a role in bronchial asthma (Burnstock

and Boeynaems 2014; Cattaneo 2015; Thomas

and Storey 2015; Idzko et al. 2014). Allergen

exposure induces the migration of platelets to

the lung tissue and the subsequent activation

(Knauer et al. 1981; Pitchford et al. 2008).

Released components then contribute to the

inflammatory responses (Cattaneo 2015;
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Cameron 2012). P2RY12 gene variations have

been associated with the risk of family-based

asthma (Bunyavanich et al. 2012). Moreover,

treatment with prasugrel caused a slight reduc-

tion of bronchial hyper-reactivity in patients

(Lussana et al. 2015). And P2Y12 receptor block-

ade attenuated eosinophilic inflammation and

airway hyper-responsiveness in a mouse model

of asthma (Suh et al. 2016). However, there are

conflicting data arguing for a role of platelet

P2Y1 receptors, but not P2Y12 receptors, in aller-

gic inflammation (Amison et al. 2015). The

underlying mechanisms have to be studied in

more detail.

8 Neuronal Receptors

As discussed above, the expression of P2Y12

receptors in the adult CNS appears to occur

exclusively in microglial cells (e.g Mildner

et al. 2017). In the autonomous nervous system,

however, functional studies have suggested a

role for P2Y12 receptors in modulating neuro-

transmission (Kulick and von Kügelgen 2002;

Kubista et al. 2003; Lechner et al. 2004; Quintas

et al. 2009). A recent study now demonstrated the

expression and function of P2Y12 receptors in

neurons of the rat trigeminal ganglion

(Kawaguchi et al. 2015) in agreement with

differences in the expression of P2Y12 receptors

in the CNS and the peripheral nervous system,

respectively.

9 Bone Homeostasis

Osteoclast activity had been shown to be

decreased in P2Y12(�/�) mice and these

P2Y12(�/�) mice were partially protected from

pathological bone loss (Su et al. 2012). However,

studies with mice treated with clopidogrel

revealed conflicting data with increased

(Su et al. 2012) and decreased bone formation

(Syberg et al. 2012). There is evidence for an

association of exposure to higher doses of

clopidogrel with an increased risk of fractures

in patients and evidence for an association of

exposure to lower doses of clopidogrel with a

decreased risk of fractures (Jorgensen et al.

2012).

10 Conclusions and Outlook

Blockade of P2Y12 receptors by directly acting

antagonists such as ticagrelor or active

metabolites of thienopyridine compounds such

as clopidogrel is an important clinical strategy

in the prevention and therapy of cardiovascular

events. The published crystal structural data of

the receptor will facilitate the development of

more selective blockers with fewer side effects.

In addition to platelets, P2Y12 receptors are

found on number of cells in the periphery and

CNS including vascular smooth muscle cells and

microglial cells. Blockade of these receptors may

cause beneficial effects in some cases, but may

also induce yet not understood adverse effects.

The mechanisms involved should be studied in

more detail.
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K€ornyei Z, Botz B, Helyes Z, Müller CE, Sperlágh B
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Abstract

The distribution of nucleotide P2Y receptors across different tissues

suggests that they fulfil key roles in a number of physiological and

pathological conditions. P2Y13 is one of the latest P2Y receptors

identified, a novel member of the Gi-coupled P2Y receptor subfamily

that responds to ADP, together with P2Y12 and P2Y14. Pharmacological

studies drew attention to this new ADP receptor, with a pharmacology that

overlaps that of P2Y12 receptors but with unique features and roles. The

P2RY12–14 genes all reside on human chromosome 3 at 3q25.1 and their

strong sequence homology supports their evolutionary origin through

gene duplication. Polymorphisms of P2Y13 receptors have been reported

in different human populations, yet their consequences remain unknown.

The P2Y13 receptor is versatile in its signalling, extending beyond the

canonical signalling of a Gi-coupled receptor. Not only can it couple to

different G proteins (Gs/Gq) but the P2Y13 receptor can also trigger

several intracellular pathways related to the activation of MAPKs

(mitogen-activated protein kinases) and the phosphatidylinositol

3-kinase/Akt/glycogen synthase kinase 3 axis. Moreover, the availability

of P2Y13 receptor knockout mice has highlighted the specific functions in

which it is involved, mainly in the regulation of cholesterol and glucose
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metabolism, bone homeostasis and aspects of central nervous system

function like pain transmission and neuroprotection. This review

summarizes our current understanding of this elusive receptor, not only

at the pharmacological and molecular level but also, in terms of its

signalling properties and specific functions, helping to clarify the involve-

ment of P2Y13 receptors in pathological situations.

Keywords

Cholesterol metabolism • GSK3 • MAP kinases • Nervous system •

Neuroprotection • P2Y13 receptor • Pain

Abbreviations

ADP Adenosine 50-diphosphate.
Ap3A P1,P3-Di(adenosine-50)

triphosphate.

Ap4A P1,P4-Di(adenosine-50)
triphosphate.

ATP Adenosine 50-triphosphate
cAMP Adenosine 30,50-cyclic

monophosphate.

CT1007900 (6-[1-(2-Dimethylaminopyrimidin-

5-ylmethyl)-piperidin-4-yl]-2-

morpholin-4-yl-pyrimidin-4-ol

monohydrate).

GPCRs G protein–coupled receptors.

GSK3 Glycogen synthase kinase 3.

HDL High density lipoprotein.

2MeSADP 2-methylthio-adenosine

50-diphosphate.
MAP

kinases

Mitogen-activated protein kinases.

MRS2211 2-[(2-Chloro-5-nitrophenyl)azo]-

5-hydroxy-6-methyl-3-

[(phosphonooxy)methyl]-4-

pyridinecarboxaldehyde.

MRS2179 20-Deoxy-N6-methyl adenosine

30,50-diphosphate.
PLC Phospholipase C.

PI3K Phosphatidylinositol 3-kinase.

PPADS Pyridoxal phosphate-6-azo(ben-

zene-2,4-disulfonic acid).

RCT Reverse cholesterol transport

SNP Single-nucleotide polymorphism.

1 Introduction

P2Y13 is a G-protein-coupled receptor (GPCR)

that is included along with P2Y12 and P2Y14 in

the P2Y subgroup of receptors, of which the

main physiological agonist is ADP. GPCRs are

a very large family of membrane proteins that

account for approximately 2% of all the genes in

the human genome. These receptors control a

wide range of key physiological functions and

they are also the pharmacological target to treat a

large number of prevalent human diseases. P2Y

receptors belong to the rhodopsin family, also

known as Class A GPCRs, and based on

sequence homology they have been included in

the δ subfamily of Class A GPCRs, which also

contains glycoprotein receptors, protease-

activated receptors and olfactory receptors.

Based on their pharmacology, signal transduc-

tion and structure, P2Y receptors are classified

into two main subfamilies. The first subgroup are

coupled to phospholipase C (PLC) via Gq

proteins and it includes the P2Y1, P2Y2, P2Y4,

P2Y6 and P2Y11 receptors. Conversely, the

“P2Y12-like” subfamily that contains the P2Y12,

P2Y13 and P2Y14 receptors preferentially signal

through Gi proteins, and they mainly inhibit

adenylate cyclase activity or they regulate ion

channel activity (von Kugelgen and Hoffmann
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2016). Currently, the only crystallographic struc-

ture available for these “P2Y12-like” receptors is

that of P2Y12 (Zhang et al. 2014a; b), confirming

to a large extent its inclusion in the δ subfamily

receptors, although some of their specific

features do not exactly match those of the δ or

α subfamilies of Class A GPCRs. Whether the

structural characteristics of P2Y12 are shared by

all P2Y family members, or if they are specific to

the P2Y12-like ADP-Gi coupled receptors, will

require studies of the structure of these other

receptors. Notably, the P2Y13 receptor is closely

related to P2Y12.

Historically the discovery of ADP receptors is

closely associated with platelet function. There is

an abundance of adenine nucleotides inside the

dense granules of platelets, mainly ADP together

with serotonin, and the release of the content of

these granules induces platelet aggregation and

clot formation. In fact, ADP was the first known

aggregating agent and hence, a search began for

specific ADP receptors in platelets. P2Y1 was the

first P2Y receptor family described in a platelet

model and it was shown to be activated by ADP,

changing the commonly accepted idea that ATP

was its main agonist. This receptor was isolated

by hybridization screening of a cDNA library

generated from the embryonic chick brain

(Webb et al. 1993). P2Y1 is coupled to the Gq

protein, activating the PLC pathway and

mobilizing internal calcium stores in most cellu-

lar models, including platelets (Hechler et al.

1998; Savi et al. 1998). Platelets challenged

with ADP also produce Gi-mediated inhibition

of adenylyl cyclase, which lowers the cAMP

available (Gachet et al. 1997). However, the spe-

cific ADP-receptor subtype coupled to this inhi-

bition of adenylyl cyclase remained elusive until

it was associated with clinical bleeding disorders,

and to the absence of a response to the

ADP-selective anti-aggregating drugs ticlopidine

and clopidogrel (Cattaneo and Gachet 1999).

Thus, the association of familial bleeding

disorders with the anti-aggregant pharmacology

was the key to hunt this ADP receptor.

The identification of a platelet ADP receptor

targeted by antithrombotic drugs was preceded

by the isolation of a functional P2 receptor that

responded equally to ATP and UTP, leading to it

being named P2U, currently P2Y2 (Alexander

et al. 2015; Lustig et al. 1993). P2Y12 was the

first nucleotide receptor to be associated with a

genetic defect, a familial bleeding disorder

(Hollopeter et al. 2001), and its identification

facilitated the development of powerful anti-

platelet aggregating agents that are among the

most effective drugs in preventing cardiovascu-

lar diseases and ictus. Subsequently, the orphan

GPCR SP1999 was shown to be the cognate

receptor for ADP (Zhang et al. 2001), also

corresponding in sequence to that described by

Hollopeter and co-workers (2001). This receptor

was linked to Gαi and it is expressed strongly in

neural tissues and blood platelets. Since then the

search for other homologous P2Y receptors

became more intense.

Following a similar strategy as for P2Y12, the

orphan GPCRs GPR86 and SP174 were

identified as ADP receptors and named P2Y13

(Communi et al. 2001; Zhang et al. 2002). This

new receptor couples to Gi proteins and it shares

a high degree of sequence homology to P2Y12, as

well as a similar rank order of potency for ADP

and analogues. The comparison of human and

mouse P2Y13 receptors demonstrated approxi-

mately 75% sequence homology and a similar

pharmacological profile, although ADP and

nucleotide analogues appear to act more potently

on the murine receptor (Zhang et al. 2002). More

extensive pharmacological characterization of

the human P2Y13 receptor has also been carried

out, allowing further functional studies to dis-

criminate the distinct P2Y-Gi-coupled receptors

(Marteau et al. 2003).

The clinical and pharmacological relevance of

P2Y12 has somehow cast a shadow on the impor-

tant physiological role of P2Y13. Thus, in this

review, we will try to provide an overview of

this less well known family member, bringing

together the data available regarding different

aspects of this multi-faceted receptor. The review

is organized in sections to make its content more

comprehensible and accessible. The pharmacol-

ogy of P2Y13 with respect to other P2Y receptors

represents a good starting point, which is

followed by a comparative study of the sequence

of P2Y13 and its known single nucleotide

polymorphisms (SNPs). The use of genetically
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modified animals and a better understanding of

the mechanisms that control its expression will

be particularly useful to assign specific cellular

responses to P2Y13. This is particularly relevant

when attempting to understand the signals

generated by this receptor given the number of

complex pathways it can activate. This signalling

is clearly related to the wide range of essential

functions that P2Y13 performs in the control of

relevant physiological functions, such as protec-

tion from oxidative and genotoxic stress, lipopro-

tein mobilization in cholesterol metabolism or

pain, to mention just a few. All these examples

indicate that P2Y13 is a key receptor in the

purinergic field, and that better understanding

its physiology will provide us with useful tools

to cope with pathophysiological situations that

could be relevant to human disease.

2 Pharmacology of the P2Y13

Receptor

Regarding the pharmacological profile of P2Y13

receptors, they share a characteristic preference

for ADP. ADP is the most potent agonist of the

naturally occurring nucleotides that act on the

P2Y13 receptor, stimulating the receptor at an

EC50 in the nanomolar range (Communi et al.

2001; Zhang et al. 2002; Marteau et al. 2003) a

pharmacological feature shared with the P2Y12

receptor (Hollopeter et al. 2001; Zhang et al.

2001). Another P2Y receptor that prefers ADP

and that is potently activated by this nucleoside

diphosphate is P2Y1 (Leon et al. 1997). The

P2Y13 receptor also responds to adenine diphos-

phate analogues adenosine such as 2-methylthio-

ADPβS (2MeSADP) or 50-O-
(2-thiodiphosphate) (Fig. 1) (Communi et al.

2001; Zhang et al. 2002; Marteau et al. 2003).

In some cellular systems, 2MeSADP proved to

be more potent than ADP, whereas under other

experimental conditions both compounds were

equipotent, possibly reflecting the distinct affin-

ity for 2MeSADP or ADP of multiple active

conformations of the P2Y13 receptor, as well as

differences in their preference for G proteins

(Marteau et al. 2003). ATP and 2-methylthio-

ATP appear to be partial and weak agonists of

the P2Y13 receptor (Marteau et al. 2003).

Although the interaction of the P2Y12 and

P2Y13 receptors with nucleotide analogues

follows a similar pharmacological profile, ino-

sine diphosphate is about fivefold more potent

for human P2Y13 than for P2Y12 receptors.

Moreover, inosine diphosphate acts more

potently on murine P2Y13 than human P2Y13

and P2Y12 receptors, with an EC50 of 9.2,

552 and 3180 nM, respectively (Zhang et al.

2002).

In addition to conventional mononucleotide

agonists, dinucleotides have also been tested for

their ability to stimulate the P2Y13 receptor.

Diadenosine triphosphate (Ap3A) potently

activates the P2Y13 receptor, whereas higher

diadenosine polyphosphate homologues (Ap4A,

Ap5A and Ap6A) are inactive (Zhang et al. 2002;

Marteau et al. 2003). A similar profile has been

observed with the P2Y1 receptor (Patel et al.

2001), suggesting that selective sensitivity to

Ap3A is a common feature of ADP receptors. It

has been hypothesized that dinucleoside

triphosphates can structurally mimic nucleoside

diphosphates (Shaver et al. 2005). Indeed, Ap3A

can be stored in secretory vesicles in neural and

neuroendocrine tissues through the activity of a

broad specificity vesicular nucleotide transporter

capable of internalizing a wide variety of

nucleotides, as well as the diadenosine

polyphosphates (Gualix et al. 1997). Moreover,

Ap3A has been identified in microdialysis

samples from the cerebellum of conscious, freely

moving rats under basal conditions (i.e.: in the

absence of any exogenously added stimuli). The

extracellular concentration of Ap3A in cerebellar

interstitial fluid (10.5 nM) is double that of the

other diadenosine polyphosphates detected

(Ap4A and Ap5A) and it is in a range that allows

this dinucleotide to interact with the P2Y13

receptor (Gualix et al. 2014).

Regarding antagonists, the human P2Y13

receptor is blocked by suramin, reactive blue-

2 and high concentrations of the selective

purinergic P2X antagonist, PPADS (Marteau

et al. 2003). In recent years, PPADS analogues

have been designed in an effort to identify more

potent and/or selective P2Y13 receptor

antagonists. Among them, the 2-chloro-5-nitro
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Ap3A

ADP 2MeSADP ADPbS
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MRS2211

CT1007900
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TICAGRELOR
(AZD 6140)

AGONISTS

ANTAGONISTS COMPETITIVE ANTAGONISTS

Fig. 1 Structures of agonists and antagonists of ADP receptors
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analogue MRS2211 (2-[(2-Chloro-5-nitrophenyl)

azo]-5-hydroxy-6-methyl-3-[(phosphonooxy)

met hyl]-4-pyridinecarboxaldehyde) proved to

be 45-fold more potent than PPADS as a compet-

itive antagonist of the human P2Y13 receptor,

with a pA2-value of 6.3 (Kim et al. 2005). More-

over, MRS2211 is >20-fold more selective as an

antagonist at the P2Y13 receptor than of the P2Y1

and P2Y12 receptors, cangrelor (Kim et al. 2005).

The P2Y12 antagonists and AR-C67085 also

block the human P2Y13 receptors, and cangrelor

apparently acts 100 times more potently than

AR-C67085. By contrast to its competitive inter-

action with the P2Y12 receptor, cangrelor

depressed the maxima of the agonist dose-

response curves in studies on the recombinant

human P2Y13 receptor, compatible with a

non-competitive interaction (Marteau et al.

2003). The rat P2Y13 receptor is also blocked by

nanomolar concentrations of cangrelor but not by

the selective P2Y1 antagonist MRS2179

(20-Deoxy-N6-methyl adenosine 30,5-
0-diphosphate), even when used at a concentra-

tion as high as 100 μM (Fumagalli et al. 2004).

However, cangrelor is a partial agonist of the

mouse P2Y13 receptor, enhancing P2Y13-

mediated high density lipoprotein (HDL) endo-

cytosis by hepatocytes more potently than its

endogenous agonist, ADP (Jacquet et al. 2005).

Ticagrelor is an antagonist of the P2Y12 receptor

approved for the prevention of thromboembolic

events in patients with acute coronary syndrome.

Ticagrelor and its active metabolite, TAM, act as

P2Y13 antagonists in a transfected cell system

in vitro, although they had no impact on P2Y13-

regulated pro-platelet formation by human

megakaryocytes in culture (Bjorquist et al.

2016). Ap4A has also been described as a com-

plete antagonist of the human P2Y13 receptor,

with an IC50 of 216 nM (Marteau et al. 2003).

Given the important roles that P2Y13 and

P2Y12 receptors play, it will be crucial to obtain

selective ligands that can discriminate between

them, capable of distinguishing the influence of

P2Y13 receptors on lipid transport and metabo-

lism, and on bone formation, as deduced from

studies on knockout animals (see Sect. 4). Due to

the similarities between the P2Y12 and P2Y13

receptors in terms of their activation by nucleo-

tide analogues, possibly reflecting a similarity in

their agonist binding sites, allosteric effectors

would be one possible approach to develop selec-

tive modulators of the P2Y13 receptor, as has

already been achieved for other GPCRs (May

et al. 2007; Melancon et al. 2012).

3 Sequence Analysis of the P2Y13

Receptor

Considering that the P2Y12 and P2Y13 receptors

exhibit similar pharmacological features, we

looked into the molecular structure of this recep-

tor subfamily. Alignments of amino acid

sequences of human P2Y13 with either P2Y12 or

P2Y14 receptors reveal approximately 40–45%

identity (Fig. 2, Table 1). Moreover, the

P2RY12, P2RY13 and P2RY14 genes reside on

human chromosome 3 at 3q25.1, which would be

consistent with gene duplication having led to

their evolutionary origin. Conversely,

Gq-coupled P2Y receptors share less than 20%

identity with P2Y13 receptors, even the P2Y1

receptor that has a similar pharmacological pro-

file and chromosomal location (the P2RY1 gene

is situated at human chromosome 3q25.2, in

close proximity to the P2RY12, P2RY13 and

P2RY14 genes). Notably, the P2Y12, P2Y13 and

P2Y14 receptors cluster with GPR87 in the same

region of human chromosome 3, an orphan

GPCR that shares 38%, 36% and 44% amino

acid identity with the P2Y12, P2Y13 and P2Y14

receptors, respectively (Fig. 3). Although the

protein encoded by the GPR87 gene is still to

be identified, it would not be a surprise if it were

a new P2Y-like receptor, as occurred with

GPR17. From a phylogenetic point of view,

GPR17 lies in an apparently intermediate posi-

tion between P2Y and cysteinyl leukotriene

receptors, as GPR17 can bind both uracil-

nucleotide sugars (UDP, UDP-galactose and

UDP-glucose) and cysteinyl leukotrienes

(LTD4, LTC4 and LTE4) (Marucci et al. 2016).

Interestingly, inhibition of GPR17 by
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montelukast, a well-known anti-asthmatic drug

that antagonizes CysLT1R, reduces

neuroinflammation, it elevates hippocampal

neurogenesis and it improves learning and mem-

ory in aged rats (Marschallinger et al. 2015).

Regarding interspecific variation, the align-

ment of P2Y13 receptors from 13 different spe-

cies reveals that both their nucleotide and amino

acid sequences are highly conserved, especially

in mammals (Fig. 4). Humans, great apes (chim-

panzee Pan troglodytes, orangutan Pongo

pygmaeus, and gorilla Gorilla gorilla), and old

world monkeys (rhesus macaque Macaca

mulatta) show more than 95% identity at both

the nucleotide and amino acid level. Human and

new world monkeys (Ma’s night monkey Aotus

Table 1 Similarity (above the diagonal) and Jukes-Cantor distance (below the diagonal) in globally aligned human

P2Y receptor amino acid sequences

P2Y1 P2Y2 P2Y4 P2Y6 P2Y11 P2Y12 P2Y13 P2Y14

P2Y1 33.25 37.21 32.19 25.62 19.39 19.00 20.31

P2Y2 1.15 53.03 35.17 24.13 21.30 19.95 22.51

P2Y4 1.03 0.65 3693 27.20 22.28 22.74 22.99

P2Y6 1.19 1.09 1.04 23.48 22.03 19.73 20.86

P2Y11 1.45 1.52 1.38 1.56 16.28 14.60 15.68

P2Y12 1.79 1.67 1.62 1.63 2.02 45.43 45.06

P2Y13 1.82 1.76 1.59 1.77 2.18 0.81 40.72

P2Y14 1.73 1.61 1.58 1.70 2.08 0.82 0.93

SETP11

P2RY13

P2RY14 P2RY12 P2RY1IGSF10

MRPL42P6GPR87

MED12L ATP5LP5

3q
25

.1

3q
25

.2

Human chromosome 3

Fig. 3 Chromosomal location of the P2RY genes on

human chromosome 3. P2RY12, P2RY13 and P2RY14
genes cluster on the long arm (band 25.1) of chromosome

3, together with the orphan GPCR GPR87. The P2RY1
gene is also located nearby (band 25.2) (Modified from

(Milewicz and Seidman 2000))
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nancymaae), rodents (rat Rattus norvegicus and
mouse Mus musculus) and other mammals with

diverse diets (carnivorous dog Canis familiaris,
herbivorous cow Bos taurus and omnivorous pig

Sus scrofa) show approximately 75–85%

sequence identity. Finally, humans and birds

(chicken Gallus gallus) or fish (zebrafish Danio

rerio) share less than 60% and 45% identity,

respectively (Table 2).

As mentioned previously, the first crystallo-

graphic assessment of a “P2Y12-like” subfamily

member of purinergic receptors was that of

human P2Y12 receptor, both the agonist- and

antagonist-bound structures (Zhang et al. 2014a;

b). Key residues involved in both 2MeSADP and

AZD1283 binding were Y105, F106, L155, N159, N
191, R256, Y259 and K280. Other residues specifi-

cally participate in 2MeSADP binding, including

R19, R93, C97, S156, T163, C175, K179, H187 and Q
263, whereas V102, Y109, V190, Q195, F252 and L276

contribute to the interaction with AZD1283. In

addition to the AZD1283 binding site (pocket 1),

an analysis of the extracellular interface revealed

an adjacent ligand-binding region (pocket 2).

Both pockets seem to be required for Ap4A rec-

ognition and binding to the receptor. One nucle-

otide may bind in pocket 1 while the second half

of the dinucleotide molecule was predicted to

reach pocket 2, the polyphosphate moiety

occupying a highly cationic region of the binding

site (Zhang et al. 2014a, b). Crystal structure data

can be very helpful in optimizing receptor

models for structure-guided drug design

(Jacobson et al. 2015). Thus, a model of

ticagrelor binding to the human P2Y12 receptor

and homology models of the human P2Y14

receptor for ligand docking have recently been

described (Kiselev et al. 2014; Paoletta et al.

2015). A similar strategy could be used to study

the P2Y13 receptor, since neither crystal structure

nor homology models of this receptor are as yet

available. Remarkably, alignment of the human

P2Y12 and P2Y13 amino acid sequences reveals

that most of the key residue positions implicated

in agonist/antagonist binding to the P2Y12 recep-

tor are conserved in the P2Y13 receptor, with the

exception of F106E, L155I and T163S. It is

noteworthy that the relative distances between

all the residues are also conserved (Fig. 5,

Table 3). It is not inconceivable that the change

of these 3 amino acids is involved in the pharma-

cological differences observed between P2Y12

and P2Y13 receptors.

4 Single Nucleotide
Polymorphisms (SNPs)
of the Human P2RY13 Gene

Many human diseases have a causative associa-

tion with genetic components and recent

advances have significantly improved our under-

standing of the causal effects of genetic changes

associated with a growing number of diseases.

There is currently a great deal of information

regarding the SNPs in genes associated with dis-

ease, including those affecting the genes

encoding human purinergic receptors. SNPs are

widespread in genes encoding ionotropic nucleo-

tide receptors, particularly the P2RX7 gene

(Caseley et al. 2014), variants of which are

associated with altered chronic pain sensitivity,

cardiovascular risk, susceptibility to affective

mood disorders, multiple sclerosis, childhood

febrile seizure, osteoporosis, tuberculosis, toxo-

plasmosis and sepsis. Furthermore, SNPs in the

P2RX2 gene are associated with susceptibility to

hearing loss, and a P2XR4 gene variant is related

to high pulse pressure and age-related macular

degeneration.

Concerning P2Y receptors, non-synonymous

SNPs in the P2RY1 and P2RY12 genes are

mainly associated to alterations in platelet aggre-

gation. Thus, the A1622G mutation of the P2RY1

gene could contribute to an inadequate platelet

response to anti-coagulants, which would be

associated with a higher risk of cardio- and cere-

brovascular diseases (Lordkipanidze et al. 2011;

Timur et al. 2012). Haplotype variants of the

P2RY12 gene have also been related to platelet

aggregation, peripheral arterial disease, venous

thromboembolism, myocardial infarction and

cerebrovascular accidents (Lordkipanidze et al.

2011; Cavallari et al. 2007; Kim et al. 2013; Li
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et al. 2015; Oestreich et al. 2014; Ou et al. 2016;

Siasos et al. 2016; Zee et al. 2008). Moreover,

several SNPs and haplotypes of the P2RY12 gene
are associated with lung function in patients with

asthma (Bunyavanich et al. 2012).

Polymorphisms in P2RY2 gene have been related
to cerebral and myocardial infarction, essential

hypertension (Wang et al. 2009a, b, 2010) and

decreased risk of osteoporosis (Wesselius et al.

2013). Recently, a gene-based analysis of regu-

latory variants identified P2RY13 and P2RY14 as

putative asthma risk genes, and functional stud-

ies in mice demonstrated that selective agonists

of both receptors can promote airway inflamma-

tion (Ferreira et al. 2016). However, the patho-

physiological consequences of P2RY13

polymorphisms in human populations remain

unclear.

Over recent years, the availability of high-

throughput DNA sequencing technologies has

allowed whole genomes or exomes (protein-

coding regions) of a large numbers of humans to

be analysed. The recent generation of an exten-

sive catalogue of human protein-coding genetic

variation, the Exome Aggregation Consortium

(ExAC), provides a powerful source of informa-

tion about the patterns of low-frequency exome

variants from nearly 70,000 individuals of

diverse geographic ancestries, representing a

public resource for the clinical interpretation of

genetic variants observed in disease patients (Lek

et al. 2016). Using the ExAC database (http://

exac.broadinstitute.org; version 0.3, January

2015), we identified 184 candidate

polymorphisms in the human P2RY13 gene,

166 of which lie in exons. When only high-

quality filtered variants were analysed, most

(98.4%) had an allele frequency of less than

0.01% (very low-frequency variants) and 57%

of them were singletons (only observed once in

the data set). In terms of the mutational properties

of exon variants, there are 48 synonymous (non--

protein-altering) SNPs and 118 non-synonymous

variants, the latter including 111 missense SNPs,

1 in-frame deletion, 1 stop lost and 3 protein-

truncating variants (2 frame-shift and 1 stop

gained mutations). In addition, 43 of the missense

variants were predicted to be probable/possible

damaging variants (Table 4).

Although the consequences of loss-of-func-

tion mutations in the human P2RY13 receptor

remain unknown, the availability of a P2Y13

knockout mice has proved to be an invaluable

resource to assess both the physiological role of

this receptor and its potential involvement in

specific pathologies (Fabre et al. 2010). Mice

lacking the P2Y13 receptor display altered bone

remodelling, with less complex bone structures.

In addition, these mice suffer a significant reduc-

tion in the osteoclast and osteoblast populations

on the surfaces of the cortical bone, leading to a

reduced capacity for mineralization. These

osteoblasts proliferate normally in vitro,

although their mineralization capacity is damp-

ened. Moreover, their gene expression is altered,

with an upregulation of osteoprotegerin and a

downregulation of the RhoA genes. Conversely,

osteoclasts maintain their function, although the

number of resorbing osteoclast is decreased.

However, the bone phenotype of the P2Y13 null

mice protects against the loss of bone linked to

oestrogen-deficiency (Orriss et al. 2011; Wang

et al. 2012).

Table 3 Key amino acids that participate in 2MeSADP

and AZD1283 binding to P2Y12 receptors and their puta-

tive equivalents in P2Y13 receptor

2MeSADP interaction AZD1283 interaction

hP2Y12 hP2Y13 hP2Y12 hP2Y13

R19 R38 V102 V121

R93 R112 Y105 Y124

C97 C116 F106 E125

Y105 Y124 Y109 Y128

F106 E125 L155 I174

L155 I174 N159 N178

S156 S175 V190 V209

N159 N178 N191 N210

T163 S182 Q195 Q214

C175 C194 F252 F271

K179 K198 R256 R275

H187 H206 Y259 Y278

N191 N210 L276 L295

R256 R275 K280 K299

Y259 Y278

Q263 Q282

K280 K299

Non-conserved residues are in bold and italic
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Table 4 Polymorphisms identified in human P2RY13 gene using ExAC database (Lek et al. 2016)

Variant Consequence Mutational properties Allele count Allele frequency

3:151047352 T/C Upstream gene 2 0.00009252

3:151047362 T/C Upstream gene 1 0.00004633

3:151046811 AT/A Intron 1 0.000008935

3:151046821 A/G Intron 1 0.000009178

3:151046822 C/G Intron 3 0.00002757

3:151046822 CAAAAG/C Intron 1 0.000009189

3:151046823 A/G Intron 1 0.000009182

3:151046842 T/G Intron 1 0.000009522

3:151047240 C/T Intron 1 0.00004658

3:151047252 C/T (rs112766831) Intron 254 0.01179

3:151045729 T/C 30 UTR 4 0.00003619

3:151045733 T/C 30 UTR 5 0.00004524

3:151045735 C/T 30 UTR 1 0.000009049

3:151045736 G/T 30 UTR 16 0.0001447

3:151045736 G/A 30 UTR 9 0.00008142

3:151045744 C/T 30 UTR 7 0.00006332

3:151045755 A/G 30 UTR 1 0.000009038

3:151045756 G/C 30 UTR 14 0.0001265

3:151045782 G/T p.Gly354Gly Synonymous 1 0.000008995

3:151045812 A/G p.His344His Synonymous 4 0.00003530

3:151045821 T/C p.Gln341Gln Synonymous 1 0.000008766

3:151045862 G/A p.Leu328Leu Synonymous 1 0.000008340

3:151045863 C/T p.Lys327Lys Synonymous 1 0.000008334

3:151045914 A/G p.Ile310Ile Synonymous 1 0.000008264

3:151045931 A/G p.Leu305Leu Synonymous 2 0.00001653

3:151045959 C/G p.Leu295Leu Synonymous 1 0.000008272

3:151046064 G/A p.Val260Val Synonymous 2 0.00001656

3:151046067 A/C p.Val259Val Synonymous 1 0.000008283

3:151046094 G/A p.Asn250Asn Synonymous 1 0.000008292

3:151046124 T/C p.Arg240Arg Synonymous 1 0.000008296

3:151046127 A/G p.Tyr239Tyr Synonymous 3 0.00002489

3:151046142 T/C p.Lys234Lys Synonymous 1 0.000008307

3:151046166 C/T p.Val226Val Synonymous 1 0.000008287

3:151046178 G/T p.Ile222Ile Synonymous 1 0.000008282

3:151046280 T/C p.Pro188Pro Synonymous 7 0.00005796

3:151046303 A/G p.Leu181Leu Synonymous 2 0.00001656

3:151046307 C/T p.Thr179Thr Synonymous 3 0.00002484

3:151046310 A/G p.Asn178Asn Synonymous 1 0.000008301

3:151046322 G/A p.Ile174Ile Synonymous 1 0.000008310

3:151046325 G/A p.Phe173Phe Synonymous 1 0.000008312

3:151046328 G/A p.Phe172Phe Synonymous 1 0.000008314

3:151046331 C/T p.Leu171Leu Synonymous 10 0.00008314

3:151046346 G/A p.Phe166Phe Synonymous 1 0.000008320

3:151046358 C/T p.Thr162Thr Synonymous 3 0.00002498

3:151046382 T/A p.Leu154Leu Synonymous 1 0.000008345

3:151046405 T/G p.Arg147Arg Synonymous 1 0.000008334

3:151046409 G/A (rs142736005) p.Ile145Ile Synonymous 23 0.0001915

3:151046445 C/T p.Leu133Leu Synonymous 1 0.000008289

3:151046451 G/A p.Ile131Ile Synonymous 1 0.000008285

(continued)
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Table 4 (continued)

Variant Consequence Mutational properties Allele count Allele frequency

3:151046484 C/T p.Ser120Ser Synonymous 8 0.00006611

3:151046493 A/C p.Arg117Arg Synonymous 1 0.000008258

3:151046502 A/G p.Phe114Phe Synonymous 1 0.000008255

3:151046508 T/C p.Arg112Arg Synonymous 8 0.00006602

3:151046511 G/C p.Leu111Leu Synonymous 2 0.00001650

3:151046556 A/C p.Leu96Leu Synonymous 1 0.000008245

3:151046576 A/G (rs150522091) p.Leu90Leu Synonymous 4 0.00003299

3:151046580 G/A p.Ala88Ala Synonymous 3 0.00002474

3:151046588 A/G (rs139399025) p.Leu86Leu Synonymous 19 0.0001567

3:151046604 G/T (rs3732757) p.Ile80Ile Synonymous 6992 0.05767

3:151046607 G/A p.Ile79Ile Synonymous 1 0.000008246

3:151046619 G/A p.Ser75Ser Synonymous 1 0.000008244

3:151046646 C/A p.Leu66Leu Synonymous 1 0.000008243

3:151046655 A/G p.Thr63Thr Synonymous 2 0.00001649

3:151046673 G/A p.Thr57Thr Synonymous 3 0.00002473

3:151046745 A/G p.Ser33Ser Synonymous 1 0.000008311

3:151047308 G/A p.Ala3Ala Synonymous 1 0.00004622

3:151046800 T/TA c.49-6dupT Splice region 1 0.000008749

3:151046803 C/A c.49-8G > T Splice region 1 0.000008797

3:151045784 C/T p.Gly354Ser Missense 1 0.000008986

3:151045807 C/A p.Ser346Ile Missense 2 0.00001775

3:151045810 C/T p.Ser345Asn Missense 1 0.000008845

3:151045820 C/G p.Glu342Gln Missense 3 0.00002635

3:151045829 A/G p.Ser339Pro Missense 7 0.00006076

3:151045832 C/A (rs145063671) p.Ala338Ser Missense 40 0.0003462

3:151045835 T/C p.Thr337Ala Missense 4 0.00003443

3:151045840 T/C p.Lys335Arg Missense 1 0.000008563

3:151045852 A/G p.Met331Thr Missense 2 0.00001686

3:151045856 A/G p.Cys330Arg Missense 15 0.0001258

3:151045867 T/G p.Glu326Ala Missense 1 0.000008312

3:151045873 A/T p.Phe324Tyr Missense 1 0.000008292

3:151045889 A/G p.Phe319Leu Missense 3 0.00002481

3:151045891 A/G p.Ile318Thr Missense 1 0.000008269

3:151045904 G/A p.Pro314Ser Missense 1 0.000008266

3:151045905 A/T p.Asp313Glu Missense 1 0.000008265

3:151045906 T/A p.Asp313Val Missense 1 0.000008266

3:151045915 A/G p.Ile310Thr Missense 1 0.000008265

3:151045939 G/A p.Thr302Ile Missense 1 0.000008267

3:151045951 G/A p.Ala298Val Missense 1 0.000008270

3:151045952 C/T (rs148292157) p.Ala298Thr Missense 1 0.000008270

3:151045954 A/G p.Ile297Thr Missense 1 0.000008270

3:151045976 T/C (rs61736003) p.Arg290Gly Missense 1131 0.009355

3:151046008 G/A p.Thr279Ile Missense 2 0.00001654

3:151046018 C/A p.Val276Phe Missense 1 0.000008272

3:151046063 C/T p.Val261Met Missense 16 0.0001325

3:151046068 A/G p.Val259Ala Missense 3 0.00002485

3:151046097 G/C p.Asn249Lys Missense 1 0.000008294

3:151046104 C/T p.Arg247Lys Missense 1 0.000008295

3:151046110 T/C p.Lys245Arg Missense 1 0.000008294

(continued)
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Table 4 (continued)

Variant Consequence Mutational properties Allele count Allele frequency

3:151046112 A/C p.Ser244Arg Missense 1 0.000008295

3:151046119 G/A p.Ser242Phe Missense 1 0.000008296

3:151046121 C/G p.Lys241Asn Missense 1 0.000008296

3:151046123 T/G p.Lys241Gln Missense 1 0.000008295

3:151046129 A/G p.Tyr239His Missense 9 0.00007467

3:151046146 T/G p.Lys233Thr Missense 7 0.00005806

3:151046163 A/C (rs150366287) p.Phe227Leu Missense 5 0.00004144

3:151046167 A/G p.Val226Ala Missense 1 0.000008285

3:151046171 G/A p.Leu225Phe Missense 3 0.00002485

3:151046186 C/A p.Val220Phe Missense 1 0.000008279

3:151046207 A/T p.Cys213Ser Missense 2 0.00001655

3:151046207 A/G p.Cys213Arg Missense 1 0.000008274

3:151046222 T/C (rs149544268) p.Met208Val Missense 17 0.0001407

3:151046233 T/G p.Lys204Thr Missense 1 0.000008278

3:151046263 C/G (rs188633801) p.Cys194Ser Missense 4 0.00003312

3:151046263 C/A (rs188633801) p.Cys194Phe Missense 1 0.000008281

3:151046275 G/C p.Ser190Cys Missense 2 0.00001656

3:151046278 G/A p.Ser189Leu Missense 1 0.000008282

3:151046279 A/T p.Ser189Thr Missense 1 0.000008280

3:151046281 G/A p.Pro188Leu Missense 1 0.000008282

3:151046297 T/C p.Asn183Asp Missense 1 0.000008280

3:151046299 C/T p.Ser182Asn Missense 1 0.000008280

3:151046305 A/T p.Ile180Asn Missense 1 0.000008279

3:151046306 T/C p.Ile180Val Missense 1 0.000008280

3:151046308 G/A (rs1466684) p.Thr179Met Missense 104,481 0.8636

3:151046321 A/G p.Ser175Pro Missense 2 0.00001662

3:151046322 G/C p.Ile174Met Missense 5 0.00004155

3:151046323 A/T p.Ile174Asn Missense 2 0.00001662

3:151046341 C/G p.Trp168Ser Missense 1 0.000008318

3:151046359 G/A p.Thr162Met Missense 3 0.00002498

3:151046374 G/T p.Pro157His Missense 2 0.00001668

3:151046375 G/T (rs147188000) p.Pro157Thr Missense 3 0.00002503

3:151046378 T/G p.Lys156Gln Missense 11 0.00009175

3:151046398 A/G (rs138841969) p.Leu149Ser Missense 9 0.00007508

3:151046406 G/C p.Ile146Met Missense 1 0.000008330

3:151046413 T/C p.Lys144Arg Missense 1 0.000008322

3:151046418 G/T p.Phe142Leu Missense 2 0.00001663

3:151046441 C/G (rs144496684) p.Gly135Arg Missense 19 0.0001575

3:151046450 C/T (rs148391906) p.Val132Met Missense 2 0.00001657

3:151046458 A/C p.Val129Gly Missense 1 0.000008278

3:151046462 A/C p.Tyr128Asp Missense 2 0.00001655

3:151046469 C/G p.Glu125Asp Missense 1 0.000008269

3:151046477 A/G p.Phe123Leu Missense 9 0.00007438

3:151046486 A/T p.Ser120Thr Missense 1 0.000008261

3:151046490 A/T (rs184462683) p.Phe118Leu Missense 7 0.00005781

3:151046494 C/T p.Arg117His Missense 3 0.00002478

3:151046495 G/T p.Arg117Ser Missense 8 0.00006606

3:151046502 A/C p.Phe114Leu Missense 10 0.00008255

3:151046506 G/T (rs144128158) p.Ala113Asp Missense 510 0.004209

(continued)
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Another major feature of the P2Y13 knockout

mice is related to lipoprotein metabolism. Even

though HDL levels in plasma are normal (Fabre

et al. 2010) or slightly decreased (Blom et al.

2010), hepatic uptake of HDL holo-particles is

impaired in the absence of the receptor. Further-

more, mice exhibit deficient biliary cholesterol

excretion and a reduced hepatic cholesterol con-

tent. Remarkably, the reverse cholesterol trans-

port (RCT) that is crucial for the atheroprotective

role of HDL proteins is also affected, with a

striking reduction in macrophage-to-faeces

RCT, making them more sensitive to a high

cholesterol diet (Fabre et al. 2010; Lichtenstein

et al. 2013). Despite the strong reduction in RCT,

P2Y13 null mice do not exhibit enhanced athero-

sclerosis, possibly to the notable differences

between human and mouse lipoprotein metabo-

lism. However, dual P2Y13/apoE knockout mice

develop enhanced aortic sinus lesions with more

Table 4 (continued)

Variant Consequence Mutational properties Allele count Allele frequency

3:151046559 C/T p.Met95Ile Missense 1 0.000008246

3:151046573 T/C p.Ile91Val Missense 1 0.000008246

3:151046581 G/A p.Ala88Val Missense 2 0.00001649

3:151046587 A/G p.Leu86Ser Missense 2 0.00001650

3:151046602 T/C p.Tyr81Cys Missense 1 0.000008248

3:151046627 G/A p.Pro73Ser Missense 1 0.000008244

3:151046630 T/C p.Ile72Val Missense 1 0.000008244

3:151046636 C/T p.Val70Ile Missense 1 0.000008244

3:151046637 A/C p.Phe69Leu Missense 1 0.000008244

3:151046648 G/C p.Leu66Val Missense 1 0.000008242

3:151046690 T/C p.Thr52Ala Missense 1 0.000008244

3:151046696 G/C p.Leu50Val Missense 1 0.000008244

3:151046716 A/G p.Val43Ala Missense 1 0.000008254

3:151046723 G/A p.Arg41Trp Missense 1 0.000008260

3:151046725 G/A p.Thr40Ile Missense 1 0.000008263

3:151046732 T/C (rs146597143) p.Arg38Gly Missense 1 0.000008273

3:151046740 C/T p.Arg35Gln Missense 2 0.00001658

3:151046741 G/A p.Arg35Trp Missense 2 0.00001660

3:151046752 T/C p.Asn31Ser Missense 1 0.000008342

3:151046763 C/T p.Met27Ile Missense 3 0.00002519

3:151046768 C/T p.Val26Met Missense 6 0.00005059

3:151046776 T/G p.Asn23Thr Missense 4 0.00003395

3:151046778 C/T (rs141361811) p.Met22Ile Missense 1 0.000008517

3:151046783 C/T p.Ala21Thr Missense 2 0.00001713

3:151046785 T/C p.Glu20Gly Missense 1 0.000008567

3:151046785 T/A p.Glu20Val Missense 1 0.000008567

3:151046795 C/T p.Val17Met Missense 3 0.00002607

3:151047289 C/G p.Glu10Gln Missense 1 0.00004619

3:151047304 T/C p.Ile5Val Missense 1 0.00004617

3:151047307 C/T (rs139632884) p.Ala4Thr Missense 1 0.00004622

3:151047309 G/A p.Ala3Val Missense 2 0.00009235

3:151046309 T/C p.Thr179Ala Missense 1 0.000008302

3:151045796 TGTC/T p.Asp349del Inframe deletion 1 0.000008937

3:151045781 A/G p.Ter355ArgextTer11 Stop lost 4 0.00003599

3:151045931 A/AG p.Ala306GlyfsTer4 Frameshift 3 0.00002480

3:151046097 G/GT p.Asn249LysfsTer38 Frameshift 1 0.000008294

3:151046230 C/T p.Trp205Ter Stop gained 1 0.000008277
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infiltrated macrophages (Lichtenstein et al.

2015). Importantly, the atherosclerotic pathology

is independent of the P2Y13 blood cell receptors.

Moreover, a high fat diet is also responsible of

neuropathies that affect the enteric nervous sys-

tem, crucial for the maintenance and regulation

of gastrointestinal activity. Experiments

performed on P2Y13 null mice fed with a high

fat diet reveal that the purinergic receptor is

responsible for the myenteric neuronal loss

induced by the high fat diet or palmitic acid

(Voss et al. 2014).

In summary, there is strong evidence that the

P2Y13 receptor constitutes a promising therapeu-

tic target for pathologies like osteoporosis, ath-

erosclerosis and intestinal neuropathies.

However, the role of the receptor in distinct

tissues in the organism implies that its involve-

ment in other pathologies should not be ruled out,

encouraging further research into this receptor.

5 P2Y13 Receptor Signaling

The range of signals transmitted by P2Y13

receptors extend beyond their versatility in G

protein coupling, and several intracellular

pathways can be activated independently of the

canonical inhibition of adenylate cyclase.

5.1 G Protein Signalling

Like the P2Y12 receptor, the P2Y13 receptor is an

ADP receptor mainly coupled to Gi proteins.

Activation of the P2Y13 receptor with ADP or

the analogue 2MeSADP leads to the inhibition of

adenylate cyclase and a decrease in cAMP pro-

duction triggered by forskolin, a direct adenylate

cyclase activator or following Gs-coupled GPCR

stimulation. The EC50 values for these events are

in the nanomolar range (Communi et al. 2001;

Zhang et al. 2002; Marteau et al. 2003;

Carrasquero et al. 2005), yet such inhibition

was reversed at higher agonist concentrations.

From the very first studies, biphasic dose-

response curves for the effect of ADP on

forskolin-cAMP accumulation were described,

with inhibition at nanomolar agonist

concentrations and potentiation at micromolar

levels, clearly demonstrating the versatility of

P2Y13 receptor coupling to different G proteins

(Gi/Gs) (Communi et al. 2001; Marteau et al.

2003).

Studies with Gα16/Gαq in heterologous

expression systems (Communi et al. 2001;

Zhang et al. 2002; Marteau et al. 2003) and

native tissues, such as immature human dendritic

cells and rat cerebellar astrocytes (Carrasquero

et al. 2005; Marteau et al. 2004), revealed that

P2Y13 can also couple to PLC (Fig. 6). Func-

tional P2Y13 receptors are present in cerebellar

astrocytes as ADP elicits calcium transients that

are not sensitive to the P2Y1 specific antagonist,

MRS2179. The presence of Gq-coupled P2Y13

receptors is restricted to astrocytic populations

other than those expressing P2Y1 receptors,

indicating some degree of specialization

(Carrasquero et al. 2005; Jimenez et al. 1999,

2000). A link to the canonical pathway of

adenylate cyclase inhibition further

demonstrated the identity of the P2Y13 receptor

in this glial model. Moreover, when P2Y13 and

P2X7 purinergic receptors are functionally

expressed in rat cerebellar astrocytes they medi-

ate the increase in intracellular calcium elicited

by BzATP in these cells (Carrasquero et al.

2009). Moreover, some populations of rat cere-

bellar granule neurons exhibit 2MeSADP-

mediated calcium mobilization with the pharma-

cological profile of a P2Y13 receptor (Hervas

et al. 2003).

5.2 MAP Kinase Activation

Downstream of the first membrane effectors,

P2Y13 receptor stimulation induces

Gi-dependent Mitogen Activated Protein Kinase

(MAPK) activation (Communi et al. 2001). The

P2Y13 receptor was first seen to couple to the

ERK1/2 MAPK in native human dendritic cells

(Marteau et al. 2004). ERK activation triggered

by P2Y13 receptor agonists was sensitive to

ARC-699931MX and intracellular calcium che-

lation by BAPTA-AM. Again, rat cerebellar

156 R. Pérez-Sen et al.



astrocytes and granule neurons provided

examples of Gi-dependent 2MeSADP-mediated

ERK activation, which was completely inhibited

by Pertussis toxin (Carrasquero et al. 2005;

Ortega et al. 2011; Perez-Sen et al. 2015). In

addition, the sensitivity to the specific antagonist

MRS2211, together with lack of effect of

MRS2179, a P2Y1 antagonist, confirmed the par-

ticipation of P2Y13 receptors in this signalling.

ERK activation by P2Y13 receptors in cere-

bellar astrocytes and granule neurons resembles

that of tyrosine kinase receptors, with maximal

activation reached after 10–15 min. In astrocytes,

the EC50 value of ERK activation correlated with

that obtained in experiments where cAMP pro-

duction was inhibited (around 40 nM). Interest-

ingly, the activation of ERKs was dependent on

nProtein Kinase C and src-like kinase activation

(Carrasquero et al. 2005). Alternatively, PI3

kinase (PI3K) seemed to lie upstream of ERK

activation in granule neurons, as its activity was

completely abolished by the PI3K inhibitors
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Fig. 6 Schematic representation of the intracellular sig-

nalling cascades activated by P2Y13 receptor stimulation.

P2Y13 couples to adenylate cyclase inhibition through the

canonical mechanism described for Gi-coupled receptors.

P2Y13 receptor stimulation via the Gi protein also triggers
the PI3K/Akt/GSK3 axis. Phosphorylation of GSK3

causes enzyme inactivation and releases two key proteins,

β-catenin and Nrf2, which act as transcription factors. The
activation of the antioxidant Nfr2/HO-1 axis promotes

cell survival in the face of oxidative stress. The P2Y13

receptor also couples to Gq proteins in some cell types,

promoting phospholipase C activation that in turn

stimulates intracellular calcium mobilization and DAG

production. These second messengers activate different

PKC isoforms and induce ERK activation, which is

required for Dusp2 phosphatase gene transcription.

DUSP2 could be responsible for the neuroprotection

displayed by the P2Y13 receptor to counteract the neuro-

toxic actions of cisplatin. In some cell models, ERK

activation can also be achieved via PI3K (broken lines).

The P2Y13 receptor also couples to RhoA activation and

cytoskeleton reorganization, and it may inhibit Ca2+ chan-

nel activity via the βγ subunits of the activated Gi protein

and modulate neurotransmitter release
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wortmannin and LY294002. In this neuronal

model the CREB (cAMP response element-

binding) transcription factor was activated in an

ERK-dependent manner, conferring

neuroprotection against apoptotic stimuli

(Fig. 6) (Ortega et al. 2011; Perez-Sen et al.

2015).

In recent studies, new targets of ERK signal-

ling activated by P2Y13 receptors have been

identified (Morente et al. 2014). The stimulation

of granule neurons by 2MeSADP induced the

P2Y13 dependent expression of an early gene,

Dusp2, which was sensitive to the P2Y13 antago-

nist, MRS2211. DUSP2 is a dual specificity pro-

tein phosphatase that is involved in regulating

MAPK activity. As described below, DUSP2

may be responsible for some neuroprotection

associated to P2Y13 receptor stimulation. Oppo-

site effects were found in pancreatic β cells,

where the P2Y13 receptor inhibition activated

ERK/Akt/CREB signalling (Tan et al. 2010).

5.3 PI3K/Akt/GSK3 Activation

Another interesting feature of the P2Y13 receptor

is its specific coupling to the PI3K/Akt/GSK3

axis in granule neurons. Accordingly, 2MeSADP

induces Thr308 phosphorylation and activation of

Akt in these cells, which is sensitive to Pertussis

toxin and PI3K inhibition. This mechanism

connects P2Y13 receptors to important intracel-

lular pathways in granule neurons. As such,

2MeSADP induces the rapid and transient phos-

phorylation of one of the main Akt targets, GSK3

(Ser21 and Ser9 residues of the α and β isoforms,

respectively), which inhibits its catalytic activity.

The EC50 value for 2MeSADP is close to 20 nM,

and both the P2Y13 antagonist MRS2211 and the

PI3K inhibitors wortmaninn and LY294002, pre-

vent this effect (Ortega et al. 2008).

The signalling triggered by P2Y13 receptors

that inhibits GSK3 deserves some attention, par-

ticularly as some key GSK3 substrates normally

retained in the cytosol escape from GSK3-

mediated phosphorylation and their subsequent

proteasomal degradation (Fig. 6). The nuclear

translocation of these GSK3 substrates occurs

very rapidly in granule neurons, after a

10–30 min stimulation with 1 μM 2MeSADP,

such as for the transcriptional regulator

β-catenin (Ortega et al. 2008). Likewise, the

nuclear factor (erythroid-derived 2)-like

2 (Nrf2), which regulates the expression of anti-

oxidant genes, is also regulated by GSK3, and a

new mechanism by which GSK3 can phosphory-

late Nrf2 to promote its further degradation has

been demonstrated (Cuadrado 2015; Rada et al.

2012; Rojo et al. 2008). The inhibition of GSK3

induced by P2Y13 receptors lies upstream of the

increase in Nrf2, and it accumulates in the

nucleus of granule neurons after a 6 h stimulation

with 2MeSADP, which also turned out to provide

neuroprotection (see below). Furthermore, GSK3

has a key role in the formation of amyloid

plaques and neurofibrillary tangles, being one of

the most relevant therapeutic targets for

Alzheimer’s disease (Diaz-Hernandez et al.

2012; Maqbool et al. 2016).

The activation of the PI3K/Akt signalling

pathway is not exclusive to P2Y13 receptors, as

it is also induced by the Gi-coupled P2Y12 recep-

tor. In C6 glioma cells, the intracellular cascade

triggered by 2MeSADP to induce proliferation

involves Rap1 activation by Gβγ subunits, which
leads to PI3K-dependent Akt activation. In this

pathway, Ca2+ mobilization and assembly of the

PyK2/Src/PLD2 complex is required to achieve

the final effect, and this signalling contributes to

the proliferation elicited by P2Y12 receptors in

glioma cells (Van Kolen et al. 2006; Van Kolen

and Slegers 2004).

As described for other GPCRs, including the

P2Y12 receptor, P2Y13 stimulation also couples

to Rho signalling and subsequent cytoskeleton

reorganization. The P2Y13 receptor activates

RhoA and ROCK I in hepatocytes and

osteoblasts, inducing relevant physiological

effects (as discussed below). The mechanism of

action for RhoA activation is still not completely

understood, although it could involve Gi subunits

binding to Rho specific guanine exchange factors

(Rho-GEF) (Wang et al. 2012; Malaval et al.

2009).
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5.4 Molecular Mechanisms
Regulating P2Y13 Receptor
Expression

It is well known that basal ubiquitination and

deubiquitination are important to control the

cell surface expression of several GPCRs

(Dores and Trejo 2012). In terms of the P2Y13

receptor, constitutive ubiquitination of its C- ter-

minus tail is directly modulated in the endoplas-

mic reticulum. Consequently, the P2Y13 receptor

is degraded through the proteasome pathway,

thereby controlling the density of functional

receptors at the cell surface and cellular

responsiveness (Pons et al. 2014). In this context,

the discovery of deubiquitinating enzymes that

specifically regulate P2Y13 receptor

ubiquitination might provide the basis for a

novel therapeutic approach to improve hepatic

HDL uptake and bile acid secretion, for instance

preventing or impairing the development of ath-

erosclerosis (Serhan et al. 2013).

6 Physiological Relevance
of P2Y13 Receptors

Given the widespread distribution of the

purinergic P2Y13 receptor, its signalling could

be involved in regulating multiple activities in

different tissues and organs. The P2Y13 receptor

is mainly expressed in the spleen, bone marrow

cells, peripheral leukocytes, brain, liver, pan-

creas and heart. Here, we will summarize the

direct evidence for the physiological roles of

the P2Y13 receptor.

6.1 Metabolic Disorders:
Atherosclerosis and Diabetes

One of the most promising activities of P2Y13

receptor is related to its influence on atheroscle-

rosis. The P2Y13 receptor plays a pivotal role in

HDL metabolism, which transports cholesterol

from peripheral tissues to the liver for elimina-

tion. The identification of a new pathway in the

liver involving the F1-ATPase and the P2Y13

receptor, which regulates the removal of

HDL-cholesterol (HDL-c), has enhanced our

understanding of HDL metabolism (Jacquet

et al. 2005). HDL endocytosis triggered by the

P2Y13 receptor is dependent on activation of the

small GTPase RhoA and ROCK1, producing the

cytoskeletal arrangements that drive endocytosis.

This step is followed by an increase in biliary

lipid secretion (Malaval et al. 2009). The partici-

pation of the P2Y13 receptor is clearly evident

when the effects of its agonists are studied, such

as cangrelor and the new available drug,

CT1007900 (6-[1-(2-Dimethylaminopyrimidin-

5-ylmethyl)-piperidin-4-yl]-2-morpholin-4-yl-

pyrimidin-4-ol monohydrate). Acute administra-

tion of these compounds increases RCT in the

same way as ADP, and in the case of cangrelor,

its effect was greater than that found with the

physiological agonist. This was unexpected for a

compound initially designed as a P2Y12 and

P2Y13 antagonist, and that turned out to act as a

partial agonist for P2Y13 receptors (Jacquet et al.

2005; Serhan et al. 2013; Goffinet et al. 2014).

The fact that impaired HDL clearance occurred

in P2Y13 null mouse as well as in-loss-of func-

tion experiments (using P2Y13-shRNA) favours a

central role of the P2Y13 receptor in RCT (Fabre

et al. 2010; Lichtenstein et al. 2013).

The therapeutic potential of P2Y13 agonists

was also tested in long-term studies carried out

through their continuous delivery, which effi-

ciently induced the clearance of circulating cho-

lesterol in the form of HDL particles and its

elimination in the form of bile acid secreted by

the liver. Moreover, after 1 month of oral treat-

ment with the new agonist CT1007900, HDL

particle size was reduced and fewer atheroscle-

rotic plaques were deposited in a mouse model of

atherosclerotic pathology (Lichtenstein et al.

2015; Goffinet et al. 2014). These studies

provided clues that the P2Y13 receptor is a

promising therapeutic target for the treatment of

atherosclerosis, in mice at least.

Therefore, in clinical trials to assess cangrelor

as an anti-aggregating therapy, it should be borne

in mind that it may act on hepatic P2Y13 receptors

and reduce the size of HDL particles. Indeed, it
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seems that the same effects as those observed in

mice will take place in humans. However, while

treatment with cangrelor and the P2Y13 agonist

CT1007900 exerts a significant effect on

circulating HDL, it does not substantially affect

plasma HDL-C levels (Martinez et al. 2015). In

addition, the P2Y13 receptor may also be

involved in insulin secretion as P2Y1 and P2Y13

receptors modulate insulin release from pancre-

atic β cells. The activation of P2Y1 Gq-coupled

receptors increases intracellular calcium levels

and induces insulin release from isolated pancre-

atic β cells, whereas P2Y13 receptor activation in

these cells had the opposite effect. Administra-

tion of MRS2211, a P2Y13 antagonist during

glucose injection in mice results in both increased

insulin secretion and reduced glucose levels

(Amisten et al. 2010), providing a therapeutic

opportunity for P2Y13 receptor antagonists in

the treatment of diabetes. Similarly, blocking

P2Y13 receptors protects pancreatic beta cells

from apoptosis (Tan et al. 2013).

6.2 Bone Homeostasis

The P2Y13 receptor also contributes to bone for-

mation and remodelling, a new and important

function for this receptor. The first clue regarding

this activity of P2Y13 came from the striking

bone phenotype and altered bone turnover in

P2Y13 null mice (Wang et al. 2012). The lack

of the P2Y13 receptor mainly affected the osteo-

genic response, since activation of this receptor

was crucial to obtain adequate differentiation of

bone marrow cells into osteoblasts (Biver et al.

2013) due to the activation of RhoA/ROCK (see

below) (Wang et al. 2012). These changes in

bone phenotype were age-dependent and while

P2Y13 receptors modulate bone remodelling in

mature animals, at younger ages this receptor

affects hormonal regulators of phosphate homeo-

stasis. Indeed, in young mice, the increase in

trabecular bone formation is correlated to higher

serum phosphate levels and increased FGF23

production (Wang et al. 2014).

Another important aspect of P2Y13 receptor

activity in bone homeostasis is associated to its

coordinated activity with other nucleotide

receptors. In red blood cells, the P2Y13 receptor

provides negative feedback modulation of ATP

release and thus, increased ATP production in

P2Y13 null mice may facilitate an osteogenic

response of osteoblasts upon mechanical stimu-

lation. The enhanced osteogenic response

together with the protective role of the P2Y13

receptor in conditions of oestrogen deprivation,

suggest that specific inactivation of this receptor

could have therapeutic applications in preventing

bone loss in diseases like osteoporosis (Wang

et al. 2013).

6.3 The Nervous System
and Neurological Implications

Prior to the cloning of Gi coupled ADP receptors,

several studies reported the inhibitory effect of

P2Y-like receptors in modulating neurotransmit-

ter release in both the peripheral sympathetic and

central nervous system (Koch et al. 1997; von

Kugelgen et al. 1994). Later on, the identification

of the P2Y12 and P2Y13 receptors, and specific

antagonists, helped to identify P2Y13 as the

receptor responsible for inhibiting noradrenaline

release in the rat vas deferens and in rat brain

hippocampal slices (Csolle et al. 2008; Queiroz

et al. 2003). Moreover, P2Y13 receptors were

also involved in fine-tuning cholinergic transmis-

sion at mammalian neuromuscular junctions,

where a specific P2Y13 antagonist abolishes the

effect of 2MeSADP, inhibiting spontaneous and

evoked presynaptic acetylcholine release

(Guarracino et al. 2016). Indeed, direct negative

modulation of N-type Ca2+ channels by Gi pro-

tein subunits may underlie these effects (Wirkner

et al. 2004).

6.3.1 Pain Transmission

P2Y13 receptors have also been implicated in

pain transmission, and both pro-nociceptive and

anti-nociceptive actions have been described in

different experimental pain models. In peripheral

sensory neurons, the expression of several types

of P2Y receptors responding to ADP following
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peripheral nerve injury and they modulate noci-

ceptive signalling in different ways. While P2Y1

is pro-nociceptive and facilitates pain transmis-

sion, the stimulation of a Gi-coupled ADP recep-

tor with the pharmacological profile of P2Y13

produces analgesic effects. Indeed, ADP and

other P2Y13 agonists reduce the magnitude of

depolarization-evoked Ca2+ transients in dorsal

root ganglia (DRG) sensory neurons, and this

effect was also reproduced in P2Y1 knockout

mice (Malin and Molliver 2010). Notably, P2Y1

was required for the full expression of inflamma-

tory hyperalgesia after peripheral nerve injury,

and when antagonized it occluded the action of

Gi-coupled ADP receptors. Only after P2Y1

blockade was the anti-nociceptive action of

P2Y13 fully revealed. The integration of these

opposing signals adjusts nociceptor sensitivity.

However, P2Y1 receptors may exert anti-

nociceptive effects in other pain models (Ando

et al. 2010; Selden et al. 2007) and the selective

P2Y1 receptor agonist MRS2365 has potent anal-

gesic activity against neuropathic and acute pain.

In line with the anti-nociceptive effects of

ADP, new roles for P2Y1 and P2Y13 receptors

have been described in the regulation of inhibi-

tory glycinergic neurotransmission in the spinal

cord. Interestingly, P2Y13 acts in conjunction

with P2Y1 receptors to regulate glycine

transporters in primary neuronal cultures of the

spinal cord and in brainstem preparations

(Jimenez et al. 2011). They reduced the activity

of the neuronal glycine transporter, GLYT2, to

increase the levels of inhibitory glycine neuro-

transmitter in the synaptic cleft. Conversely, both

receptors, along with the P2Y12 receptor, activate

the glial GLYT1 transporter, reducing glycine

levels at glycinergic and glutamatergic synapses,

and thereby decreasing glycine concentrations in

the NMDA receptor milieu. This produced a net

increase in the inhibitory over the excitatory

pathways that may contribute to anti-

nociception.

The intracellular mechanisms triggered by

P2Y1/P2Y13 receptor stimulation involved

PLC/PKC activation, nitric oxide (NO) release

and paracrine PKG-I activation. Regulation of

GLYT activity by this pathway was corroborated

in heterologous COS cell systems expressing

recombinant glycine transporters and the P2Y1

receptor. In fact, the regulatory activity of P2Y1

receptors was lost after siRNA knockdown of

NO synthase activity. This common mechanism

of action reflects how PKG mediates the phos-

phorylation of key residues in either glycine

transporters or adaptor proteins, which explains

the contrasting changes in transport activity

reported. These studies reveal a paracrine regu-

lation of GLYT1 and GLYT2 by ADP-P2Y

receptors in the spinal cord that contributes to

the processing of nociceptive information. This

paracrine regulatory mechanism extends the role

of ADP receptors to the regulation of nociceptive

signalling, an activity involving the modulation

of the glycine levels that influences both excit-

atory and inhibitory neurotransmission at spinal

cord synapses. Indeed, GLYT2 pharmacological

blockade in the spinal cord produces pain relief

in models of acute pain (Dohi et al. 2009).

In comparison to the anti-nociceptive action

of P2Y13 receptors in sensory neurons, P2Y12

receptors expressed in spinal cord microglia

also participate in the establishment of neuro-

pathic pain and mechanical allodynia following

peripheral nerve injury. Activation of p38 signal-

ling by P2Y12 receptors contributes to the gener-

ation and maintenance of hyperalgesia

(Kobayashi et al. 2008; Tatsumi et al. 2015;

Tozaki-Saitoh et al. 2008). Although P2Y13

receptors may be expressed sporadically in

microglial cells, several P2Y receptors are

up-regulated in response to nerve injury, includ-

ing P2Y13, which can then contribute to the

development of neuropathic pain (Kobayashi

et al. 2012). In this respect, the increases in

calcium promoted by Gq-coupling of P2Y13

receptors in dorsal spinal cord microglia contrib-

ute to the early phase of pain hyper-sensitization

and to the changes in size of microglia

(Kobayashi et al. 2013; Zheng et al. 2014).

All these findings indicate that purinergic

receptors fine tune different populations of sen-

sory neurons and glial cells in the spinal cord and

dorsal horn to modulate nociceptive sensitivity.

Before ADP formation and activation of P2Y

receptors, ATP can exert a direct and acute
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stimulation of nociceptive signalling through the

activation of ionotropic P2X receptors, mainly

P2X2/3 receptors present in DRG neurons

(Lewis et al. 1995). In addition, P2X4 receptors

participate in the maintenance of neuropathic

pain by acting on microglial cells (Inoue and

Tsuda 2012). A similar interaction between

P2Y1 and P2Y13 receptors occurs at the axonal

growth cone, where both receptors modulate

intracellular signalling triggered by P2X7

receptors to control axonal elongation and

sprouting (del Puerto et al. 2012). Moreover,

the P2Y13 receptor antagonist MRS2211

accelerates neurite outgrowth in PC12, Neuro2a

and MEB5 cells (Yano et al. 2012).

6.3.2 Cell Survival and Neuroprotection

In contrast to the pro-apoptotic role of P2Y13

receptors in enteric neurons and pancreatic β
cells, these receptors play a predominant survival

role in the central nervous system. P2Y13

receptors promoted the survival of cerebellar

astrocytes and granule neurons, both neural

models in which P2Y13 is co-expressed with

P2Y1 receptors, and where specialized functions

are elicited by their coupling to different signal-

ling targets. In granule neurons, P2Y13 receptors

provide neuroprotection against different types

of apoptotic stimuli and their activation protects

granule neurons from oxidative stress induced by

hydrogen peroxide. Indeed, both the production

of reactive oxygen species and cell death induced

by H2O2 treatment diminish after a 2 h

pre-treatment with the P2Y13 agonist,

2MeSADP. The intracellular mechanism respon-

sible for this neuroprotective effect involves acti-

vation of the antioxidant axis Nrf2/heme

oxygenase-1 (HO-1). Nrf2 transcriptional activ-

ity induces the expression of HO-1, whose levels

increase 6 h after P2Y13 receptor activation. Both

HO-1 expression and survival in response to

oxidative stress are prevented in cultured neurons

obtained from Nrf2 knockout mice,

demonstrating that the antioxidant Nrf2/HO-1

axis is functional in granule neurons and that it

is regulated by P2Y13 receptors (Perez-Sen et al.

2015; Espada et al. 2010). Similar

neuroprotection against oxidative stress is

elicited by ADP-P2Y receptors in astrocytes

(unpublished results).

Along similar lines, P2Y13 receptors also pre-

vent cell death induced by toxic extracellular

concentrations of glutamate. The

neuroprotection elicited by 2MeSADP is not as

potent as that exerted by well-known trophic

factors in granule neurons, such as the

neurotrophin BDNF (brain derived neurotrophic

factor), although it shares a similar mechanism of

action. Indeed, a 2 h pre-treatment with both

2MeSADP and BDNF prevents caspase-3 activa-

tion in a manner dependent on the activation of

the ERK/CREB pathway. The increase in neuron

survival promoted by 2MeSADP is also

abolished by the antagonist MRS2211 and the

PI3K inhibitor wortmannin, again validating the

contribution of a Gi-coupled PI3K activity trig-

gered by the P2Y13 receptor (Ortega et al. 2011).

P2Y13 receptors also protect against other

kinds of stress. Genotoxic stress induced by

both UV exposure and cisplatin, the cytotoxic

drug employed in chemotherapy, also produces

apoptotic cell death of granule neurons. Again,

P2Y13 receptor activation enhances cell survival

in these conditions and this protection was

abolished by MRS2211 (Morente et al. 2014).

In addition, to the PI3K and ERK signalling

activated by P2Y13 receptors, other signalling

mechanisms appear to contribute to the increase

in cell survival. Interestingly, these stress

conditions promote MAPK p38 over-activation

and long-term accumulation of phosphorylated

p38 in the nucleus. 2MeSADP pre-treatment

before exposure to the cytotoxic stimuli

decreases nuclear p38 phosphorylation towards

basal levels, indicative of an activation of protein

phosphatase activity. In particular, the induction

of the expression of an immediate early gene,

Dusp2, is promoted by 2MeSADP-mediated

ERK1,2 signalling in granule neurons (Morente

et al. 2014). DUSP2 is a dual specificity phos-

phatase with a nuclear localization that is selec-

tive for p38 and JNK MAPK. Therefore, P2Y13

receptors participate in homeostatic mechanisms
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in granule neurons contributing to bidirectional

regulation of MAPK signalling cascades (Perez-

Sen et al. 2015; Marin-Garcia et al. 2009).

7 Concluding Remarks

The data available regarding the P2Y13 receptor

reflects the great efforts and advances made by

scientists working in this area. It is currently

accepted that the protein sequence of the P2Y13

receptor is very similar to that of the P2Y12

receptor, for which a crystallographic structure

is available. Thus, plausible explanations for the

similarities in their pharmacological properties

can be drawn, which in turn make their clear

and unequivocal characterization more difficult.

However, the presence of two pockets in the

receptor structure could explain the agonistic

effect of the Ap3A diadenosine triphosphate,

and the possible existence of an allosteric modu-

latory site near to the orthosteric site where the

endogenous agonistic ligand, ADP, binds.

Hence, the development of so-called biotopic

orthosteric/allosteric ligands could define a func-

tionally selective ligand able to specifically dis-

criminate the members of this receptor

subfamily, mainly P2Y12, although this field

remains unexplored. Nevertheless, such biotopic

GPCR agonists and antagonists have recently

been reported for the muscarinic receptor M2

and A1 adenosine receptor (Keov et al. 2011).

Beyond the similarities between the P2Y13 and

P2Y12 receptor, their expression does not seem to

overlap in different tissues, which favours their

specialized functions. In addition, while they

share some signalling properties, P2Y13 is dis-

tinct in its ability to switch to Gq proteins and

calcium mobilization pathways, as well as to

activate signalling cascades that seem to be

exclusive to them.

On the other hand, there are no data available

concerning the formation of homo- or

heterodimers of P2Y13, even though this receptor

coexists in most cells with other P2Y receptors

and GPCRs. Indeed, the complexity of the sig-

nalling cascades highlights the possibility of a

broad crosstalk among these receptors. The

co-expression of P2Y13 together with P2Y1

receptors in many cellular models seems to be a

general rule of particular interest. The best-

known example of interactions between two

P2Y ADP-responding receptors is that previ-

ously described in platelets for P2Y1 and P2Y12

receptors. Both these receptors can act in a coor-

dinated way to regulate complementary

functions, or even to behave in an antagonistic

fashion. Thus, P2Y13 appears to interact with the

P2Y1 receptor in the axonal growth cone,

modulating the signalling of the ionotropic

P2X7 receptor and resulting in axonal elonga-

tion, just one such example among many (del

Puerto et al. 2012). These interactions testify to

the complexity and broad possibilities of the

signalling cascades that regulate metabolism. It

is noteworthy that beyond the classical pathways

regulated by protein kinases, P2Y13 can also

induce the expression of different genes involved

in protection against oxidative stress. Likewise, it

can drive the expression of protein phosphatases

like the dual phosphatases family member,

DUSP, which can restore the steady cell state

and allow the cell to respond to new agonist

challenges.

In the near future, more precise and specific

pharmacological agonists and antagonists may

become available, as well as molecular tools.

Thus, the pharmacological potential of P2Y13

receptors as a target in pathophysiological

situations will be revealed in full, advancing the

biomedical horizons for this purinergic receptor.
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Abstract

In 2006, cells heterologously expressing the “orphan” receptor GPR17

were shown to acquire responses to both uracil nucleotides and cysteinyl-

leukotrienes, two families of signaling molecules accumulating in brain or

heart as a result of hypoxic/traumatic injuries. In subsequent years, evi-

dence of GPR17 key role in oligodendrogenesis and myelination has

highlighted it as a “model receptor” for new therapies in demyelinating

and neurodegenerative diseases. The apparently contrasting evidence in

the literature about the role of GPR17 in promoting or inhibiting

myelination can be due to its transient expression in the intermediate

stages of differentiation, exerting a pro-differentiating function in early

oligodendrocyte precursor cells (OPCs), and an inhibitory role in late

stage maturing cells. Meanwhile, several papers extended the initial data

on GPR17 pharmacology, highlighting a “promiscuous” behavior of this

receptor; indeed, GPR17 is able to respond to other emergency signals like

oxysterols or the pro-inflammatory cytokine SDF-1, underlying GPR17

ability to adapt its responses to changes of the surrounding extracellular

milieu, including damage conditions. Here, we analyze the available

literature on GPR17, in an attempt to summarize its emerging biological

roles and pharmacological properties.
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Abbreviations

CNS central nervous system

cysLT cysteinyl-leukotrienes

EAE experimental autoimmune

encephalomyelitis

ERK1/2 extracellular signal–regulated

kinases 1 and 2

FACS-

MS

frontal affinity chromatography-

mass spectrometry

GPCRs G-protein coupled receptors

HM homology modeling

Lys lysolecithin

MCAo middle cerebral artery occlusion

MS multiple sclerosis

NC-

IUPHAR

Nomenclature Committee of the

International Union of

Pharmacology

OLs oligodendrocytes

OPCs oligodendrocyte precursor cells

MBP myelin basic protein

1 Introduction: The History
of GPR17

In 2006, a paper was published where it was

demonstrated that cells heterologously

expressing the “orphan” receptor GPR17 (i.e., a

molecularly identified, 339 amino acid-long

Gi-protein-coupled receptor that still lacked a

defined ligand) acquired responses to both uracil

nucleotides (such as UDP, UDP-glucose,

UDP-galactose) and cysteinyl-leukotrienes

(cysLTs, like LTC4 and LTD4) (Ciana et al.

2006), two chemically unrelated families of sig-

naling molecules that are known to massively

accumulate in organs like the brain or the heart

as a result of hypoxic/traumatic injuries. Uracil

nucleotides and cysLTs were already known to

exert multiple biological effects via the

activation of separate G-protein-coupled

receptors (GPCRs): the eight recognized P2Y

receptor subtypes (the P2Y1,2,4,6,11,12,13,14

receptors, (Abbracchio et al. 2006) and the two

CysLT1 and CysLT2 receptors. Interestingly, the

GPR17 sequence had been originally described

as the result of a cloning strategy based on the

use of RT-PCR degenerate oligonucleotide

primers designed on the sequences of the P2Y1

and P2Y2 receptors, with the final aim of

identifying new members of this receptor family

(Blasius et al. 1998). GPR17 was later found to

be at an intermediate structural and phylogenetic

position between already known P2Y and CysLT

receptors, and GPR99, recently proposed as the

third CysLT receptor (also known as

2-oxoglutarate receptor 1, OXGR1) (Kanaoka

et al. 2013) (Fig. 1), in the so called “purine

receptor cluster” of class A GPCRs (Fredriksson

et al. 2003). GPR17 also emerged as representing

the closest receptor to a common ancestor that,

during evolution, could have generated both P2Y

and CysLT receptors (Ciana et al. 2006;

Parravicini et al. 2008; Parravicini et al. 2010).

To further highlight GPR17 structural similarity

to the other members of the P2Y family, a partial

sequence of the rat receptor was initially

identified from rat striatum by employing oligo-

nucleotide primers specifically designed on the

sequence of human P2Y11 (Lecca and

Abbracchio 2008). Of note, a human GPR17

long splice variant encoding a receptor with a

28-amino acid longer NH2 terminal (for a total

of 367 amino acids instead of 339) had been also

identified in very early studies aimed at discov-

ering new members of the chemokine receptor

family (in this respect, see also Sect. 2.1)

(Blasius et al. 1998). Genomic analysis revealed

a three-exon structure of the hGPR17 gene, with

two putative open reading frames. While the

“short isoform” derives from splicing of the

170 M. Fumagalli et al.



second exon, the “long one” contains all three

exons of the hGPR17 gene, leading to a transcript

which is 1104 bp in length (Blasius et al. 1998;

Pugliese et al. 2009). Interestingly, quantitative

gene expression studies revealed that GPR17

short isoform is expressed more abundantly in

the brain than the long one (a tenfold increase),

whereas the opposite was observed in heart and

kidney. Pharmacological profile of the long iso-

form also showed that some differences exist

between the two GPR17 receptor isoforms

(Pugliese et al. 2009; Benned-Jensen and

Rosenkilde 2010).

In 2006, there were already papers reporting

functional interactions between “classical” P2Y

and CysLT receptors. For example, under some

conditions, the CysLT1 receptor antagonist

montelukast effectively antagonized the

responses evoked by purinergic P2Y receptors

(Capra et al. 2005; Mamedova et al. 2005). Con-

versely, the P2Y12 receptor had been reported to

be also activated by LTE4 (Paruchuri et al. 2009),

suggesting the existence of some kind of ligand/

receptor promiscuity between the P2Y and

CysLT receptor families. On this basis, the iden-

tification of GPR17 as the first dual member of

Fig. 1 Phylogenetic tree illustrating the relationship
of GPR17 to selected structurally related class-A
GPCRs. The evolutionary relationship analysis is based

on a multiple sequence alignment performed on homolo-

gous GPCR sequences using TM-Coffee, a module of the

T-Coffee package optimized for transmembrane proteins

(Chang et al. 2012). Receptors belonging to the same

family are clustered according to the following color

code: grey for purinergic receptors (P2Y), orange for

cysteinyl-leukotriene receptors (CysLT), light green for

chemokine receptors (CXCRn, CCRn, XCRn), emerald
green for Epstein-Barr virus-induced G-protein coupled

receptor 2 (EBI2), sky blue for 2-Oxoglutarate receptor

1 (OXGR1/GPR99), apple green for GPR17
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the “purine receptor cluster” able to respond to

both purinergic and cysLT ligands (Ciana et al.

2006) represented the demonstration of a further

level of interaction between these two chemi-

cally unrelated, but functionally interconnected,

systems. Later studies extended the response pro-

file of this receptor to other classes of endoge-

nous “emergency” molecules connected to

oxidative stress, neuroinflammation and

neurodegeneration, i.e., oxysterols and chemo-

kine stromal derived factor-1 (SDF-1)

(Parravicini et al. 2016), further highlighting the

promiscuous behaviour of GPR17. Of note, a

phylogenetic analysis among structurally related

class-A GPCRs (Parravicini et al. 2008, 2010,

2016; Sensi et al. 2014), suggests that, besides

P2Y and CysLT receptors, GPR17 holds a tight

evolutionary relationship also with chemokine

receptors and Epstein-Barr virus-induced

G-protein coupled receptor 2 (EBI2) (Fig. 1).

The possibility that GPR17 can be activated by

diverse family of ligands underlines the rele-

vance of a new transversal signaling mechanism

that synchronizes all these emergency molecules

and their receptors under specific neurodegener-

ative conditions. Such a high promiscuity in

receptor behaviour is often found in receptors

involved in immunological responses and may,

at least in part, depend on GPR17 ability to form

dimers with other related receptors, thus widen-

ing the array of pharmacological responses (see

also Sect. 2.2.1).

In subsequent years, new data have revealed a

key role for GPR17 in oligodendrogenesis and

myelination (Lecca et al. 2008; Chen et al. 2009).

However, while some authors have provided evi-

dence for a stimulatory role of GPR17 in the

specification and maturation of oligodendrocyte

precursor cells (OPCs), some others have pro-

posed an inhibitory role. Here, we aim at

analyzing all the available literature on GPR17

in an attempt to provide an overview of the

different biological and pharmacological data

emerged from all these papers.

2 GPR17 Characterization

2.1 Receptor Structure, Amino Acid
Homology with Phylogenetically
Related GPCRs and Binding Sites

GPR17 displays the typical 7-transmembrane

(TM) domain topology of GPCRs, with an

amino acid identity with the known P2Y and

CysLT receptors between 21 and 48%

(Abbracchio et al. 2006; Lecca and Abbracchio

2008). All these receptors show partial or com-

plete conservation of a H-X-X-R/K amino acid

motif in TM6 (and also of a K-E-X-X-L motif in

TM7, in the case of P2Y12, P2Y13, P2Y14) that

are important for ligand recognition and have

been proposed to represent specific molecular

signatures for these receptors (Lecca and

Abbracchio 2008) (see also below). Homology

Modelling (HM) studies combined with other in

silico tools have been performed to raise hypoth-

esis on the molecular interaction between GPR17

and its putative endogenous ligands (Parravicini

et al. 2008, 2010; Calleri et al. 2010), as well as

to identify new potential ligands (Eberini et al.

2011) (see also Sect. 2.2.2). In these studies, in

silico receptor modeling was performed using

different templates, according to the progressive

availability of new high-resolution GPCR

structures. Starting from bovine rhodopsin, that,

since 2000, has represented for many years the

only atomistic scaffold for the structural investi-

gation of GPCRs, the recent explosion in the

resolution of GPCR crystal structures has given

access to detailed structural information previ-

ously unavailable, allowing the construction of

more and more accurate GPR17 models (Fig. 2).

For example, in 2010, crystallization of

human CXCR4 (Wu et al. 2010) provided a sig-

nificant improvement in the accuracy of GPR17

modelling because this structure enabled to reli-

ably describe the extracellular regions of the

receptor, especially extracellular loop 2 (ECL2)

and the disulphide bridge linking the N-terminal

to ECL3, known to be crucial in ligand molecular

recognition (Wheatley et al. 2012), but for which

none of the earlier templates was suitable. More
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recently, modeling of GPR17 has been further

improved thanks to the atomic resolution of the

structures of two members of the P2Y receptor

family: the human P2Y12 (Zhang et al. 2014) and

P2Y1 (Zhang et al. 2015).

Globally, all the in silico results on the short

isoform of GPR17 suggest that its nucleotide

binding pocket is similar to that described for

the other P2Y receptors (including the TM6

HXXR/K motif designated to accommodate the

phosphate moieties of nucleotide ligands

(Parravicini et al. 2008; Jiang et al. 1997), and

that this site is also shared by other small

molecules identified as GPR17 ligands, including

oxysterols and new synthetic compounds (Sensi

et al. 2014; Eberini et al. 2011). According to

these studies, also the nucleotide-derivative

antagonist cangrelor binds to the same binding

pocket, behaving as a competitive antagonist for

orthosteric ligands.

In both P2Y and CysLT1 and CysLT2

receptors, ligand binding is critically dependent

on the basic arginine residue belonging to the

conserved TM6 motif (Parravicini et al. 2010;

Temporini et al. 2009). Computational studies

suggested that this also holds true for Arg255 of

GPR17 (Parravicini et al. 2008). To assess the

actual role of this residue in receptor binding, this

basic amino acid was mutated to isoleucine, and

an in silico mutant GPR17 receptor (R255I) was

generated. Using steered molecular dynamics

simulations (SMD), forced unbinding of the

endogenous ligand UDP from both wild type

(WT) and R255I receptor models of GPR17

was modeled in silico. The energy required to

unbind UDP from the nucleotide binding pocket

of GPR17 was higher for the WT than for the

mutated R255I receptor, and the exit of the

ligand from its intracellular cavities occurred

earlier in the R255I model compared to the WT

receptor. Generation and expression of the

mutated receptor in 1321N1 cells confirmed

also in vitro that the mutation was not silent

(Calleri et al. 2010).

Besides the orthosteric binding site, in silico

studies suggested that GPR17 also possesses an

“accessory” binding site in a region formed by

extracellular loops ECL2, ECL3 and the N-ter-

minal, which also faces the extracellular space.

This external accessory binding site could guide

small agonist ligands to the deeper principal

binding site in a multistep mechanism of activa-

tion. Thanks to further in silico investigations,

that showed the possibility of GPR17 to be

stimulated also by a large peptide ligand such

as SDF-1, the extracellular recognition site has

been extensively characterized and GPR17 rec-

ognition mechanism has been compared to those

of some peptide receptors (Parravicini et al.

2016), in which a two-step model of receptor

activation, passing through both an extracellular

and a TM binding site, has been proposed

(Rajagopalan and Rajarathnam 2004).

Due to the intrinsic inaccuracy of the standard

template-based HM techniques in predicting

conformations of highly flexible and unaligned

loop sequences in absence of adequate templates,

no modeling studies are yet available for the long

isoform of GPR17. Nevertheless, we can specu-

late that the N-terminal may influence the bind-

ing affinity of nucleotide agonists via a different

Fig. 2 Three-dimensional homology model of the
human GPR17. Topological domains are represented as

ribbon and coloured according to their secondary struc-

ture: magenta for alpha-helices; yellow for beta-sheets;

white for loops and grey for turns
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conformation of the external accessory binding

site, resulting in a slightly different pharmaco-

logical profile of the long isoform with respect to

the short one (Pugliese et al. 2009).

2.2 Pharmacology and Signaling
Pathways

2.2.1 Putative Endogenous Ligands
and Transduction Systems

In the initial studies, only GPR17 short isoform

has been characterized, and both the human, rat

(Ciana et al. 2006) and the previously unidenti-

fied mouse GPR17 receptors (Lecca and Ceruti

2008) were shown to respond to UDP,

UDP-glucose, UDP-galactose and LTC4 and

LTD4, with comparable profiles that were highly

conserved across species (the chemical structures

of UDP-glucose and LTD4 are reported in

Fig. 3). Interestingly, the concentration ranges

at which uracil nucleotides and cysLTs activated

GPR17 (i.e., μM and nM ranges, respectively)

were fully consistent with those necessary for

these endogenous ligands to activate their

already known cognate P2Y and CysLT

receptors (Abbracchio et al. 2006; Brink et al.

2003). Very similar agonist responses were

detected in a number of different cell lines

(1321N1, CHO, COS-7, HEK-293 cells). The

1321N1 cells was the most appropriate cells to

test GPR17 responses, since they are one of the

few cell lines that do not endogenously express

any functional purinergic or CysLT receptors.

Responses were highly specific, since no

response was ever found in cells transfected

with the empty vector. The antagonist response

profile of GPR17 was also rather peculiar. Acti-

vation by uracil nucleotides was reversed by

some typical purinergic antagonists like the

P2Y1 antagonist MRS2179 or the P2Y12 antago-

nist cangrelor (Fig. 3). Conversely, responses to

cysLTs were inhibited by typical CysLT receptor

antagonists like the already marketed drug

montelukast (Fig. 3) and pranlukast (Ciana

et al. 2006).

GPR17 responses were demonstrated by using

[35S]GTPγS binding, a typical functional assay

for agonists acting at Gi coupled receptors

(Kotani et al. 2001; Marteau et al. 2003;

Fumagalli et al. 2004). Under some

circumstances, activation of GPR17 could also

increase intracellular calcium levels via a phos-

pholipase C mediated pathway; however, this

effect occurred only in about 30% of 1321N1

transfected cells, suggesting preferential cou-

pling to the adenylyl cyclase pathway (Ciana

et al. 2006). In subsequent studies, GPR17 pecu-

liar profile was confirmed in many other distinct

assays independently performed in different

laboratories. Concentration-dependent inhibition

of forskolin-stimulated adenylyl cyclase was also

shown in oligodendendrocyte precursor cells

(OPCs), the cell type natively expressing

GPR17 at highest levels (Fumagalli et al.

2011a) (Table 1). Inhibition of cAMP was fully

counteracted by the same antagonists utilized in

the [35S]GTPγS binding. In 2009, another paper

appeared where, in GPR17 expressing 1321N1

cells, enhancement of an outward rectifying K+

current was shown upon addition of either uracil

nucleotides or cysLTs (Pugliese et al. 2009).

These effects were blocked by MRS2179,

cangrelor and montelukast. A few years later,

these same authors showed that similar delayed

rectifier K+ currents were stimulated in a concen-

tration dependent manner by GPR17 ligands in a

subpopulation of OPCs and

pre-oligodendrocytes, but not in terminally

mature cells, fully in line with the transient

expression of GPR17 during OPC specification

(in this respect, see also Sect. 3.1.1) (Coppi et al.

2013). This effect was blocked by MRS2179 and

cangrelor and sensitive to the K+ channel blocker

tetraethyl-ammonium. Importantly, the latter

also inhibited oligodendrocyte maturation, to

support previous literature data on the impor-

tance of these currents in OPC differentiation.

Fewer studies are available on hGPR17 long

isoform. In the electrophysiological study already

mentioned above, no significant differences

between the short and long isoforms were

detected (Pugliese et al. 2009). In 2010,

Benned-Jensen and Rosenkilde independently

confirmed the ability of heterologously expressed

GPR17 to respond to uracil nucleotides in a
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cAMP response element binding (CREB) trans-

reporter luciferase assay in HEK293 cells

(Benned-Jensen and Rosenkilde 2010). Both

UDP, UDP-glucose and UDP-galactose activated

GPR17 short isoform with EC50 values exactly

in the same μM range that had been previously

reported in both the [35S]GTPγS binding

(Ciana et al. 2006; Lecca et al. 2008) and in

Fig. 3 Chemical structures of endogenous and syn-
thetic compounds reported to bind GPR17. CAS Reg-

istry number of synthetic ligands are the following:

MDL29,951 #130798–51-5; ASN-1: #483283–39-2. For

SDF-1, a representative X-ray structure deposited in the

Protein Data Bank is reported (Pdb code: 1QG7)
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frontal affinity chromatography-mass spectrome-

try (FAC-MS) studies (Calleri et al. 2010;

Temporini et al. 2009). Much lower potencies to

uracil nucleotides were observed for the long

receptor isoform, with a 50–170 fold increase in

EC50 (Benned-Jensen and Rosenkilde 2010).

Moreover, no responses to cysLTs were detected

either on the short or long isoform, nor were

cysLTs able to induce GPR17 removal from the

membrane and internalization. This is in contrast

with subsequent studies on cells natively

expressing the receptor (Fratangeli et al. 2013)

(see below). This may depend on differences in

the conformation/ability of the recombinant

receptor to respond to agonists compared to the

native one, as well as on the fact that, in heterolo-

gously expressing systems, constitutive activity

of transfected receptors may significantly alter

ligand behavior (Kenakin 2001; Im 2013) (see

also Conclusions). In this respect, Benned-Jensen

and Rosenkilde indeed reported a notable consti-

tutive activation of recombinant GPR17 resulting

in potent inhibition of forskolin stimulated

adenylyl cyclase in the absence of any endoge-

nous ligand (Benned-Jensen and Rosenkilde

2010).

At the same time, another paper suggested

GPR17 as a negative regulator of the CysLT1

receptor (Maekawa et al. 2009). This effect was

proposed to depend on the formation of a

CysLT1-GPR17 heteromer, as suggested by

co-immunoprecipitation studies in CHO cells.

The interaction between GPR17 and CysLT1

was further confirmed in primary human mono-

cyte cells and in a rodent knock out GPR17

model, thus extending to GPR17 the previously

Table 1 GPR17 signaling in native systems and relevant pharmacology

Tested

ligand Type of cells Signaling EC50/IC50 values Reference

UDP-

glucose

Rat primary

OPCs

Inhibition of cAMP production IC50:

424.7 � 125 nM

Fumagalli et al.

(2011a)

Rat primary

OPCs

Outward K+ currents EC50: 4.6 μM Coppi et al. (2013)

Rat primary

OPCs

Association to GRK5 N.A. Daniele et al. (2014)

Rat primary

OPCs

β-arrestin dependent ERK1/

2 activation

N.A. Daniele et al. (2014)

Oli-neu cells Clathrin-mediated endocytosis N.A. Fratangeli et al.

(2013)

PC12 cells ERK1/2 and p38 phosphorylation N.A. Daniele et al. (2010)

UDP

LTD4

Rat primary

OPCs

Inhibition of cAMP production IC50:

1.29 � 0.07 μM
(Fumagalli et al.

2011a)

Rat primary

OPCs

Inhibition of cAMP production IC50:

2.85 � 0.89 nM

Fumagalli et al.

(2011a)

Rat primary

OPCs

Association to GRK2 N.A. Daniele et al. (2014)

Rat primary

OPCs

CREB activation N.A. Daniele et al. (2014)

PC12 cells ERK1/2 and p38 phosphorylation N.A. Daniele et al. (2010)

Oli-neu cells Clathrin-mediated endocytosis N.A. Fratangeli et al.

(2013)

LTE4 Rat primary

OPCs

Inhibition of cAMP production IC50: 51.8� 6.6 pM Fumagalli et al.

(2011a)

MDL29,951 Rat primary

OPCs

Inhibition of cAMP production N.A. Hennen et al. (2013)

Rat primary

OPCs

Ca2+i increase N.A. Hennen et al. (2013)

N.A.: Not available
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reported interaction and promiscuity between

different members of the “purine receptor clus-

ter”. These data indicate that, besides working on

its own, GPR17 may also modify the function of

other related receptors by the formation of

heteromers.

In 2010, the first paper describing the

characteristics of GPR17 in a native system (rat

pheocromocytoma PC12 cells) was published

(Daniele et al. 2010) (Table 1). GPR17 was not

expressed in undifferentiated PC12 cells but was

specifically induced by a 10-day NGF treatment,

suggesting a role in the control of neuronal dif-

ferentiation. Both UDP-glucose and LTD4

induced a significant pro-survival effect on

PC12 cells. By in vitro silencing experiments

with small interfering RNAs and by using recep-

tor antagonists, these effects were confirmed to

be mediated by the selective activation of

GPR17. In differentiated PC12 cells,

UDP-glucose and LTD4 caused a significant

increase in extracellular signal–regulated kinases

1 and 2 (ERK1/2) phosphorylation. ERK activa-

tion induced by the two agonists occurred with

different kinetics: LTD4 induced a transient ERK

activation that returned to basal value within

120 min. In contrast, ERK phosphorylation

induced by UDP-glucose was maintained over

basal values for 120 min and the activation kinet-

ics appeared to be biphasic with two peaks, one

at 15 and the other one at 120 min. In addition,

incubation of cells with the purinergic antagonist

cangrelor completely counteracted UDP-glucose

effects at all tested incubation times (Daniele

et al. 2010). These data confirmed the responses

to uracil nucleotides and cysLTs already seen on

the recombinant receptors, and suggested, for the

first time, that endogenous GPR17 ligands can

couple to distinct G proteins and intracellular

pathways, a finding that was later confirmed by

other studies (Hennen et al. 2013; Daniele et al.

2014). The signaling pathways of native GPR17

are summarized in Table 1.

In 2011, in another study that independently

confirmed the purinergic component of GPR17,

Buccioni and coworkers (Buccioni et al. 2011)

exploited an innovative and non-radioactive

functional cAMP assay to monitor GPR17 acti-

vation (and the effects of various ligands)

through changes in intracellular cAMP

concentrations by using a mutant form of

Photinus pyralis luciferase into which a cAMP-

binding protein moiety had been inserted

(GloSensor cAMP reagent). In HEK293 cells

stably transfected with the GloSensor reagent,

transient expression of hGPR17 resulted in the

appearance of highly specific concentration-

dependent responses to both UDP,

UDP-glucose and UDP-galactose and to a series

of UDP and ATP derivatives that behaved as

either agonist or antagonists, with EC50 values

that were very similar to those obtained in paral-

lel on [35S]GTPγS binding. In this system,

cysLTs were not tested, due to the high constitu-

tive expression of traditional CysLT receptors in

the HEK293 cells (Ciana et al. 2006; Buccioni

et al. 2011).

2.2.2 GPR17 Non-conventional Ligands

In the last years, the increasing number of class-

A GPCR solved structures allowed the scientific

community to recognize some common features

that are crucial for their operability (Levit et al.

2014); however, these studies also revealed an

unexpected heterogeneity and complexity in

GPCR recognition, challenging the classical

pharmacology paradigms of the ‘monogamous’

interaction between a specific class of natural

ligands and a single GPCR (Haupt et al. 2013).

In line with the growing promiscuity of GPCRs,

ligand dependent transactivation has been

demonstrated for GPR17, already known as a

“dual” receptor: similarly to EBI2 (Hannedouche

et al. 2011; Liu et al. 2011a), and the CXC

chemokine receptor 2 (CXCR2) (Raccosta et al.

2013). Specifically, it was shown that, GPR17

could act as a molecular target for oxysterols,

oxidized derivative of cholesterol that, in the

CNS, are involved in activities not strictly

associated with cholesterol metabolism. Of

note, these activities are particularly relevant

for neurodegenerative disorders, including

demyelinating diseases (Raccosta et al. 2013;
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Garenc et al. 2010). More in detail, three selected

oxysterols (27-Hydroxycholesterol, 7

α-Hydroxycholesterol and 22R–Hydroxycho-

lesterol) were tested in 1321N1 cells stably

expressing GPR17, showing that all the tested

compounds were able to stimulate GTPγS bind-

ing, in a concentration-dependent manner, with

EC50 values of 4.99 � 0.78 nM, 0.70 � 0.09 nM

and 0.21 � 0.03 nM, for 27-Hydroxycholesterol,

7α-Hydroxycholesterol and 22R–Hydroxycho-

lesterol, respectively.

Stimulation of cell membranes with different

oxysterol concentrations after treatment with the

purinergic ligand UDP-glucose showed a left-

shift of the concentration-response curves or an

enhancement of their maximal [35S]GTPγS bind-

ing stimulation, suggesting that these ligands

may cooperate under neuroinflammatory

conditions.

In parallel, the effect of different concentra-

tion of the GPR17 receptor antagonist cangrelor

on oxysterol-stimulated [35S]GTPγS binding was

evaluated, demonstrating that cangrelor can

counteract GPR17 activation by oxysterols

through a competitive mechanism, with IC50

values in a sub-nM range. These results are also

in agreement with in silico data suggesting a

common orthosteric molecular recognition

mechanism for oxysterols and other small

GPR17 ligands, despite different local

arrangements in the TM binding site (Sensi

et al. 2014).

Among other non-conventional ligands, fur-

ther evidence showed that SDF-1, historically

known as the endogenous ligand for CXCR4

and CXCR7 receptors, is able to transactivate

GPR17 in vitro, specifically increasing the [35S]

GTPγS binding to membrane of GPR17-

expressing cells, with affinity constant values of

0.14 � 0.03 nM. The effect of SDF-1 in

modulating GPR17 responses in vitrowas further

assessed in primary OPC cultures natively

expressing GPR17. In this model, treatment

with physiological concentrations of SDF-1 sig-

nificantly increased the number of cells

expressing the Myelin Basic Protein MBP com-

pared to control, thus accelerating OPC differen-

tiation towards a mature phenotype. The specific

involvement of GPR17 in these effects was

unequivocally demonstrated by further

experiments showing that, in presence of the

GPR17 antagonist cangrelor, SDF-1 induced no

increases of either [35S]GTPγS binding to cell

membranes, or MBP Expression in OPC

cultures. Moreover, the mechanism by which

GPR17 and SDF-1 can directly interact to each

other has been predicted and extensively

characterized in silico through molecular

modeling (Parravicini et al. 2016).

These results are in line with literature data,

that propose a role of SDF-1 in orchestrating

OPC differentiation and maturation also via

CXCR4/CXCR7-axis (Li et al. 2012; Patel et al.

2010; Carbajal et al. 2011).

Interestingly, not only GPR17, CXCR4 and

CXCR7, but also others chemokine receptors,

like CXCR2, have demonstrated roles in

regulating OPCs. As previously mentioned (see

Sect. 2.1), besides sharing the same ligands,

GPR17 and chemokine receptors are phylogen-

etically related to each other, and all participate

to CNS reparative responses. This raises the

hypothesis that, under neurodegenerative demy-

elinating conditions, oxysterols and other

pro-inflammatory ligands, such as SDF-1, act as

non-conventional molecules with a transversal

regulatory role, representing a conserved,

“unspecific” signaling mechanism, by which

emergency molecules synchronize multiple

receptors involved in inflammatory/immune

responses.

2.2.3 New GPR17 Synthetic Ligands

In 2009 and 2010, two papers reported the devel-

opment of a new FAC-MS binding method for

the analysis of GPCRs (Calleri et al. 2010;

Temporini et al. 2009). In this assay, UDP was

found to bind to GPR17 with a Kd value of

1612.0 � 708 nM that was very similar to the

Kd value (1140.0 nM) obtained by Ciana et al.

and Lecca et al. in the [35S]GTPγS-binding
(Ciana et al. 2006; Lecca and Ceruti 2008).

This paper also unveiled a number of previously

unreported GPR17 ligands, some of which were

able to increase [35S]GTPγS binding, with
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potency values in the μM and sub-nM range. For

example, the ATP analogue 2-Phenylethynyla-

denosine-50-monophosphate Compound N. 4

behaved as a very potent agonist with an EC50

value of 36 pM. In contrast, other ligands (e.g.: N
6-Benzoyl-20-deoxyadenosine 30,50-Bis phos-

phate, referred by the authors as Compound

N. 12) did not induce any increase in [35S]

GTPγS binding, but counteracted stimulation

induced by UDP-glucose with an antagonist pro-

file and an affinity constant in the nM range

comparable to that reported for its analogue

derivative MRS2179. Both the newly identified

agonists and antagonists displayed similar

behavior in the FAC-MS binding assay (Calleri

et al. 2010). A comparison between these data

and [35S]GTPγS binding results have been also

reported in a recent review article on GPR17

(Marucci et al. 2016).

In the same year, an advanced in silico HM

procedure combined with high-efficiency virtual

screening of more than 120,000 compounds from

the Asinex Platinum Collection (http://www.

asinex.com/), a lead-like structural library, on

the modeled receptor led to the selection of

5 chemically diverse molecules (the ASINEX

compounds, see Fig. 3 for the chemical structure

of one representative compound,

2-[[5-(2-Methoxyphenyl)-4-(4-methoxyphenyl)-

4H-1,2,4-triazol-3-yl]thio]-N-phenylpro-

panamide, also referred as ASN 1), that were

completely unrelated to already known ligands.

These compounds were tested in vitro in the [35S]
GTPγS binding assay, revealing a sub-nM

potency for GPR17 (Eberini et al. 2011) (see

also below). None of these compounds could

have been expected ‘a priori’ to act on GPR17,

and all of them behaved as much more potent

ligands than GPR17 endogenous activators

(Eberini et al. 2011). Finally, in 2013,

MDL29,951 was reported as an additional small

molecule agonist at GPR17 (Hennen et al. 2013)

(Fig. 3). In a variety of different heterologous

expression systems, MDL29,951-stimulated

GPR17 engaged the entire set of intracellular

adaptor proteins for GPCRs: G proteins of the

Gαi, Gαs, and Gαq subfamily, as well as

β-arrestins. This was visualized as alterations in

the concentrations of cyclic adenosine

monophosphate and inositol phosphate,

increased Ca2+ flux, phosphorylation of ERK1/

2, as well as multifeatured cell activation

recorded with label-free dynamic mass redistri-

bution and impedance biosensors. pEC50 values

for MDL29,951 at GPR17 ranged between 5 and

8.80, depending upon the transfected cell type

and the used read out. MDL29,951-stimulated

GPR17 effects were counteracted in a

concentration-dependent manner by pranlukast

and, to a lesser extent, by montelukast. This is

fully in line with the activities of these

antagonists on recombinant GPR17 in previous

studies, in which pranlukast was significantly

more potent than montelukast in antagonizing

LTD4-stimulation of GPR17 (Ciana et al.

2006). In OPCs, MDL29,951 rapidly mobilized

intracellular Ca2+ in a concentration-dependent

manner and engaged both Gαi and Gαq, but not

Gαs signaling pathways, further suggesting

differences in GPR17 responses between

transfected and native systems (see also

Conclusions). This is at variance from previous

studies reporting Gαi coupling and decreases of

intracellular cAMP as a primary transduction

pathway of GPR17 in OPCs (Daniele et al.

2014; Fumagalli et al. 2011b). However, it has

to be emphasized that, despite being selective for

GPR17 inside the “purine receptor cluster”

(Hennen et al. 2013), MDL29,951 also signifi-

cantly interacts with the glycinergic site of the

glutamate NMDA receptor (Salituro et al. 1992).

This may be at the basis of the ability of

MDL29,951 to activate multiple signaling

pathways in both transfected cells and in OPCs,

and of the data reported for this compound on

myelination (see also Sect. 3.1.1).

2.2.4 Agonist-Induced Desensitization
and Internalization

In 2011, the first complete agonist-induced

GPR17 desensitization/resensitization study was

published (Daniele et al. 2011). By using [35S]

GTPγS binding and cAMP measurements in

1321N1 cells expressing hGPR17, both

UDP-glucose and LTD4 were shown to induce a

time- and concentration-dependent loss of
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GPR17 response (homologous desensitization).

GPR17 homologous desensitization was

accompanied by internalization of receptors

inside cells, as assessed by biotin labeling of

cell surface receptors. Desensitization occurred

in a time-dependent manner, with similar kinet-

ics for both agonists. Upon agonist removal,

receptor resensitization occurred with the typical

kinetics of GPCRs. Finally, activation of GPR17

by UDP-glucose induced a partial heterologous

desensitization of LTD4-mediated responses (but

not vice versa), suggesting that nucleotides have

a hierarchy in producing desensitizing signals.

The pattern of GPR17 desensitization and

internalization was fully confirmed and further

expanded in differentiated oligodendroglial

Oli-neu cells that natively express GPR17

(Fratangeli et al. 2013) (Table 1). Agonist-

induced internalization, intracellular trafficking

and membrane recycling of GPR17 were

analyzed by biochemical and immunofluores-

cence assays using an ad hoc-developed new

antibody against the extracellular N-terminal of

GPR17. Both UDP-glucose and LTD4 increased

GPR17 internalization, although with different

efficiency. At early time points, internalized

GPR17 co-localized with transferrin receptor,

whereas at later times it partially co-localized

with the lysosomal marker Lamp1, suggesting

that a portion of GPR17 is targeted to lysosomes

upon ligand binding. Internalization of GPR17

occurred via clathrin-dependent endocytosis

(Fratangeli et al. 2013). Analysis of receptor

recycling and degradation demonstrated that a

significant fraction of GPR17 is recycled to the

cell surface. These results provided the first data

on the agonist-induced trafficking of native

GPR17 in oligodendroglial cells and may have

implications in fine-tuning cell responses to

demyelinating and inflammatory conditions

when these ligands accumulate at lesion sites

(see also Sect. 3.1.2). More recently, GPR17

downregulation by uracil nucleotides and cysLTs

was confirmed in primary cultured OPCs, and the

role of the GRK/β-arrestin machinery in receptor

desensitization and intracellular signaling was

also extensively investigated (Daniele et al.

2014). It was shown that, following OPCs

treatment with the two classes of purinergic and

cysLT ligands, different GRK isoforms were

recruited. Specifically, cysLT-mediated GPR17

desensitization mainly involved GRK2 via a G

protein-dependent mechanism (Daniele et al.

2014). This kinase promoted transient binding

of the receptor to β-arrestins, rapid ERK phos-

phorylation and sustained nuclear CREB activa-

tion. Furthermore, GRK2, whose expression

paralleled that of the receptor during the differ-

entiation process, was required for cysLT-

mediated OPCs maturation (see also Sect. 3.2.).

On the other hand, purinergic ligands exclusively

recruited GRK5 via a G protein-

independent/β-arrestin-dependent mechanism.

This kinase induced a stable association between

the receptor and β-arrestin, followed by slower

and sustained ERK stimulation and marginal

CREB activation (Daniele et al. 2014). These

results show that, through activation of GPR17

and recruitment of specific GRK isoforms,

purinergic and cysLT ligands engage distinct

intracellular pathways.

Recently GPR17 desensitization (and its rela-

tionship to terminal OPC maturation) has been

linked to activation of mTOR (the “mammalian

target of rapamycin”), which has long been

known to be involved in myelination. During

OPC differentiation, mTOR regulates

GRK-mediated desensitization of GPR17 by pro-

moting the nuclear translocation of the ubiquitin

ligase MDM2, which had been previously only

involved in cancer via regulation of p53 activity

and now emerges as a new interesting actor in

oligodendrogenesis (Fumagalli et al. 2015). Spe-

cifically, treatment of OPCs with either the

mTOR inhibitor rapamycin, or with nutlin-3, a

small molecule inhibitor of Mdm2-p53

interactions, was shown to keep MDM2 in the

cytosol, where it could bind to GRK2 and sustain

its degradation, thus impairing the physiological

desensitization of GPR17 (Fumagalli et al.

2015). Importantly, prevention of GPR17 desen-

sitization was also associated to a defect of OPC

maturation, confirming that aberrantly elevated

GPR17 levels in late stage OPCs blocks cells at

immature stages (Fumagalli et al. 2015).

180 M. Fumagalli et al.



In another study, GPR17 plasma membrane

recycling and stability was shown to be also

modulated by SNX27, a recently identified pro-

tein of the endosome-associated retromer com-

plex, whose functions in oligodendrocytes had

never been studied. It was found that, after endo-

cytosis, GPR17 is either sorted into lysosomes

for degradation or recycled to the plasma mem-

brane. Balance between degradation and

recycling was important for modulation of recep-

tor levels at the cell surface, and thus for the

silencing or maintenance of GPR17-signaling

pathways, that, in turn, affect OPC differentia-

tion (see also Sect. 3.2). The endocytic traffick-

ing of GPR17 was mediated by interaction of

SNX27 with a type I PDZ-binding motif located

at the C-terminus of the receptor. Of note,

SNX27 knock-down reduced GPR17 plasma

membrane recycling in differentiating oligoden-

drocytes while accelerating terminal cell matura-

tion. Interestingly, trisomy-linked down-

regulation of SNX27 in the brain of Ts65Dn

mice, a model of Down syndrome, correlated

with a dysfunction in GPR17+ cells and an

increase in mature oligodendrocytes, which,

however, failed in reaching full maturation,

eventually leading to hypomyelination

(Meraviglia et al. 2016). Thus, disruption of

SNX27/GPR17 interactions leading to

alterations of GPR17 membrane trafficking

might contribute to pathological oligodendrocyte

differentiation and myelination defects present in

Down syndrome (Meraviglia et al. 2016).

3 Role of GPR17 in Central
Nervous System
Pathophysiology

3.1 GPR17 Specific Roles
in Oligodendroglial Functions
and Myelination

3.1.1 Physiological Roles

In the healthy intact brain, GPR17 expression is

predominantly in oligodendrocyte (OL) cells.

The very first demonstration that, in the adult

brain, GPR17 is highly expressed by a

sub-population of endogenous quiescent paren-

chymal OPCs dates back to 2008 (Lecca et al.

2008) and has sparked a lot of interest on GPR17

role in CNS myelination. Specifically, GPR17

was shown to be present in ramified early neural

cell precursors dispersed throughout brain’s gray

and white matter that also positively stained for

typical early OPC markers. Since then, increas-

ing evidence has progressively accumulated to

show a pivotal role of GPR17 in OPC matura-

tion, with different and apparently paradoxical

effects during different phases of the maturation

process (Chen et al. 2009; Fumagalli et al.

2011a) (see also below).

In vitro studies on purified rat postnatal OPC

cultures showed that GPR17 expression

coincides with a specific temporal window of

the OL differentiation process. It covers two

distinct phases: a first phase, during which early

differentiation markers like NG2, A2B5, PDGF

receptor-alpha and the immature PLP isoform

DM-20 are still present (early stage 2 OPCs in

Fig. 4), and a subsequent phase characterized by

more ramified, still immature

pre-oligodendrocytes (stages 3 and 4 in Fig. 4),

where NG2 has been downregulated and more

advanced markers like O4, O1 and the

proteolipid myelin protein PLP are present

(Fumagalli et al. 2011a). Based on these data,

GPR17 is currently utilized by other independent

scientists to specifically label pre-immature OLs

at these two transition stages (Mitew et al. 2013;

Nakatani et al. 2013; Crociara et al. 2013; Ferrara

et al. 2016).

Of note, GPR17 expression progressively

increases during the transition of OPCs to

pre-OLs (when it is maximally expressed in cel-

lular processes), but is then gradually silenced

and never found in fully morphologically mature

OLs (Fumagalli et al. 2011a) (see Fig. 4).

Accordingly, in vivo, GPR17 is present in a sub-

set of NG2/Olig2-positive OPCs expressing the

first myelin proteins, but not in more mature cells

expressing myelin basic protein (MBP). Also

during rodent brain development, GPR17 expres-

sion in OPCs precedes myelin production. Inter-

estingly, GPR17 immunoreactivity appears first
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in the cell body, partially coinciding with

markers of the Golgi apparatus, and then gradu-

ally extends to cellular processes (Boda et al.

2011). Early after birth, the expression of the

receptor is low, but progressively expands to

cover the 80% of OPCs at the end of the third

week of life. Afterwards, GPR17 is down-

regulated while myelination proceeds (Boda

et al. 2011).

The transient nature of GPR17 expression in

OPCs suggests that the receptor may display

stage-specific roles during OL development.

Intriguingly, as already reported for the

Wnt/β-catenin pathway (Fancy et al. 2009; Ye

et al. 2009) and more recently proposed for the

transcription factor Olig2 (Mei et al. 2013),

GPR17 exhibits opposing functions on OL dif-

ferentiation in relation to its expression stage. In

cultured cortical postnatal rat OPCs, early recep-

tor obliteration with small interfering RNAs

profoundly affected their ability to generate

mature OLs, suggesting that cells are retained at

a less differentiated stage (Fumagalli et al.

2011a) (Fig. 4). Although the molecular

mechanisms at the basis of these events have

not been yet investigated, these data highlight a

pivotal role of GPR17 in the initial phases of the

differentiation process. They support the hypoth-

esis that, at these stages, GPR17 may be impor-

tant to keep cells at an immature state which

may, in turn, be necessary to prepare them for

myelination (Fumagalli et al. 2011a). In contrast,

cultured cortical progenitors from GPR17 knock-

out E15.5 mouse embryos differentiated earlier

toward mature OLs compared to control cells

(Chen et al. 2009). The reasons for these

discrepancies remain unknown, although it may

be hypothesized that compensatory mechanisms

are activated as a result of early embryonic

GPR17 knock out. Of course, the generation of

Fig. 4 Transient GPR17 expression during oligoden-
droglial differentiation. The expression pattern of

GPR17 (in red) during oligodendroglial differentiation

is shown in parallel to other known oligodendroglial

markers (other colours). Progressive differentiation stages

are indicated with numbers from 1 to 5. From a functional

point of view, GPR17 exerts opposing stage-specific

roles: a positive role for differentiation in early OPCs

and a negative function for OL maturation in late OPCs.

In late OPCs, gradual silencing of GPR17 is needed to

allow OPCs to complete their maturation (see text for

more details)
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conditional transgenic mice in which deletion of

GPR17 in OPCs could be induced under con-

trolled conditions at specific ages will help

clarifying this issue.

Lecca and coworkers also clearly showed that

GPR17 is no longer present in morphologically

mature MBP-positive cells (Lecca et al. 2008),

raising for the first time the possibility that loss of

GPR17 at advanced differentiation stages is a

prerequisite to allow cells to complete terminal

maturation. Subsequent in vivo data showed that

myelinogenesis is indeed defective in transgenic

mice overexpressing GPR17 under the promoter

of 20,30-Cyclic-nucleotide 30-phosphodiesterase
(CNPase), a relatively advanced OL marker

(Chen et al. 2009). These animals exhibited

motor disabilities, tremors and precocious death

within the second week of life. The forced and

un-timely expression of GPR17 at a maturation

stage (i.e., in CNPase+ cells), at which GPR17 is

normally already downregulated, might have cre-

ated conflicting signals leading to defective ter-

minal maturation. Thus, interference with the

stage-restricted expression of GPR17 resulting

in un-programmed receptor expression in late

OPCs completely alters the differentiation pro-

gram of these cells. This hypothesis is fully in

line with the demonstration that OPCs

incorporating a vector for GPR17 over-

expression maintained an immature morphologi-

cal phenotype and never expressed the mature

marker CNPase, and with data showing that,

under conditions where terminal OPC maturation

is impaired, such as demyelinating diseases (see

Sect. 3.1.2) or treatment with the mTOR inhibi-

tor rapamycin, that reduces OPC maturation,

GPR17 is markedly up-regulated (Fumagalli

et al. 2015; Tyler et al. 2011).

Both intrinsic and extrinsic mechanisms could

contribute to GPR17 stage-specific functions

during oligodendrocyte differentiation. GPR17

can be extrinsically regulated by physiological

ligands accumulating in the extracellular milieu:

activation of early OPCs (stages 2 and 3 in Fig. 4)

with GPR17 endogenous putative ligands (i.e.,

UDP-glucose or LTD4) indeed promoted conver-

sion to more mature cells expressing myelin

markers (Lecca et al. 2008; Fumagalli et al.

2011a; Ceruti et al. 2011). Consistent with these

data, GPR17 antagonists like cangrelor (Fig. 3)

delayed the ability to generate mature cells

(Lecca et al. 2008; Fumagalli et al. 2011a),

suggesting that GPR17 endogenous ligands are

basally released in culture and are responsible for

the observed spontaneous OPC in vitro matura-

tion. In another independent study, while not

modifying the potential of adult multipotent neu-

ral stem cells, montelukast, which also acts as a

GPR17 antagonist (Ciana et al. 2006; Benned-

Jensen and Rosenkilde 2010; Lecca et al. 2008),

markedly increased their proliferation rate,

suggesting that GPR17 antagonism induces

retention of cells at a more undifferentiated

stage (Huber et al. 2011).

As already mentioned, besides cAMP inhibi-

tion, GPR17 has been also shown to specifically

mediate activation of delayed rectifier K+

currents (Table 1) in a sub-population of OPCs

and O4+ pre-OLs, but not in mature OLs. This

effect was shown to contribute to the terminal

maturation of OPCs and to their migratory

abilities.

In contrast with the above studies,

MDL29,951, the new putative GPR17 agonist

mentioned above, was reported to inhibit, rather

than stimulate, OL maturation (Hennen et al.

2013). However, it is worth to note that, due to

the transient expression of GPR17 in culture, the

timing of OPC manipulation and treatment is

crucial for obtaining comparable results. On the

other hand, as already mentioned, MDL29,951 is

not a selective ligand for this receptor, and inde-

pendent effects could be due to its antagonistic

activity at the glycinergic site of the glutamate

NMDA receptor (Salituro et al. 1992), which has

been indeed reported to promote OPC differenti-

ation (Li et al. 2013).

Globally, these findings suggest that GPR17

exerts opposing stage-specific roles: a positive

role for differentiation in early OPCs and a nega-

tive function for OL maturation in late OPCs.

They also suggest that, in late OPCs, physiologi-

cal GPR17 silencing is needed to allow cells to

complete their maturation program. The latter
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may occur via either GPR17 desensitization/

internalization by endogenous agonists or by

GPR17-mediated engagement of intracellular

pathways culminating in nuclear events, or

both. Blockade of GPR17 mRNA translation

into the receptor protein a specific microRNA

has been also recently reported to contribute to

GPR17 regulation during OPC maturation

(Lecca et al. 2016).

3.1.2 Dysregulation in Demyelinating
Neurodegenerative Diseases

The demonstration that levels of endogenous

nucleotides and cysLTs are massively increased

upon CNS trauma and ischemia and their

hypothesized roles as danger signals after injury

(Davalos et al. 2005; Haynes et al. 2006) has

raised the hypothesis that GPR17 may act as a

crucial mediator of reactivity to acute injury.

While physiologically GPR17 is mostly an

oligodendroglial receptor, after acute injury,

GPR17 is sequentially induced in dying neurons

inside and at the borders of the ischemic/trau-

matic lesion, in infiltrating microglia/

macrophages and in activated parenchymal

OPCs in the lesion’s surrounding areas, with

similar expression patterns in different models

of pathology. In more detail, in both rats and

mice, 24 h after permanent middle cerebral artery

occlusion (MCAo), GPR17 is up-regulated in

neurons damaged by the ischemic insult inside

the ischemic core (Ciana et al. 2006; Lecca et al.

2008). When the penumbra area is well visible

and most of the neurons in the core are dead,

GPR17 appears on highly activated microglia

and blood-borne macrophages at the borders of

the lesion (Lecca et al. 2008). This has been

independently confirmed to also occur in a tran-

sient MCAo rodent model, where the number of

GPR17 expressing cells was significantly

upregulated in two distinct phases, 24 h and

7 days after reperfusion, consistent with an

early acute neuronal injury followed by a late

microgliosis (Zhao et al. 2012). It is known that

OPCs are extremely sensitive to the pathophysi-

ological state of the brain, and that they react to

many different types of experimentally induced

insults. Starting from 72 h after the insult, in the

regions surrounding the ischemic area and in the

ipsilateral corpus striatum of MCAo mice, a

higher number of GPR17-expressing OPCs was

indeed found compared to contralateral hemi-

sphere (Lecca et al. 2008), suggesting an

increased proliferation rate in response to

demyelination.

Dysregulated expression of GPR17 has been

described also after traumatic injury, in both

brain (Boda et al. 2011) and spinal cord (Ceruti

et al. 2009). In stab wound, a model of cortical

trauma, early after lesion, the density of GPR17-

expressing OPCs in gray matter was reduced

compared to contralateral cortex, consistent

with a global oligodendroglial loss. At later

times, GPR17+ cells increased significantly in

number around the lesion in both gray and

white matter, likely due to the expansion of the

NG2 cell pool, which, in turn, reflects an attempt

to replace dead OPCs. This reactivity lasted up to

7 days and then declined over time, going back to

basal levels 14 days after lesion. This pattern has

been confirmed in human samples from patients

with traumatic brain injury (Franke et al. 2013).

In both neurosurgical and autopsy specimens,

GPR17 expression was evident inside the

contused core and progressively declined distally

according to a spatio-temporal gradient. Inside

and around the core, GPR17 labeled dying

neurons, reactive astrocytes, and activated

microglia/macrophages. In peri-contused paren-

chyma, GPR17 was found on OPCs, some of

which had proliferated, indicating

re-myelination attempts. In agreement with the

above data, in a double transgenic model of

Alzheimer’s disease (the APPPS1 mouse) a

high number of GPR17-positive cells

accumulated close to amyloid plaques in gray

matter, revealing receptor up-regulation as a fea-

ture of oligodendroglial reactivity also in this

pathological condition (Boda et al. 2011).

Similar GPR17 changes have been reported

also in typically de-myelinating diseases such as

in models of multiple sclerosis (MS). In this

disease, remyelination occurs after the initial

myelin damage, but it fails after multiple demye-

lination episodes, which eventually leads to axo-

nal degeneration and progressive disability
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(Franklin and Ffrench-Constant 2008). Interest-

ingly, synthesis of cysLTs is increased in MS

plaques and in the spinal cord of mice subjected

to experimental autoimmune encephalomyelitis

(EAE), an immune-mediated model of demyelin-

ation (Whitney et al. 2001). Of note,

montelukast, an antagonist at both CysLT1 and

GPR17, attenuated CNS infiltration of inflamma-

tory cells and the clinical symptoms of EAE

(Wang et al. 2011). However, the exact contribu-

tion of GPR17 to these effects has not been

investigated in detail. Overexpression of the

GPR17 transcript has been observed in both

EAE mice and in a cohort of human MS tissues

(Chen et al. 2009). GPR17 expression was sig-

nificantly increased in MS plaques as compared

with white matter from non-neurological donor

samples and normal-appearing white matter from

MS donors. In a similar way, acute damage to

myelin induced by lysolecithin (Lys) injection in

corpus callosum induced a strong overexpression

of GPR17 at the lesion site 10 days after injury

(Boda et al. 2011). Thus, independently of the

original cause, GPR17 is abnormally

up-regulated in MS and some models of neuro-

degenerative conditions characterized by myelin

disruption (Fumagalli et al. 2016).

On this basis, it could be hypothesized that,

after damage, GPR17 is initially induced to pro-

mote the growth and differentiation of OPCs;

however, at later stages, due to lack of appropri-

ate environmental stimuli, presence of inflamma-

tory signals and/or intrinsic factors,

physiological GPR17 downregulation is

impeded, thus freezing cells at a stand-by stage,

where they are neither proliferating nor

differentiating. When this happens, interventions

targeting GPR17 may help bypassing this check-

point and facilitate terminal maturation. Since

GPR17 is a membrane receptor that, at variance

from other intrinsic regulators of oligoden-

drogenesis, can be easily targeted and

manipulated with pharmacological agents, it is

envisaged that agents counteracting GPR17 aber-

rant expression under these conditions could

induce OPCs to resume myelination and promote

neurorepair. To support this hypothesis, in

MCAo animals, administration of GPR17

antagonists such as cangrelor or montelukast

(Ciana et al. 2006; Lecca et al. 2008), or

GPR17 silencing due to in vivo delivery of spe-

cific antisense oligonucleotides (Ciana et al.

2006; Lecca et al. 2008) or small interfering

RNAs (Zhao et al. 2012) resulted in a significant

reduction in brain’s ischemic volume. Use of

GPR17 anti-sense oligonucleotides also reduced

damage and improved functional recovery in a

model of spinal cord injury, in line with the

hypothesis that GPR17 is aberrantly

overexpressed as a consequence of damage

(Ceruti et al. 2009).

In contrast to what observed in MCAo, in a rat

neonatal model of ischemic periventricular

leukomalacia (PVL), a common cerebral white

matter injury, the GPR17 agonist UDP-glucose

(and not an antagonist) significantly contributed

to myelin sheaths recovery and improved motor

functions, learning and coordination in PVL pups

(Mao et al. 2012). The reason for this discrep-

ancy may reside in the different outcome of the

ischemic insult in neonatal brain compared to

adults. It could be hypothesized that, in neonatal

pups, existing OPCs, which are very sensitive to

ischemic death, are immediately killed by the

ischemic insult, with no obvious GPR17

upregulation; conversely, being these cells

generated at distinct waves during the first

weeks of life at much higher rates compared to

adulthood, a GPR17 agonist (instead of an antag-

onist) would allow to properly activate newborn

OPCs, thus favouring the formation of myelin

sheaths and neurological recovery.

Several of the still obscure aspects of GPR17

pathophysiology have been linked to the diffi-

culty of establishing a causal relationship

between GPR17 expression and myelination

in vivo. Since GPR17 is no longer expressed in

mature myelinating OLs (Lecca et al. 2008;

Fumagalli et al. 2015), it was impossible to dem-

onstrate that cells that have expressed GPR17 in

their earlier life can indeed myelinate. Only

recently, the generation of the first

GPR17iCreERT2-GFP reporter mouse line for

fate mapping studies has allowed to follow the

final destiny of GPR17+ cells during both physi-

ological differentiation and in disease, thanks to
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the inducible expression of the green fluores-

cence protein (GFP). In these mice, upon tamox-

ifen induced recombination, OPCs expressing

GPR17 at that very specific moment, become

green and can be traced as such for the entire

animal’s life. Use of these mice has allowed to

show that, in normal brain, GFP+ cells differenti-

ate very slowly (needing about 3 months to reach

maturity), but after acute insults, they rapidly

reacted to damage with proliferation and migra-

tion toward the injured site, thus representing a

‘reserve pool’ of adult quiescent progenitors

maintained for repair purposes (Vigano et al.

2016). A full characterization of the long-term

events occurring in the brain of ischemic MCAo

GPR17iCreERT2-GFP mice has shown that,

despite massive recruitment of GFP+ green

OPCs at the ischemic site, only a few percentage

of these cells become mature myelinating OLs,

likely due to local unfavourable inflammatory

milieu (Vigano et al. 2016; Bonfanti et al. 2017).

More recently, it has been demonstrated that

GPR17 over-activation inhibited oligodendro-

cyte survival by reducing intracellular cAMP

levels and inducing expression of the

pro-apoptotic gene Xaf1. GPR17 overactivation

also negatively regulated protein kinase A sig-

naling pathway and expression of the transcrip-

tion factor c-Fos. In line with these data, in the

lysolecithin-mediated demyelination injury

model, the pharmacological inhibition of

GPR17 with pranlukast increased oligodendro-

cyte survival and promoted immature oligoden-

drocyte differentiation through the upregulation

of Epac1, the exchange factor directly activated

by cAMP (Ou et al. 2016). These data are fully

consistent with our results in other injury models

characterized by demyelination and abnormal

GPR17 upregulation (summarized in Fumagalli

et al. 2016), suggesting that under these

conditions GPR17 inhibition has potential for

treatment of demyelinating diseases (Ou et al.

2016).

3.2 GPR17 in Brain Rejuvenation

A recent report has investigated the roles of

GPR17 in age-associated cognitive decline

(Marschallinger et al. 2015). Authors have first

shown that oral administration of montelukast

(an antagonist of both CysLT1 receptor and

GPR17, see above), for 6 weeks to moderately

old rats (20 months old) resulted in structural and

functional rejuvenation of aged brains, as

demonstrated by restoration of blood brain bar-

rier integrity, reduced microglia activation in the

brain, increased levels of hippocampal

neurogenesis and significantly improved learning

and memory tasks. Importantly, montelukast had

no effects on the behaviour and cognitive

abilities of young animals, suggesting that its

actions specifically target an aging associated

defect (see also below). Regression and correla-

tion analyses showed that montelukast-induced

learning improvement in the old animals was

independent of the changes in microglia mor-

phology, but rather depended on the rate of

neurogenesis measured as increased number of

proliferating neuroblasts in hippocampal dentate

gyrus. Interestingly, authors also provided immu-

nohistochemical evidence for the presence of

GPR17, but not CysLT1 receptor, in a subset of

doublecortin (DCX)+ newborn neurons in hippo-

campal dentate gyrus, suggesting a role in the

proliferation and specification of these cells.

Studies on neurospheres obtained from mice

lacking FOXO1, a GPR17 regulating transcrip-

tion factor, and from GPR17�/� mice indeed

confirmed montelukast effects be due to action

on GPR17/DCX+ neuroblasts in hippocampal

dentate gyrus, leading to increased neurogenesis.

Globally these data suggest that, under normal

conditions, GPR17 exerts a negative control on

the proliferation of neural progenitors in the hip-

pocampus; in aged animals, due to the overall

decrease of neurogenesis, GPR17 inhibition of

proliferation becomes detrimental and

contributes to memory impairment. Under such

pathological conditions, montelukast can restore

neurogenesis by alleviating GPR17 inhibitory

effect (Marschallinger et al. 2015).
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3.3 GPR17 in Gliomas

OL markers such as Olig2, PDGFRα and NG2

are often expressed in glioma cells. Little is

known about the origin of these tumors, but it is

possible that they arise from dysregulated OPCs

(Liu et al. 2011b). Considering that OPCs are the

only proliferating population in the adult brain,

defects in differentiation mechanisms favouring

cell proliferation could be a primary cause of

gliomas. A complementary strategy for tumor

treatment is to promote pathways for maintaining

quiescence and/or driving terminal differentia-

tion of the tumoral progenitors. In this respect,

a recent microarray analysis of mouse and human

gliomas aimed at unveiling new candidates pro-

moting differentiation or quiescence has

highlighted GPR17 as a new potential target

(Dougherty et al. 2012). In glioma cells, treat-

ment with UDP, UDP-glucose or LTD4 indeed

reduced the formation of glioma spheres

suggesting that GPR17 stimulation can represent

a good strategy to drive the differentiation of

highly proliferative uncommitted tumor cells to

the oligodendroglial fate, negatively affecting

both tumor cell proliferation and self-renewal

(Dougherty et al. 2012). These data are in line

with the fact that most of the OPCs expressing

GPR17 in brain are quiescent (Lecca et al. 2008),

and support the pro-differentiative effects of its

putative endogenous ligands (see also Sects. 2.1

and 3.2).

4 Conclusions

GPR17 has emerged as a new GPCR of great

interest for drug development. It is almost exclu-

sive localization to OPCs, the myelin forming

cells and the only (slowly) proliferating cell pop-

ulation in the intact brain, has highlighted

GPR17 as a novel pharmacological target for

demyelinating diseases. At variance from other

myelinating genes, GPR17 is a membrane recep-

tor, thus amenable for pharmacological modula-

tion, which has attracted a lot of interest for the

development of new therapeutic approaches to

MS and other neurodegenerative diseases

characterized by myelin disruption. The recent

demonstration that GPR17 is also expressed by a

subset of hippocampal neural progenitors

involved in cognitive functions does not detract

from the potential interest of GPR17 ligands in

neurodegenerative diseases, since, as

demonstrated by the montelukast study

(Marschallinger et al. 2015), these ligands may

be active only when specific pathological GPR17

changes are present.

The recent studies on GPR17 revealed its

transient expression in OPCs and a more com-

plex role than expected: a pro-differentiating role

in early OPCs and a negative function on matu-

ration in late stage OPCs. Thus, the apparently

contrasting in vitro data obtained with different

GPR17 stimulatory agents (Lecca et al. 2008;

Fumagalli et al. 2011a; Hennen et al. 2013)

may depend on the specific differentiation stage

at which these compounds have been added to

cultured OPCs. It may well be that the function

of GPR17 is different in the intact and diseased

brain, based on the availability of its endogenous

ligands. If uracil nucleotides, cysLTs, oxysterols

and chemokines like SDF-1 are indeed among

the signaling molecules able to activate GPR17

in vivo (see also below), we envisage that their

role would be more likely unveiled under patho-

logical conditions, where these ligands massively

accumulate at lesion sites inside the CNS.

Experiments in a wide variety of rodent

models of neurodegeneration have shown that,

independently of the nature of the insult (ische-

mic, traumatic or toxic) and of the presence of

any concomitant neuronal pathology, demyelin-

ating conditions invariably led to GPR17

upregulation. We believe that this dysregulation

reflects an initial attempt to repair the lesion by

stimulating OPCs differentiation via GPR17, but

that this attempt is later invalidated by the inabil-

ity of maturing cells to downregulate/internalize

the receptor, which, in turn, leads a differentia-

tion blockade. On this basis, it is envisaged that

GPR17 antagonists would be useful in MS and

neurodegenerative diseases. By counteracting

GPR17 aberrant dysfunction, antagonists would

help OPCs to complete their maturation, thus
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re-establishing endogenous remyelination, as

recently also confirmed (Ou et al. 2016).

Due to the still ambiguous state of the phar-

macology for this receptor, the Nomenclature

Committee of the International Union of Phar-

macology (NC-IUPHAR) has not yet officially

de-orphanized this GPCR (Davenport et al.

2013). However, as also emphasized by

NC-IUPHAR, much of the work in this area has

been based on recombinant expression systems

using different host cells and transfection

methodologies compared to data derived from

native cells. In recombinant “artificial” cell

systems, activity tests are highly dependent on

the experimental conditions utilized and subject

to several artifacts, especially in the case of

receptors’ constitutive activation, a typical fea-

ture of several GPCRs including GPR17

(Benned-Jensen and Rosenkilde 2010; Maekawa

et al. 2009; Qi et al. 2013; Eggerickx et al. 1995;

Uhlenbrock et al. 2002; Rosenkilde et al. 2006;

Qin et al. 2011; Im 2004) that can profoundly

alter ligand behavior (Kenakin 2001; Davenport

et al. 2013).

In terms of drug development, neither uracil

nucleotides nor CysLTs are suitable to this pur-

pose, because neither ligand class is competent to

discriminate between the functions of purinergic

receptors, CysLT receptors, and GPR17 in vivo,

where multiple receptors are often co-expressed.

Nevertheless, the already available in vivo rodent

data reporting positive neuro-reparative effects

induced by commercially available montelukast

or pranlukast (Yu et al. 2005a, b), which are

potent (although non selective) GPR17

antagonists, foster the search for further GPR17

ligands (Eberini et al. 2011; Hennen et al. 2013)

and may represent an important advancement for

patients with neurodegenerative diseases.
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Abstract

Adenosine, the purine nucleoside, mediates its effects through activation

of four G-protein coupled adenosine receptors (ARs) named as A1, A2A,

A2B and A3. In particular, A1ARs are distributed through the body,

primarily inhibitory in the regulation of adenylyl cyclase activity and

able to reduce the cyclic AMP levels. Considerable advances have been

made in the pharmacological and molecular characterization of A1ARs,

which had been proposed as targets for the discovery and drug design of

antagonists, agonists and allosteric enhancers. Several lines of evidence

indicate that adenosine interacting with A1ARs may be an endogenous

protective agent in the human body since it prevents the damage caused by

various pathological conditions, such as in ischemia/hypoxia, epileptic

seizures, excitotoxic neuronal injury and cardiac arrhythmias in cardio-

vascular system. It has also been reported that one of the most promising

targets for the development of new anxiolytic drugs could be A1ARs, and

that their activation may reduce pain signaling in the spinal cord. A1AR

antagonists induce diuresis and natriuresis in various experimental

models, mediating the inhibition of A1ARs in the proximal tubule which

is primarily responsible for reabsorption and fluid uptake. In addition, the

results of various studies indicate that adenosine is present within pancre-

atic islets and is implicated through A1ARs in the regulation of insulin

secretion and in glucose concentrations. In the present paper it will

become apparent that A1ARs could be implicated in the pharmacological

treatment of several pathologies with an important influence on human

health.
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Abbreviations

AMP adenosine monophosphate

AR Adenosine receptors

cAMP cyclic adenosine monophosphate

CNS central nervous system

CREB-

1

cAMP responsive element binding

protein 1

HD Huntington’s disease

TM transmembrane

1 Structure, Distribution
and Biochemical Pathways
of A1ARs

1.1 Molecular Structure of A1ARs

To date adenosine receptors (ARs) are grouped

into four subtypes based on structural similarity

named as A1, A2A, A2B and A3 ARs (Borea et al.

2015). In particular, A1ARs represent the first

identified subtype widely distributed in the cen-

tral nervous system (CNS) and in peripheral

tissues (Fredholm et al. 2011a). From the molec-

ular point of view, A1ARs, as well as the other

ARs, belong to the G-protein coupled receptor

superfamily sharing the characteristic seven

transmembrane (TM1–7) domain structure. The

A1AR is a sequence of 326 amino acids

organized in TM domains constituted by α heli-

ces connected by three extracellular (EL1, EL2

and EL3) and three intracellular (IL1, IL2 and

IL3) hydrophobic loops. The N-terminal tail is

exposed to the extracellular environment and the

C-terminal tail is located in the cytoplasm to

interact with G proteins (Klinger et al. 2002).

Each of these domains provides specific

properties to various receptor proteins even if a

significant homology is found for ARs. By pro-

gressively truncating the A1AR, two inherent

functions of the C-terminal tail have been

identified. First of all, deletion of the last

22 and 26 amino acids reduced and completely

abolished surface expression of the receptor,

respectively. Furthermore, the removal of the

distal portion of the C-tail resulted in a functional

receptor that transferred the agonist-mediated

signal more efficiently than the full-length recep-

tor (Pankevych et al. 2003). It is well known that

agonist binding causes conformational changes

to the receptors and activates the G protein trans-

ferring extracellular signals to intracellular

targets. Fluorescence Resonance Energy Trans-

fer analyses revealed that the active conforma-

tion of the A1AR is unstable without G protein

binding and that the stabilizing effects of G pro-

tein on the active conformation of the A1AR

differ depending on the types of Gα (Tateyama

and Kubo 2016). Much work has been done to

elucidate that TM3 and TMs 5–7 are highly

conserved regions responsible for the binding of

receptor ligands. Although it is well established

that A1AR orthosteric site is located within the

receptor TM bundle, prior studies have

implicated EL2 as having a significant role in

contributing to orthosteric ligand affinity and

signaling (Peeters et al. 2012; Nguyen et al.

2016). Moreover, molecular modeling studies

of A1ARs have suggested the presence in prox-

imity to the orthosteric site of the allosteric site

within the boundaries of the second extracellular

loop of the receptor (Narlawar et al. 2010). Like

most other transmembrane G-protein coupled

receptors, the A1AR crystal structure has not

been obtained even if several studies have tried

to predict the binding site by using 3D–models

based on the available site-directed mutagenesis

data (Giordanetto et al. 2003). These models
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have been used for molecular docking of the

native agonist, adenosine and of its derivatives

(Ivanov et al. 2007). Site-directed mutagenesis of

the A1AR has resulted in the identification of

amino acid residues in TM domains 6 and

7, that are critical in both agonist and antagonist

binding. These include the distal region of the

second extracellular loop of ARs which has a role

in the binding of both agonist and antagonist

ligands. A segment of the exofacial portion of

TM domain 5 of ARs appears to be involved in

the selective recognition of agonists containing a

substitution at the 50-position of the ribose moi-

ety. Isolation of the genomic sequence of human

A1AR, in combination with analysis of the tran-

script distribution in several tissues, indicates

that alternative splicing of human A1AR occurs

in the 50-untranslated region of the gene. The

exon 4, 5 and 6 transcript has been detected in

all tissues that express the A1AR, while the exon

3, 5 and 6 mRNA is found in tissues that display a

relatively high A1AR expression (Olah et al.

1995). A recent study using molecular docking

and molecular dynamics simulation confirmed

that Thr270, His278 and Asn70, Phe171,

Glu172, Tyr271 and Ile274 were crucial for the

interaction between A1AR agonist and antagonist

and the receptor (Mansourian et al. 2015). Cyste-

ine residues, with their ability to form covalent

bonds with other cysteine residues through a

disulfide bond, have been shown to be important

for receptor structure. Mutagenesis data revealed

that Cys80 and Cys169 are the only two cysteines

in the human A1ARs that are absolutely required

for delivery of the receptor to the plasma mem-

brane (Scholl and Wells 2000). In addition, site-

directed mutagenesis studies have also been

performed in order to identify the amino acids

involved in the binding site of A1AR allosteric

modulators (Canals et al. 2012). Several papers

have reported that A1ARs could be present as

homomers or heteromers with various membrane

receptors such as A2AARs, P2Y1, P2Y2 and D1

subtypes (Fredholm et al. 2011b). Western blot-

ting analysis and bioluminescence resonance

energy transfer experiments based on biolumi-

nescence signals were indicative for A1-A1AR

association among overexpressed recombinant

receptors (Yoshioka et al. 2002). A1-A2AAR

heterodimers have been found in striatal

glutamatergic nerve terminals, both pre- and

postsynaptically, suggesting a fine modulation

of glutamatergic release by adenosine (Ciruela

et al. 2006). It has been also found that

A1-A2AAR heterodimers act as a concentration-

dependent switch controlling striatal

glutamatergic neurotransmission (Ferré et al.

2007). It has been speculated that A1- P2Y1

heteromerization might be one of the

mechanisms for the adenine nucleotide-mediated

inhibition of neurotransmitter release (Nakata

et al. 2005). The simultaneous activation of A1-

P2Y2 heteromers induces a differential effect on

A1/Gi/o and P2Y/Gq/11 signaling while the stimu-

lation of the monomeric receptors have additive

effects (Lazarowski et al. 2000). In cotransfected

Ltk-fibroblast cells a specific coimmunopreci-

pitation has been detected between A1ARs and

D2 receptors in the absence of the respective

agonists (Ginés et al. 2000). Moreover,

heteromers of A1AR and α2-adrenoceptor within
the nucleus tractus solitarii could be very impor-

tant for the sympathetic regulation of physiolog-

ical cardiovascular homeostasis (Santiago et al.

2015). Deregulation of these systems may result

in an elevated sympathetic tone which could

cause neurogenic hypertension (Carrettiero

et al. 2008). The physiological crosstalk between

these receptors is deregulated in animal models

of hypertension, which suggests their involve-

ment in the development of this pathology

(Carrettiero et al. 2009). In addition, A1ARs

heterodimerize with β1- and/or β2-adrenergic
receptors generating constitutive heterodimers

which significantly influence orthosteric ligand

binding affinity of both adrenergic receptors

without altering the ligand binding properties of

A1AR. The formation of these heteromers leads

to altered receptor pharmacology, functional

coupling, and intracellular signaling pathways

(Chandrasekera et al. 2013). Interestingly, the

receptor cross-talk between these two important

receptor families may offer the opportunity to

fine-tune crucial signaling responses and to

develop more specific therapeutic interventions.

It is well reported that the desensitization of the
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receptor could be homologous if directly

stimulated by the drug, or heterologous if

involves other receptors. On the other hand,

antagonist treatment may lead to sensitization

and to an increase in receptor density (Kiesman

et al. 2009). The activation of A1ARs may lead to

various degrees of desensitization and down-

regulation of receptor expression (Schulte and

Fredholm 2002a). It is also noteworthy that

A1ARs may interact with proteins other than

receptors, which may affect receptor signaling

and may even play a key role in receptor traffick-

ing, internalization and desensitization (Ruiz

et al. 2011).

1.2 Tissue and Cellular Distribution
of A1ARs

A1ARs are highly expressed throughout the CNS

in different regions, such as cortex, hippocam-

pus, cerebellum and spinal cord. In particular, the

highest densities of A1ARs in rat brain occur in

the molecular layer of the cerebellum, the molec-

ular and polymorphic layers of the hippocampus

and dentate gyrus, the medial geniculate body,

certain thalamic nuclei, and the lateral septum.

High densities also are observed in certain layers

of the cerebral cortex, the piriform cortex, the

caudate-putamen, the nucleus accumbens, and

the granule cell layer of the cerebellum (Good-

man and Synder 1982). A1ARs have been cloned

from several species including mouse, rat,

guinea-pig, rabbit, dog, bovine and human, and

have been found to have a high overall sequence

homology of 87% (Nell and Albrecht-Küpper
2009). Differences in binding characteristics

between species have been reported, which

might be due to small variations in the A1AR

aminoacid sequences (Nell and Albrecht-Küpper
2009). Autoradiographic localization of A1ARs

in human brain tissues has revealed a heteroge-

neous anatomical distribution with high levels,

particularly in the hippocampal formation, stria-

tum, neocortex and some thalamic nuclei

(Fastbom et al. 1986). The distribution of

receptors in human brain is similar to that seen

in rat brain even if some regional differences

have been observed in the cerebral cortex, the

striatum and the cerebellar cortex that may prove

to be functionally relevant (Fastbom et al. 1987).

In a quantitative autoradiographic study

performed in human postmortem brain, A1ARs

were widely distributed with the highest densities

in the stratum radiatum/pyramidale of the hippo-

campal region CA1. In particular, A1ARs were

non homogeneously distributed in nucleus

caudatus, globus pallidus, and cortical areas: in

the cingulate and frontal cortex, the deep layers

showed the highest labeling, while in the occipi-

tal, parietal, temporal, and insular cortex it was

highest in the superficial layers (Svenningsson

et al. 1997). As for the cellular localization

A1ARs were found in both neurons and glial

cells (Acton and Miles 2015; Gessi et al. 2013;

Merighi et al. 2015). Different techniques in

humans have been used to quantify the A1ARs

such as positron emission tomography and auto-

radiography which have revealed similar results

in the distribution of this receptor subtype

(Meyer et al. 2004). In the cardiovascular system,

regional expression of A1ARs, have been found

in left and right atria and ventricular myocar-

dium, with higher levels in the atria (B€ohm

et al. 1989; Musser et al. 1993; Kapicka et al.

2003). A1ARs have also been reported on coro-

nary arterial smooth muscle in pigs and mice and

on coronary endothelial cells in guinea-pig

(Zahler et al. 1994; Hussain and Mustafa 1995;

Shen et al. 2005; Headrick et al. 2013). It is well

reported that A1ARs represent the main AR type

in cardiac muscle and that a fraction named A1

receptor reserve exists in the atrium, that has

been quantified by using the Furchgott method

(Srinivas et al. 1997). This method makes it

possible to calculate the agonist equilibrium dis-

sociation constant and the fractional receptor

occupancy through analysis of agonist

concentration-response curves obtained before

and after irreversible inactivation of a fraction

of the receptor population (Zhang et al. 1997).

Intermediate expression of A1ARs has been

found in the sarcolemma and cytosol of skeletal

muscle cells and in vascular cells of skeletal

muscle tissue (Lynge and Hellsten 2000).

A1ARs have also been identified in airway
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smooth muscle, in coronary smooth muscle cells

and in intestinal muscle cells (Ethier and

Madison 2006; Nayeem and Mustafa 2002;

Murthy et al. 1995). A1AR mRNA is also present

in peripheral tissues including the stomach,

spleen, lung, pancreas, kidney, small intestine

and liver at varying levels (Spicuzza et al.

2006; Kolachala et al. 2008). In particular,

A1ARs are expressed at low levels in lung endo-

thelial cells, airway epithelial cells and alveolar

epithelial cells and are most pronounced on alve-

olar macrophages (Sun et al. 2005). In kidney,

A1ARs are most abundant in collecting ducts of

the papilla, inner medulla and cells of the

juxtaglomerular apparatus (Weaver and Reppert

1992). Moreover, A1AR mRNA has been

detected at low levels in the large intestine

where it mediates secretory refluxes (Christofi

et al. 2001). The identification of A1ARs has

been found in human adipocyte membranes

from different anatomical localizations, such as

abdominal, femoral and omental fat deposits

(Larrouy et al. 1991). A1ARs are expressed in

pancreas tissues where they have been associated

with the regulation of glucose homeostasis by

reduction of insulin and stimulation of glucagone

(Salazar-Martinez et al. 2004). In addition,

A1ARs are differentially present on a variety of

immune cells, including neutrophils, eosinophils,

macrophages and monocytes where they are able

to mediate a pro-inflammatory immune response

(Sachdeva and Gupta 2013; Boros et al. 2016).

A1ARs have also been autoradiographically

localized in rat, guinea pig, monkey, and human

retina. The highest levels of A1AR binding sites

occur in the nerve fiber, ganglion cell, and inner

plexiform layers of the retina in the various spe-

cies examined (Braas et al. 1987).

1.3 Biochemical Pathways of A1ARs

The transduction of some external signals into

internal signals involves sequential activation of

three membrane proteins: a membrane receptor,

a guanosine triphosphate-binding protein or

named G protein that couples the receptor to

specific effector enzymes generating second

messengers able to activate various protein

kinases (Murthy et al. 2000; Gessi et al. 2011).

It is well known that G protein coupled receptors

play crucial roles in mediating cellular responses

to external stimuli, and increasing evidence

suggests that they function as multiple units

(Schulte and Fredholm 2002b). The G protein

coupled receptor activation causes the exchange

of guanosine diphosphate for the guanosine tri-

phosphate bound to G protein α subunit and the

dissociation of βγ heterodimer (Olah and Stiles

2000). In particular, A1ARs are primarily cou-

pled to members of Gi/Go family of G proteins

inducing inhibition of adenylyl cyclase activity

therefore reducing the intracellular levels of

cyclic adenosine monophosphate (cAMP)

(Fredholm et al. 2000) (Fig. 1). Recently, in

human brains, the activation of A1AR-mediated

G-protein involves preferentially Gαi-3 which

belongs to the α subunits of Gi/o class (Odagaki

et al. 2015). Interestingly, it has been found that

the activation of Gαi-coupled receptors often

causes enhancement of the inositol phosphate

signal triggered by Gαq-coupled receptors. This

mechanism of the synergistic receptor crosstalk

has been investigated between A1ARs, α2C
adrenergic receptors and the αq-coupled brady-

kinin receptors suggesting that Gβγ exchange

between Gαi- and Gq-coupled receptors

mediates this type of receptor crosstalk (Quitterer

and Lohse 1999). The decrease in cAMP levels

could lead to the attenuation of cAMP responsive

element binding protein 1 (CREB-1) phosphory-

lation by cAMP-dependent protein kinase A

because, for full transcriptional activation of

CREB, cofactors such as CREB binding protein

are necessary (Ellis et al. 1995). In particular,

CREB phosphorylation requires protein

kinase A, phosphorylation and activation of

CREB binding protein which could be involved

in cross signaling with other kinases such as the

mitogen-activated protein kinases (Grewal et al.

2000). In addition, A1ARs might activate

phospholipase C, which is known to increase

inositol 1,4,5-triphosphate mediating a rapid

and transient increase in the cytoplasmatic Ca2+

concentrations that stimulate various calcium-

dependent protein kinases or calmodulin
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(Basheer et al. 2002; Nalli et al. 2014). More-

over, G protein βγ subunits seem to be the rele-

vant signal transducers for A1AR-mediated

phospholipase C activation (Biber et al. 1997).

In cardiac tissue and neurons, it has been

reported that A1AR activation is linked to the
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opening of K+ channels (Kunduri et al. 2013).

A1AR could also inhibit Q, P and N-type Ca2+

channels and modulate extracellular signal-

regulated protein kinases via the release of βγ
subunits (Schulte and Fredholm 2002a).

2 A1AR Agonists, Antagonists
and Allosteric Modulators

Intense efforts of many pharmaceutical

companies and academicians in the AR field

have led to the discovery of clinical candidates

that are agonists, antagonists and allosteric

enhancers (Preti et al. 2015). In particular, the

majority of A1AR agonists are structurally

related to the endogenous ligand adenosine

possessing a purine and a ribose moiety

(Fig. 2). Changes in either structural properties,

including stereochemistry, of the ribose moiety

in most cases lead to a loss of receptor-binding

potency and intrinsic activity. Most of the

adenosine-related compounds are modified in

the N6- or C2- position of the adenine moiety.

In addition, modifications in the 30, 40 or 50 posi-
tion of the ribose moiety lead to a number of

highly selective agonists with improved meta-

bolic stability compared to adenosine, that has a

short-life in the body (Fig. 2).

N6-substitution with large and hydrophobic

groups is generally well tolerated leading to

potent and selective A1AR agonists. In the past

several active molecules have been found includ-

ing N6-cyclopentyl-adenosine (CPA), N6-

cyclohexyladenosine (CHA), 2-chloro-N6-

cyclopentyladenosine (CCPA), N6-(endo-

norborn-2-yl)-adenosine (S-ENBA), N6-(endo-

5,6-epoxynorborn-2-yl)-adenosine (S-epoxy-

ENBA) (Gao et al. 2003; Gao and Jacobson

2007) (Fig. 2). Interestingly, a hydrogen at N6

position is required for the activity, suggesting

that it may be involved in a hydrogen bond inter-

action with the receptor or in an unfavorable

steric hindrance between the N6-disubstituted

derivatives and the receptor itself. The substitu-

tion of the 50-hydroxyl group of the adenosine

ribose moiety is also well tolerated and leads to

very potent compounds, while that of the 20 or 30-

hydroxyl groups is less favorable for the activity

(Schenone et al. 2010). The 50-chloro-50-deoxy
derivative of S-ENBA, 50-chloro-50-deoxy-N6-

(endo-norborn-2-yl)-adenosine (Cl-ENBA),

showed high affinity at A1ARs, with a relevant

selectivity versus the other AR subtypes

(Franchetti et al. 2009). The most interesting N6

-substituted derivative is CVT-510

(tecadenoson) by CV Therapeutics and

represents one of the few full agonists with favor-

able solubility to reach clinical trials (Snowdy

et al. 1999) (Fig. 2). The 50-position of

tecadenoson was chosen as the site of substitu-

tion to potentially provide partial agonism by

removing the hydrogen bond donor capabilities

in this specific position (van Tilburg et al. 2001).

A number of similar derivatives of tecadenoson

have been synthesized by various research

groups as potent and selective A1AR agonists

(Ashton et al. 2007; Cappellacci et al. 2008).

Different substitutions at N6-position have

been investigated, such as selodenoson (DTI

0009), by Aderis Pharmaceuticals, that

represents the most relevant N6-cyclopentyl

substituted compound (Gao and Jacobson 2007)

(Fig. 2). A series of 50-substituted CPA have been

synthesized where the 50-hydroxyl group has

been converted to a methoxy group resulting in

partial agonists (van Tilburg et al. 2001). A fam-

ily of N6-cyclopentyl adenosine derivatives

substituted on C2 or on the 20-position of the

ribose mojety have been synthesized as potent

and selective A1AR agonists (Elzein et al. 2007;

Maione et al. 2007). Moreover, CVT 3619 by CV

Therapeutics Inc. substituted on the 50-position
of the ribose mojety with a

2-fluorophenylthiomethyl group resulted in a

partial agonist for A1AR with a good oral bio-

availability (Dhalla et al. 2007a; Shearer et al.

2009) (Fig. 2). Various in vitro and

in vivo studies have been performed by Glaxo

Smith Kline on GW-493838, an A1AR partial

agonist substituted in 50 position with a bulky

moiety (Giorgi and Nieri 2013) (Fig. 2). Another

compound synthesized by Glaxo Smith Kline,

named as GR 79236 and defined as A1AR ago-

nist with high affinity, showed a reduction in

lipid and glucose activity in an animal model of
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diabetes (Fig. 2). The only non nucleosidic ago-

nist family being aminopyridine derivatives by

Bayer Schering Pharma was capadenoson, BAY

68–4986 which possess neither the purine ring

structure nor containing the ribose (Schenone

et al. 2010) (Fig. 2). Table 1 reports the affinity

values expressed as Ki (nM) of selected A1AR

agonists to the A1, A2A, A2B and A3ARs in

human or rat substrates.

It is well reported that the prototypic A1AR

antagonists are the xanthines, theophylline and

caffeine, and a multitude of xanthine derivatives
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has been synthesized and studied for this activity

(Fig. 3). However, a high number of

non-xanthine derivatives has been reported as

potent and selective A1AR antagonists. Both

xanthine and non-xanthine derivatives are devoid

of the sugar moiety that characterizes the major-

ity of A1AR agonists. From the chemical point of

view the A1AR antagonists are bicyclic or tricy-

clic compounds where the hydrophobic

substituents may enhance affinity, whereas

hydrophilic substituents render many of the

high affinity antagonists quite insoluble in water

(Müller and Jacobson 2011). Among A1AR

antagonists, xanthine derivatives represent a

class of interesting compounds, for example,

the 8-cyclopentyl-1,3-dipropylxanthine

(DPCPX) due to its high affinity and selectivity.

The most important derivatives of this family

are 1,3 dipropyl-8-(3-noradamantyl)xanthine

(KW-3902, rolofylline, NovaCardia, Inc.) and

1,3 dipropyl 8-[2-(5,6-epoxynorbornyl)xanthine

(BG 9719, naxifylline, CV Therapeutics &

Biogen) (Fig. 3). Different compounds have

been synthesized as derivatives of KW-3902 or

BG 9719 compounds with the aim to identify

novel and selective A1AR antagonists with

greater aqueous solubility (Kiesman et al.

2006). The most potent compound of this

series is 1-butyl-3-3-hydroxypropyl)-8-

(3-noradamntyl)xanthine (PSB 36) (Müller and

Table 1 Affinity values of selected AR agonists to A1, A2A, A2B and A3ARs

Compounds

A1ARs A2AARs A2BARs A3ARs

References

Ki

(nM) Ki (nM) Ki (nM) Ki (nM)

Adenosine 100 (h) 310 (h) 15,000

(h)

290 (h) Fredholm et al. (2011a)

73 (r) 150 (r) 5100 (r) 6500 (r)

CHA 1.31

(h)

310 (h) 160,000

(r)

1025 (h) Daly et al. (1993) and van Galen et al. (1994)

0.85

(r)

460 (r) 176 (r)

R-PIA 2.04

(h)

859 (h) 3500 (h) 33 (h) Salvatore et al. (1993) and Klotz et al. (1998)

1.2 (r) 220 (r) 730 (r) 158 (r)

CPA 2.3 (h) 794 (h) 18,600

(h)

72 (h) Jacobson and Gao (2006)

0.12

(r)

845 (r) 213 (r)

CCPA 0.83

(h)

2270 (h) 18,800

(h)

38 (h) Jacobson and Gao (2006)

237 (r)

0.09

(r)

950 (r)

S-ENBA 0.34

(r)

477 (r) – 282 (h) Müller and Jacobson (2011)

915 (r)

Cl-ENBA 0.51

(h)

1340 (h) 2740 (h) 1290 (h) Franchetti et al. (2009)

Tecadenoson
(CVT-510)

3.1(b) 7300 (b) – – Cappellacci et al. (2008) and Müller and
Jacobson (2011)6.5 (p) 2315 (h)

9756 (p)

Selodenoson
(DTI-0009)

1.11

(r)

306 (r) – – (Merkel et al. 1993)

CVT-3619
(GS 9667)

55 (h) >10,000

(h)

>50,000

(h)

>1000

(h)

Müller and Jacobson (2011)

GR 79236 3.1 (r) 1300 (h) – – Müller and Jacobson (2011)

The data are expressed as Ki (nM) reported in human (h), rat (r), pig (p) and bovine (b) substrates
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Jacobson 2011) (Fig. 3). Considerable effort, due

to the nonspecific effects of xanthines, has been

made to identify non xanthine A1AR antagonists

with increased potency and selectivity, such as a

variety of heterocycles compounds including

pyrazolopyridines, thiazolopyrimidines,

imidazolopyridines and benzimidazoles (Baraldi

et al. 2008). A1AR antagonists are usually bi- and

tricyclic heteroaromatic compounds even if,

some examples of monocyclic derivatives,
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including thiazoles, thiadiazoles and

pyrimidines, have been reported as A1AR

antagonists (Chang et al. 2004a). A series of

7-deazadenine derivatives bearing polar

substituents has been synthesized as analogues

of the potent A1AR antagonist named as ADPEP

(Müller et al. 1996) or substituted with a side

chain and identified as SLV320 by Solvay

Pharmaceuticals (Kalk et al. 2007) (Fig. 3).

A number of 1-deazapurine derivatives has

been identified and characterized by a high affin-

ity and selectivity versus A1ARs, such as

LUF-5981, which in functional assays behaves

like an inverse agonist (Chang et al. 2007)

(Fig. 3). Different compounds, like LUF-5740

and LUF-5735, have been synthesized, showing

good potency at the A1AR and an optimal polar

surface area value suggesting a good brain per-

meation (Chang et al. 2004b) (Fig. 3). It is inter-

esting to note the role of cyano-substitution at the

pyrimidine core structure and the introduction of

the methylene bridge give high affinity to the

compounds and selectivity to A1ARs and behave

only as antagonists (van Veldhoven et al. 2008).

Another class of analogs, structurally related

to the xanthine core consists of pyrazolo

pyridines derivatives such as FK-453 and

FK-838 which show potent and selective A1AR

antagonist activity (Akahane et al. 1999) (Fig. 3).

Further structure-activity work has identified

various adenine derivatives like N-0861 as a

lead compound and its derivative, WRC-0571,

which is a highly potent and selective A1AR

antagonist with a good potency and aqueous sol-

ubility showing specific competitive antagonism

at low concentrations but nonspecific inhibitory

activity at higher concentrations (Shryock et al.

1992) (Fig. 3). Table 2 summarizes various

examples of A1AR antagonists with their affinity

values versus A1, A2A, A2B and A3ARs in human

or rat substrates.

It is well reported that allosteric modulation

may provide an alternative approach to highly

selective agonists for A1ARs with the specific

advantage of their ability to induce responses

Table 2 Affinity values of selected AR antagonists to A1, A2A, A2B and A3ARs

Compounds

A1ARs A2AARs A2BARs A3ARs

ReferencesKi (nM) Ki (nM) Ki (nM) Ki (nM)

DPCPX 3.0 (h) 129 (h) 51 (h) 795 (h) Müller and Jacobson (2011)

1.0 (r) 500 (r) 186 (r) > 10,000 (r)

Caffeine 44,900 (h) 23,400 (h) 33,800 (h) 13,300 (h) Müller and Jacobson (2011)

41,000 (r) 32,500 (r) 30,000 (r) > 100,000 (r)

Theophylline 6770 (h) 1710 (h) 9070 (h) 22,300 (h) Müller and Jacobson (2011)

14,000 (r) 22,000 (r) 15,100 (r) > 100,000 (r)

Rolofylline (KW-3902) 0.72 (h) 108 (h) 296 (h) 4390 (h) Müller and Jacobson (2011)

12.6 (r) 510 (r)

PSB-36 0.7 (h) 980 (h) 187 (h) 2300 (h) Müller and Jacobson (2011)

0.124 (r) 552 (r) 6500 (r)

Naxifylline
(BG-9719)

0.45 (h) 1100 (h) 611 (h) 4810 (h) Müller and Jacobson (2011)

0.67 (r) 1250 (r)

ADPEP 4.7 (r) 3700 (r) – – Müller (2001)
SLV 320 1.0 (h) 398 (h) 3981 (h) 200 (h) Müller and Jacobson (2011)

2.51 (r) 501 (r)

LUF-5981 0.90 (h) 194 (h) – 637 (h) Chang et al. (2007)

LUF-5735 3.70 (h) > 10,000 (h) > 10,000 (h) > 10,000 (h) Chang et al. (2004a)

FK-453 18 (h) 1300 (h) 980 (h) > 10,000 (h) Müller and Jacobson (2011)

FK-838 12 (h) 1202 (r) – – Scheiff et al. (2010)

6.61 (r)

The data are expressed as Ki (nM) reported in the references in human (h) and rat (r) substrates
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only under conditions in which the endogenous

agonist is able to exert its physiological effects

(Romagnoli et al. 2015). Allosteric modulators

can be divided as negative or positive allosteric

modulators inducing either a negative or a posi-

tive effect on cellular signaling and receptor cou-

pling, respectively (Christopoulos 2002). The

first allosteric modulator of A1ARs is represented

by [(2-amino-4,5-dimethylthiophen-3-yl)

(3-trifluoromethyl) methanone] (PD 81,723)

which has been found to stabilize the high affin-

ity conformational state of A1AR-G protein com-

plex (Bruns and Fergus 1990) (Fig. 4). Structure-

activity relationship studies have indicated that

the benzoyl group is essential for activity, and

lipophilic substituents on the phenyl of the ben-

zoyl moiety favors good allosteric activity. As a

consequence, novel 2-amino-3-

benzoylthiophene derivatives named as T-62

and LUF-5484 have been characterized (van der

Klein et al. 1999) (Fig. 4). A further series of

2-amino-3-benzoyl thiophene derivatives has

been developed and characterized (Baraldi et al.

2000). By systematic modification of PD 81,723

new thiophene derivatives have been synthesized

and investigated such as, for example, an analog

of T-62 with a 7-membered heterocyclic ring

fused to the thiophene named as VCP333

(Butcher et al. 2013). Several A1AR allosteric

compounds have been studied by using different

chemical approaches on the thiophene nucleus,

and pharmacologically characterized as showing

a strong ability to increase the A1AR density and

cause a shift of more than seven fold (Baraldi

et al. 2003; Baraldi et al. 2004; Romagnoli et al.

2008, 2012a, 2013, 2014a) (Fig. 4). From these

studies it appears evident that the amino and

carbonyl group of the benzoyl moiety are funda-

mental for allosteric activity and that any modifi-

cation of the amino function has led to a

reduction in activity (Fig. 4). Table 3 shows the

A1AR density expressed as Bmax values

A1AR

Gi α βγ

GTP GDP -GTPα AC

cAMP
PLC IP3 Ca2+

PKC CaM

GENE REGULATION

PKA

CREB1

-GTPα

MAPK

NF-kB

Fig. 4 Schematic representation of intracellular signal-

ing pathways mediated by A1AR stimulation. Upon acti-

vation of A1ARs by adenosine: (a) the Gα subunit is

dissociated from the receptor and Gβγ, and decreases

adenylate cyclase activity and cAMP production; (b)
PLC is activated by Gα-GTP and mediates the increase

in IP3 and Ca2+ levels
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obtained by [3H]CCPA saturation binding assays

in hA1CHO membranes in the presence of PD

81,723 and allosteric enhancers at the 10 μM
concentration, as well as the relative calculated

Bmax shift (A). The modulation by the same

compounds on CCPA affinity (CCPA Ki shift)

in [3H]DPCPX competition binding experiments

is also reported (B). These data highlight the

capability of the novel enhancers to mediate a

significant increase in A1AR density. The

enhancers are able to mediate a shift of the

A1ARs toward the high-affinity state as

suggested by the increase in CCPA affinity in

the presence of the allosteric enhancers as com-

pared with the control conditions. As a conse-

quence, the novel enhancers may have a

therapeutic potential due to their ability to

increase the efficacy of the endogenous agonist,

adenosine. Moreover, A1AR enhancers offer the

prospect of increasing receptor selectivity where

it has not been possible to design selective

orthosteric drugs without side effects.

3 Pharmacological Role
and Preclinical Studies
of A1ARs

Several lines of evidence indicate that adenosine

may be an endogenous protective agent in the

human body since it prevents the damage caused

by various pathological conditions such as in

CNS ischemia, excitotoxicity or epileptic

seizures and, in the cardiovascular system, car-

diac arrhythmias (Burnstock 2011; Borea et al.

2016). It is a well-established fact that a low

concentration of adenosine is normally present

in the extracellular fluid, but this rises dramati-

cally in relation to different pathological

disorders, and the activation of A1AR pathway

can affect a number of organs or systems, like the

CNS, gastrointestinal or cardiovascular systems,

kidney, lung and eye diseases, as well as the

pancreas and metabolism regulation (Borea

et al. 2016; Burnstock 2013) (Fig. 5; Table 4).

Table 3 Effect of A1AR allosteric enhancers on the A1AR density (A) and their modulation on CCPA affinity (B)

Compounds

(A) [3H]CCPA (B) [3H]DPCPX

References

Bmax (fmol/ mg

protein)

Bmax shift (fold of

increase)

CCPA Ki

(nM)

CCPA Ki shift (fold of

decrease)

PD 81,723 680 1.3 9.8 1.6 Romagnoli et al.

(2015)

T-62 887 1.7 8.4 1.8 Vincenzi et al. (2014)

TRR469 7308 14.0 1.2 12.8 Vincenzi et al. (2014)

18a 3626 7.0 2.7 5.6 Romagnoli et al.

(2008, 2012a)

18b 3989 7.7 2.4 6.3 Romagnoli et al.

(2008, 2012a)

18c 3708 7.2 2.8 5.5 Romagnoli et al.

(2008, 2012a)

24c 4925 9.5 1.5 9.9 Romagnoli et al.

(2014a)

24d 3723 7.2 2.0 7.5 Romagnoli et al.

(2014a)

24e 3633 7.0 2.0 7.5 Romagnoli et al.

(2014a)

24f 3826 7.4 1.8 8.2 Romagnoli et al.

(2014a)

Bmax (fmol/mg protein) and Bmax shift obtained in [3H]CCPA saturation binding experiments on hA1CHO

membranes performed in the absence (KD ¼ 1.1 nM; Bmax ¼ 522 fmol/mg protein) or in the presence of 10 μM
enhancers (A). Ki values of CCPA obtained in [3H]DPCPX competition binding experiments on hA1CHO membranes

in the presence of 10 μM tested compounds and CCPA shift¼ Ki(CCPA)/Ki(CCPA + 10 μM enhancers) (B) where the

Ki of CCPA was 15.1 nM

All the values indicated are expressed as the mean
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3.1 Ischemia/Hypoxia

It is well known that ischemia-induced cell death

may be partly mediated by excitotoxic actions of

glutamate or aspartate which result in membrane

depolarization, elevated intracellular calcium

levels and cell death (Wardas 2002). Great inter-

est has been devoted to the potential role of

A1ARs in the control of calcium influx and glu-

tamate release, membrane potential and cellular

metabolism, events which are associated with

ischemia damage. It has been reported that

A1AR agonists tend to decrease the extent of

ischemic brain damage, whilst A1AR antagonists

exacerbate cerebral damage (de Mendonça et al.

2000). In particular, the selective A1AR agonist,

CHA, reduces the morphologically evaluated

neuronal damage by alteration of the lactate

dehydrogenase release or deoxyglucose trans-

port, whereas A1AR antagonists enhance

hypoxia-induced cell damage (Lynch et al.

1998). A similar neuroprotective effect has been

observed in a model of histotoxic anoxia where

the selective A1AR agonist, CPA, attenuated

neuronal cell death in hippocampal cell cultures,

and A1AR antagonists blocked this effect

(Wardas 2002). In cortical or hippocampal brain

slices the effect of A1AR agonists has been seen

to attenuate the neuronal cell loss and degenera-

tion evoked by superfusion with a hypoxic or

hypoglycemic medium (Newman et al. 1998).

The reduced function of A1ARs after ischemia

is accompanied by a decreased density of these

receptors and their desensitization, which is most

likely due to oxygen deprivation (Coelho et al.

2006). It has been observed that in hippocampal

slices, CHA reduces the cell death induced by a

glucose-deprived medium (Barth et al. 2007).

Moreover, acute systemic or intracerebroven-

tricular injection of CHA attenuates the neuronal

loss in the hippocampus and improves neurolog-

ical deficits in rats subjected to global forebrain

ischemia (Rudolphi and Schubert 1997). Well-

known A1AR antagonists, such as DPCPX,

potentiate the mortality or degeneration of hip-

pocampal neurons in rats subjected to focal

A1AR

Central Nervous System
Neuronal damage/glutamate release in ischemia

Neuron hyperexcitability in epileptic seizures

Synaptic transmission/glutamate release in neurodegenerative disorders

Neurotransmitter release  in mental illnesses Cardiovascular system
Sympathetic neurotransmission

Smooth muscle proliferation

Cardioprotection

Respiratory system
Bronchoconstriction

Leukocyte activation

Mucus secretion

Metabolism 
Insulin sensitivity

Pancreatic islet function

Lipolysis

Eye and vision 
Intraocular pressure

Recovery after retinal ischemia Gastrointestinal system
Acid secretion 

Immune cell activation

Kidney
Renal function & natriuresis

Diuresis

Fig. 5 Schematic diagram illustrating the functional role

of A1ARs. Activation of A1AR pathway by adenosine can

affect central nervous, cardiovascular and respiratory

systems, as well as metabolism, kidney and gastrointesti-

nal system thus regulating various biologic functions
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ischemia (Von Lubitz et al. 1994). Interestingly,

a reverse effect appears after chronic administra-

tion of A1AR antagonists, such as DPCPX or

caffeine, which, if administered for 2–3 weeks

before an ischemic insult, lower the neuronal

injury assessed by histopathological examination

(Von Lubitz et al. 1995). It has been suggested

that the beneficial effect seen after chronic

administration of A1AR antagonists may be due

to an up-regulation of these receptor subtypes

(Jacobson and Gao 2006). As a consequence, a

sustained A1AR activation could be crucial to

define the threshold of tissue sensitivity to ische-

mic damage and very helpful in decreasing brain

damage. Moreover, A1ARs also prevent

ischemia-induced cytotoxicity in non-neuronal

tissues and control the neuronal viability involv-

ing general mechanisms common to the various

cell types (Arrigoni et al. 2005; Peart and

Headrick 2007). Adenosine via presynaptic

A1ARs may attenuate the influx of calcium

through voltage-dependent calcium channels

Table 4 Potential involvement of A1ARs and their pharmacological role in various diseases

System/ Disease Proposed Role A1AR activation

Potential use in

therapy References

Ischemia/Hypoxia Reduction of neuronal damage; –

Decrease of glutamate

Ischemic stroke de Mendonça et al.

(2000)

Epilepsy Reduction of neuron hyperexcitability; –

Control of glutamatergic transmission

Epileptic seizures Berman et al. (2000),

Gomes et al. 2011)

Neurodegenerative

disorders

Inhibitory effect on D1 receptors; –

Reduction of synaptic transmission; –

Inhibition of glutamate release; –

Regulation of inflammation and neuronal

death

Parkinson’s disease;

Huntington’s disease;

Spinal cord injury

Jaberi et al. (2016),

Palacios et al. (2012) and

Ferrante et al. (2014)

Mental illness Blocking of neurotransmitter release; -

Control of dopaminergic and

glutamatergic systems

Anxiety-related

disorders;

Schizophrenia

Gomes and Shinnar

(2011) and Serchov et al.

(2015)

Chronic &

Neuropathic Pain

Reduce pain signaling and

hypersensitivity

Chronic and

neuropathic pain

associated to different

disease state

Gao and Jacobson (2007)

and Li et al. (2002)

Cardiovascular

diseases

Regulation of cytoprotection and cell

survival; – Repression of sympathetic

neurotransmission

Heart failure; Ischemia

and reperfusion injury

Vyas et al. (2016) and

Burgdorf et al. (2001)

Renal disorders Antidiuresis; � Vasocontriction; –

Reduction of renal function and

natriuresis

Hypertension; Renal

diseases; Post-

ischemic acute renal

failure

Welch 2015; Vallon and

Osswald (2009)

Pulmonary

pathologies

Bronchoconstriction; – Increase of

leucocyte activation and mucus secretion

Asthma; Chronic

airway inflammation

Bj€orck et al. (1992),

Cronstein et al. (1992)

and McNamara et al.

(2004)

Eye & vision

problems

Modulation of inflammation,

neuroprotection and angiogenesis; –

Control of intraocular pressure; –

Recovery after retinal ischemia

Retinopathy;

Glaucoma; Retinal

ischemia

Zhang et al. (2015) and

Zhong et al. (2013)

Pancreas diseases Regulation of insulin secretion – Control

of pancreatic islet function

Type 1 diabetes; Type

2 diabetes

Andersson (2014) and

Johansson et al. (2007a)

Gastrointestinal

function

modulation

Regulation of enteric nervous and

immune systems – Decrease of acid

secretion

Intestinal

inflammation

Antonioli et al. (2008) ,

Lee et al. (2001) and

Bours et al. (2006)

Metabolism &

adipose tissue

Reduction of lipolysis Metabolic syndrome;

Obesity

Dong et al. (2001) and

Dhalla et al. (2007b)

Biochemical and Pharmacological Role of A1 Adenosine. . . 207



and may decrease the glutamate release that

represents the major mechanism underlying the

neuroprotection (de Mendonça et al. 2000). On

the other hand, adenosine interacting with post-

synaptic A1ARs counteracts excessive mem-

brane depolarization by the activation of

potassium channels and increases the efflux of

potassium which leads to hyperpolarization of

postsynaptic neurons (de Mendonça et al.

2000). Therefore, by stabilizing membrane

potentials and maintaining intracellular calcium

homeostasis in postsynaptic neurons adenosine

may act as a neuroprotector controlling meta-

bolic recovery after hypoxia (Duarte et al. 2009).

Several studies have reported dose-dependent

effects of caffeine which are positively or nega-

tively associated with ischemic stroke (Fredholm

et al. 2016). In particular, one study showed that

elevated caffeine intake is associated with a tran-

siently increased risk of ischemic stroke

(Mostofsky et al. 2010). Another study evaluated

the long-term moderate consumption of caffeine

which provides significantly protective effects in

reducing the risk of stroke (Bøhn et al. 2012).

Recently, it has been found that a hypothermic

and hypometabolic state can be triggered by

combining activation of A1ARs with a reduced

ambient temperature. As a consequence, the

pharmacological manipulation of central auto-

nomic thermoregulatory circuits could represent

a potential target for the induction of a hypother-

mic state that is able to reduce the cellular metab-

olism, chemical reaction kinetics and oxygen

demand of ischemic tissue (Tupone et al. 2016).

A study performed in mice showed that

Cl-ENBA, one of the most selective A1AR ago-

nist, caused dose-dependent hypothermia and

hypoactivity through the activation of central

A1ARs (Carlin et al. 2017).

3.2 Epilepsy

The potential of adenosine as an antiepileptic

mediator has emerged from the observation that

A1ARs are enriched in the synapses where they

inhibit glutamate release, decrease glutamatergic

responsiveness and hyperpolarize neurons that

decrease the hyperexcitability associated with

epilepsy (Cieślak et al. 2016). In addition, the

levels of endogenous extracellular adenosine

rise upon seizure activity, suggesting that adeno-

sine could represent an endogenous anti-epileptic

compound (Berman et al. 2000). Different stud-

ies have confirmed that the acute administration

of A1AR agonists attenuates seizure and/or con-

vulsive activity in a wide variety of animal

models of epilepsy (Świąder et al. 2014). More-

over, acute administration of non-selective

A1AR antagonists, such as caffeine or theophyl-

line or selective A1AR antagonists, enhance the

duration and severity of seizures and/or

convulsions (Boison 2008). Several studies

have identified a decreased density and efficiency

of synaptic A1ARs in various models of epilepsy

which act as an inhibitory system to avoid

initiating seizure-like events (Rebola et al.

2005). The long-term consumption of caffeine

has been found to prevent neuronal damage in

different models of epilepsy, most likely due to a

significant A1AR upregulation which reveals a

beneficial effect on seizure-induced neuronal

damage (Duarte et al. 2009). A clear association

between the ability of A1ARs to control

glutamatergic transmission and/or other features

present in epilepsy has been reported (Gomes

and Shinnar 2011). Another suggestion could be

that the decreased function of the endogenous

A1AR-mediated inhibitory system is associated

to the lack of adequate adenosinergic tonus as a

result of the modified purinergic metabolism and

of long term reduction in the extracellular levels

of adenosine (Khan et al. 2001). A decrease in

the density of presynaptic A1ARs and their acti-

vation may still be an attractive and effective

manner to restrain seizure activity in chronic

epilepsy and in drug-resistant forms of epilepsy

(Gouder et al. 2003). In epilepsy the presence of

a robust increase has been observed in the

expression and activity of adenosine kinase that

mediates an ATP dependent phosphorylation of

adenosine (Tomé et al. 2010). As a consequence,

the adenosine kinase inhibitors could represent

novel candidates for anti-epileptic drugs aimed at

increasing the levels of adenosine (Li et al.

2007). Among the ATP hydrolysis product, it
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has been proposed that adenosine

monophosphate (AMP) act as a A1AR full ago-

nist (Rittiner et al. 2012). It has been also found

that AMP directly activates A1ARs in the rat and

mouse brain by reducing the neuronal firing rate

of spontaneously active thermoregulatory

neurons in hypothalamus and in the excitatory

postsynaptic potential in hippocampus (Muzzi

et al. 2013). The alteration of AMP metabolism,

including those occurring in patients affected by

status epilectus or devastating neurological

disorders due to purine nucleotides, may concur

to decrease the epileptic threshold (Camici et al.

2010). Some of the actions of AMP are not

related to A1AR activation and its mechanism

of action is not still elucidated (Carlin et al.

2017).

3.3 Neurodegenerative Disorders

Several data have been generated as showing the

crucial role of adenosine as a modulator of neu-

rotransmission and neuroprotective agent against

excitotoxic neuronal injury (Burnstock 2013;

Stone et al. 2009). The known biological

activities of A1ARs in brain functions, including

its physical interaction with and inhibitory effect

on dopamine receptor D1, provide supportive

evidence that disruptions of A1ARs may result

in neurological dysfunction (Jaberi et al. 2016;

Cunha 2016). The gene expressing A1ARs may

be the susceptibility gene within in Parkinson’s

disease with a quantitative effect on the interac-

tion with dopamine receptors (Jaberi et al. 2016).

The presence of an epidemiologic inverse corre-

lation between the consumption of caffeine, a

well-known adenosine antagonist, and the risk

of developing Parkinson’s disease has also been

found (Ross et al. 2000; Palacios et al. 2012).

Huntington’s disease (HD) is a neurodegener-

ative disorder caused by a mutation of the gene

encoding for the huntingtin that in healthy

subjects presents different functions associated

with vesicular membranes, microtubules and

synaptic function (Zuccato and Cattaneo 2014).

In HD patients the mutated huntingtin alters syn-

aptic transmission and induces glutamatergic

dysfunctions with an increase in glutamate

release (Zeron et al. 2002). The deregulation of

glutamate transmission involves morphological

and functional changes in synapses in the

medium-sized spiny neurons co-expressing

A1ARs and dopamine D1 receptors (Gomes

et al. 2011). A1AR stimulation exerts beneficial

effects in a lesional transgenic mice model of

HD, as suggested by its greater efficacy in reduc-

ing synaptic transmission in corticostriatal slices

due to a stronger inhibition of glutamate release

(Ferrante et al. 2014). These data suggest that, in

HD mutation, the A1ARs undergo profound

changes in terms of reduced expression even if

with an increased functional activity (Ferrante

et al. 2014).

In spinal cord injury, ARs have been shown

to play a major role in regulating inflammatory

responses and neuronal death. Moreover, the

blockade of A1ARs by caffeine has been

involved in mediating neuroprotective effects

against spinal cord injury (Rivera-Oliver and

Dı́az-Rı́os 2014). Daily caffeine intake has

been shown to inhibit the process of increased

tolerance to pain by modulation of A1ARs, as

demonstrated by using DPCPX which mimics

the effects of caffeine (Sawynok and Reid

2012).

3.4 Mental Illness

Several studies have suggested that one of the

most promising targets for the development of

new anxiolytic drugs could be A1ARs, the acti-

vation of which modulates neuronal activity by

blocking neurotransmitter release and reducing

the firing rate (Chen et al. 2013). It has also been

shown that upregulating A1ARs in forebrain

neurons evokes both resilience to depressive-

like behavior and antidepressant effects in a

chronic depression model (Serchov et al. 2015).

Different studies have highlighted that mice

lacking adenosine A1ARs display enhanced anx-

iety (Giménez-Llort et al. 2002; Lang et al.

2003). Moreover, the anxiogenic actions of aden-

osine antagonists, such as caffeine, have gener-

ally been attributed to the blockade of these
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receptors, as suggested by the caffeine effects on

mood changes (Millan 2003; Cunha 2008). High

doses of caffeine seem to increase anxiety,

whereas lower doses reduce anxiety levels in

humans (Lopes et al. 2011). As a consequence,

drugs that facilitate A1AR-mediated actions

could be effective in anxiety as observed by

A1AR agonists which have anxiolytic actions

(Johansson et al. 2001). Patients suffering from

panic disorder, a serious form of anxiety disor-

der, appear to be sensitive to small amounts of

caffeine which promote an anxious behavior with

the possibility of precipitating panic attacks

(El Yacoubi et al. 2000). In addition, it has

been reported that activation of A1ARs in mice

mediates the anxiolytic-like effect induced by

ethanol (Prediger et al. 2004, 2006). Despite

their promising therapeutic potential, the use of

A1AR agonists has been hampered by poor

receptor subtype selectivity and various side

effects such as negative chronotropic and inotro-

pic effects in the heart, catalepsy and a depres-

sant effect on locomotor activity (Chen et al.

2013; Romagnoli et al. 2010). As a consequence,

a positive allosteric modulation has proven to

represent a valuable alternative to orthosteric

agonists by acting on a distinct site and

potentiating the effect of the endogenous agonist

(Childers et al. 2005; Gao et al. 2005). Different

series of A1AR positive allosteric modulators,

some of which represent most potent and effec-

tive compounds, have been synthesized and

pharmacologically characterized (Romagnoli

et al. 2008, 2014b). In particular, the A1AR posi-

tive allosteric modulator 2-amino-4-[(4-(phenyl)

piperazin-1-yl)methyl]-5-(4-fluorophenyl)thiop

hen-3-yl)-(4-chlorophenyl) methanone

(TRR469) has been shown to display an anxio-

lytic profile similar to diazepam in various anxi-

ety tests in mice even if, in contrast to diazepam,

it does not show interaction with ethanol to

induce sedation and motor impairment. These

data provide evidence to support the positive

allosteric modulation of A1ARs as a new and

interesting pharmacological strategy for the

treatment of anxiety-related disorders (Vincenzi

et al. 2016).

3.5 Chronic and Neuropathic Pain

It has been found that A1AR agonists reduce pain

signaling in the spinal cord where the receptors

are highly expressed, suggesting that A1AR acti-

vation produces inhibitory effects on pain in a

number of preclinical models (Sawynok 2016).

Intravenous infusions of adenosine in humans

reduce some aspects of neuropathic pain and

can decrease postoperative pain mainly through

the A1AR (Gao and Jacobson 2007). Increased

nociceptive response in mice lacking A1ARs has

been reported, suggesting that the A1AR agonists

may be tested clinically as analgesics in neuro-

pathic pain (Johansson et al. 2001). Systemic

administration of CCPA decreases the nocicep-

tive response in plantar and formalin tests

abrogated by the use of A1AR antagonists

involving different pathways in pain modulation

(Maione et al. 2007). The local application of

CCPA inhibits mechanical allodynia and thermal

hyperalgesia, suggesting that the activation of

A1ARs could play a role in the regulation of

nerve injury linked to the enhanced excitability

of spinal dorsal horn neurons (Yamaguchi et al.

2014). It has also been reported that high doses of

an agonist might result in a level of receptor

activation that causes dangerous side effects

(Kiesman et al. 2009; Romagnoli et al. 2010).

On the other hand, mice lacking A1ARs or the

potential use of A1AR antagonists have exhibited

moderate hyperalgesia to heat stimulation

(Wu et al. 2005). In addition, A1AR agonists

and allosteric enhancers could be of potential

interest for the treatment of neuropathic pain. It

has been shown that allosteric enhancers could

increase the number of G proteins activated by

the agonist, but have no effect on the affinity of

activated G protein, providing the neuroanatomi-

cal basis for understanding potential therapeutic

effects of such drugs (Childers et al. 2005).

Moreover, A1AR allosteric modulators acting in

a site distinct from the agonist binding site could

have potential therapeutic advantage over

orthosteric ligands (Gao et al. 2005). The anti-

nociceptive effect mediated by allosteric

enhancers is blocked by using a selective A1AR
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antagonist, thus supporting that the enhanced

activation of the A1ARs in the brain reduces

pain (Childers et al. 2005). Positive allosteric

modulation of the A1AR by novel enhancers

could reduce hypersensitivity, suggesting the

use of such modulators in the treatment of

chronic pain associated with hyperalgesia and

allodynia (Li et al. 2002). A wide range of allo-

steric enhancers on the structure of PD 81,723

has been synthesized by various research groups

(Baraldi et al. 2000, 2003, 2004; Tranberg et al.

2002; Lütjens et al. 2003). Different series have
been synthesized by introducing some

substitutions on the phenyl ring exerting a funda-

mental influence on the allosteric activity

(Romagnoli et al. 2008, 2012a, b, 2006,). In

particular, the antinociceptive properties of

TRR469 have been reported in two models of

acute pain, such as writhing and formalin tests,

and in chronic streptozotocin-induced diabetic

neuropathy (Vincenzi et al. 2014). These inter-

esting data suggest that A1AR allosteric

enhancers are promising candidates to treat

acute and chronic pain, with the potential

advantages of their unique mechanism of action.

TRR469 dramatically increases adenosine affin-

ity in mouse spinal cord membranes, suggesting

the possibility of exploiting the anti-nociceptive

effect of endogenous adenosine in a more physi-

ological way than using an exogenous direct

receptor agonist (Vincenzi et al. 2014).

3.6 Cardiovascular Diseases

In the heart, adenosine-induced protective and

regenerative effects are mediated predominantly

by A1ARs that are expressed in cardiomyocytes,

smooth muscle cells, in atria and ventricular

tissues (Mustafa et al. 2009; Burnstock and

Pelleg 2015). Myocardial A1AR activation

inhibits a variety of myocardial pathologies

associated with ischemia and reperfusion injury,

including stunning, arrhythmogenesis, coronary

and ventricular dysfunction, acute myocardial

infarction, apoptosis and chronic heart failure

(Peart and Headrick 2000; Headrick et al.

2003). These results have suggested that A1AR

is implicated in different cardiovascular

therapies for heart diseases like angina pectoris,

control of cardiac rhythm, ischemic injury during

an acute coronary syndrome or heart failure

(Thompson et al. 2002; Albrecht-Küpper et al.
2012).

In particular, ARs and adenosine are impor-

tant determinants of myocardial resistance to

ischemia with the relevance of AR function in

ischemic heart disease and cardiomyopathy

(Morrison et al. 2006; Tang et al. 2007).

Recently, it has been found that A1ARs mediate

the regulation of tissue transglutaminase activity

in cytoprotection and in cardiomyocyte-like cell

survival that have been investigated by monitor-

ing hypoxia-induced cell death (Vyas et al.

2016). The ability of ARs to limit myocardial

damage with ischemia-reperfusion may be nega-

tively influenced by associated diseases includ-

ing diabetes, obesity, hypertension and

hyperthrophy (Peart and Headrick 2009). Some

studies support a role for endogenous adenosine

in electrophysiological changes and

arrhythmogenesis during cardiac hypoxia and

ischemia (Kaplan et al. 2003).

It is well reported that several acute functional

consequences of myocardial ischemia are

AR-dependent, as can be seen in post-ischemic

repression of sympathetic neurotransmission

which appears to involve endogenous adenosine

and A1AR activity (Burgdorf et al. 2001). In

ischemic heart, an unexpected positive A1AR-

mediated inotropic response to adenosine in

atria from coronary heart disease patients has

been observed, whilst for some time adenosine

via A1ARs has been associated to a negative

inotropic effect in human atrial preparations

(Gergs et al. 2009). Pregnant mice treated during

embryogenesis with caffeine, developed into

adult mice which had abnormal heart function

because adenosine acting via A1ARs plays an

essential role in protecting the embryo against

intrauterine stress (Rivkees and Wendler 2012).

It is well reported that adenosine plays a role

in vascular remodeling and is implicated in key

processes of atherosclerosis where the A1ARs

stimulate smooth muscle proliferation and are

involved in promoting stenosis with their
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expression being increased in proximity to the

vascular stents (Edwards et al. 2008). In

pressure-overload hypertrophy, elevated intersti-

tial adenosine levels are accompanied by an

increased expression of A1ARs mediating the

major cardioprotective effects of this autacoid,

which could be of relevance to hypertensive

heart disease (Perlini et al. 2007). The hypertro-

phic response could be mediated by

α-adrenoceptor stimulation which is

accompanied by a compensatory A1AR

up-regulation able to antagonize Gαq-coupled
receptors or block their signaling (Puhl et al.

2016). A1AR expression may be relevant to car-

diac disease progression since A1AR

overexpression can induce cardiomyopathy and

cardiac dilatation. Thus, the inducible A1AR

transgenic mouse model provides novel insights

into the role of adenosine signaling in heart fail-

ure and illustrates the potentially deleterious

consequences of selective versus nonselective

activation of adenosine-signaling pathways in

the heart (Funakoshi et al. 2006).

It has been reported that full A1AR agonists

show an important role in the broad physiologic

spectrum of cardiac actions from bradycardia to

atrioventricular block, negative inotropy and

dromotropy (Mustafa et al. 2009). In particular,

A1AR may mediate an atrio-ventricular block

related to infarct and atrial fibrillation with

infarction and ischemia (Yavuz et al. 2004). In

a placebo-controlled study, enhanced levels of

adenosine were shown to play a role in ischemia

pain as suggested by patients with silent

myocardial ischemia who had a decreased sensi-

tivity to adenosine-provoked chest pain if com-

pared with angina pectoris patients (Sadigh-

Lindell et al. 2003). The protective and regener-

ative cardiovascular effects of A1ARs might be

counter-regulated by several side effects and by

receptor desensitization which could represent a

potential problem due to chronic use of full

agonists (Roman et al. 2008).

Moreover, the potential use of partial A1AR

agonists, which are low efficacy ligands and

elicit only a submaximal response, can be used

to trigger some of the physiological responses of

receptor activation depending on the organ/tissue

involved. These ligands could induce less A1AR

desensitization than full agonists and be ideal for

therapeutic chronic treatment with broader dose

ranges (Albrecht-Küpper et al. 2012). Different
reports indicate that ischemic preconditioning

activates ARs to induce cardioprotective effects

in various animal models and intracoronary infu-

sion by combination of adenosine and

dipyridamole significantly reduced infarct size

(Montero et al. 2014). Interestingly, the

postconditioning-dependent reduction in infarct

size is modulated via A1AR activation and

targeted deletion of these receptors results in

loss of cardioprotective effects, indicating their

involvement in cardioprotection (Xi et al. 2008).

The ischemic post-conditioning and adenosine

significantly reduces myocardial infarct size and

improves cardiac function (Randhawa and Jaggi

2016). Furthermore, adenosine post-conditioning

significantly decreases some of the most impor-

tant inflammatory cytokines in the myocardium

indicating that adenosine post-conditioning

dependent cardioprotection could involve the

reduced formation of inflammatory cytokines

(Ke et al. 2011).

3.7 Renal Disorders

It is well reported that A1AR antagonists induce

diuresis and natriuresis on various experimental

models in animals and humans (Burnstock et al.

2014). Much of these effects could be due to

inhibition of A1ARs in the proximal tubule,

which is primarily responsible for the reabsorp-

tion of filtered Na+ and fluid uptake (Welch

2015). Caffeine and theophylline, components

of coffee and tea, respectively, are

methylxanthines and act as non-selective AR

antagonists mediating diuresis and natriuresis

(Rieg et al. 2005). However, caffeine and theoph-

ylline were used traditionally to increase urine

output until more potent diuretics became avail-

able in the middle of the last century. The dose of

caffeine that elicits a significant acute diuresis

has been reported to be in the order of 300 mg,

the equivalent of about 4–5 cups of coffee

(Riesenhuber et al. 2006). These effects have
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recently been attributed to their action on A1ARs

present with high density in the proximal tubule

and in the kidney nephron. Caffeine in high con-

centration supplied in a Ca2+-free medium has

been shown to prevent the Ca2+ increase caused

by vasopressin in rat renal papillary collecting

duct cells, and this may blunt the increase of

cAMP and the effect of vasopressin on water

permeability (Osswald and Schnermann 2011).

Caffeine appears to exert this effect by depletion

of endoplasmatic Ca2+ stores, suggesting that its

action may be caused by interaction with

ryanodine sensitive Ca2+ release channels. In

some studies methylxanthines have been found

to increase the tubular Na+ load. Since significant

natriuresis can occur without changes in glomer-

ular filtration rate or renal blood flow, the natri-

uresis caused by methylxanthines is

predominantly the result of inhibition of tubular

salt transport (Shirley et al. 2002). There is con-

siderable evidence to indicate that

methylxanthine-induced natriuresis is mainly a

consequence of inhibition of salt transport along

the proximal convoluted tubule. As a conse-

quence, potential novel drugs targeting A1ARs

induce diuresis and natriuresis in several experi-

mental animal models. Proximal reabsorption is

reduced in A1AR knock-out mice and salt-

sensitive hypertension is less effective in mice

deficient of A1ARs because the absence of these

receptors in distal nephron segments might have

prevented the excess Na + and fluid retention

(Lee et al. 2012). Experimentally, an acute saline

volume load has been observed to excrete more

rapidly in A1AR knock-out mice, suggesting that

A1ARs participate in reabsorption of excess fluid

and electrolytes in the proximal tubules under

normal conditions (Bell et al. 2010). It is well

reported that cAMP production plays a role in the

secretion of fluid that is thought to be partly

responsible for the accumulation of fluid in

renal cystic disease (Belibi et al. 2002). Thus,

by augmenting cAMP levels the methylxanthines

could contribute to the progression of cyst for-

mation. In primary cultures of renal cysts from

patients with autosomal dominant polycystic kid-

ney disease, caffeine increases levels of cellular

cAMP and this is associated with an increase in

trans-epithelial chloride secretion (Tanner and

Tanner 2001). In several experimental disease

models, chronic caffeine administration has

been found to exacerbate the development of

hypertension and renal disease, perhaps through

the effect of caffeine on renin secretion. In asso-

ciation with the increase in renin secretion,

prolonged caffeine ingestion causes a faster

decline in renal function and a significant

enhancement of urinary protein excretion

(Tofovic et al. 2002, 2007). Moreover, theophyl-

line partially prevents the reduction in medullary

blood flow induced by iodixanol by antagonizing

vasoconstriction mediated A1ARs (Lancelot

et al. 2002). This hypothesis is supported by

studies in which the A1ARs were blocked by

selective antagonists that were more effective

than theophylline in attenuating iohexol-induced

renal functional impairment in animal models

with pre-existing renal insufficiency (Osswald

and Schnermann 2011). The potential of

methylxanthines to improve renal function fol-

lowing postischemic acute renal failure has

arisen from the fact that ischemia is associated

with the increase in adenosine levels in the kid-

ney and in other organs (Vallon and Osswald

2009). Adenosine can produce vasoconstriction,

a response that has been suggested to be an

organ-specific version of metabolic control

designed to restrict organ perfusion when trans-

port work increases. However, the vasoconstric-

tion elicited by an intravenous infusion of

adenosine is only short lasting, being replaced

within 1–2 min by vasodilatation. A1AR in affer-

ent arterioles are selectively activated from the

interstitial aspect of the vessel. This property can

dissociate A1AR activation from changes in vas-

cular adenosine concentration, a characteristic

that is ideally suited for the role of renal adeno-

sine as a paracrine factor in the control of glo-

merular function (Hansen and Schnermann

2003).

3.8 Pulmonary Pathologies

A1AR activation reduces alveolar fluid clearance

in mice and may lead to alveolar fluid
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accumulation and reduced lipopolysaccharide-

induced pulmonary edema formation (Heller

et al. 2007). On the other hand, A1AR antagonists

cause dose-dependent pulmonary infiltration of

neutrophils, lymphocytes and alveolar edema

(Burnstock et al. 2012). Pretreatment with

A1AR antagonist blocks the increase in pulmo-

nary capillary filtration in an animal model of

acute lung injury (Schepp and Reutershan

2008). Application of the A1AR antagonist

before and after the maximum dose of endotoxin

completely abolishes the alveolar injury (Schepp

and Reutershan 2008). The predominant

pro-inflammatory role of A1ARs, as shown in

different models of acute lung injury, is counter

to its protective function in chronically inflamed

airways. The deletion of A1ARs in mice has

resulted in markedly enhanced pulmonary

inflammation, suggesting an anti-inflammatory

role of A1ARs in chronically inflamed airways

(Sun et al. 2005). Interestingly, lipopoly-

saccharide has been shown to be a ligand for

A1ARs on human pulmonary endothelial cells

and is able to displace a selective A1AR antago-

nist from the receptor in a dose-dependent and

competitive manner. The binding of lipopoly-

saccharide to A1ARs leads to increased secretion

of interleukin-6 and thromboxane A2, which can

be significantly reduced by administration of a

selective A1AR antagonist (Wilson and Batra

2002).

Convincing evidence suggests that A1ARs

could well play a significant role in the patho-

physiology of asthma and that airway obstruction

in response to aerosol administration of adeno-

sine and allergen is inhibited in a rabbit model of

allergic airway inflammation following treat-

ment with antisense oligonucleotides as well as

A1AR antagonist (Nyce and Metzger 1997).

These data suggest that the A1ARs not only

directly mediate bronchoconstriction following

administration of exogenous adenosine, but that

endogenous adenosine is an important compo-

nent of the allergic response. It has been

demonstrated that adenosine-induced contraction

of isolated bronchial tissue in vitro is greater in

tissues obtained from asthmatic subjects than

healthy subjects, and that this contraction could

be significantly inhibited following

preincubation with a selective A1AR antagonist

(Bj€orck et al. 1992). Compared with healthy

subjects, A1AR expression is increased in bron-

chial biopsies obtained from mild asthmatic

subjects in the airway epithelium and smooth

muscle regions of the tissue, as confirmed with

the preclinical findings in the rabbit model of

allergic asthma (Brown et al. 2008). It has been

demonstrated that A1AR activation on human

airway smooth muscle cells in vitro results in

an increase in intracellular calcium mobilization,

which could potentially mediate the airway

smooth muscle contraction (Ethier and Madison

2006). The finding of A1AR up-regulation and

increased sensitivity of the airways to adenosine

could well be of clinical significance. In

asthmatics, the level of adenosine in plasma and

exhaled breath condensate is increased following

allergen or exercise challenge and could, there-

fore, lead to A1AR activation contributing to

airway obstruction during an acute asthma

exacerbation (Vizi et al. 2002). Other studies

using experimental animals have implicated a

role for A1AR activation in mediating airway

obstruction in sensitized guinea pigs and allergic

rabbits (Keir et al. 2006). A1AR expression has

also been identified on a number of inflammatory

cells where it appears to be proinflammatory and

on human eosinophils where it promotes anion

superoxide release (Ezeamuzie and Philips

1999). It is well reported that adenosine induces

monocyte phagocytosis and chemotaxis of

immature dendritic cells and increases the

release of cytotoxic substances from endothelial

cells and the endothelial cell permeability

(Wilson and Batra 2002; Panther et al. 2001).

A1ARs mediate the respiratory burst in

neutrophils, in addition to chemotaxis and their

adherence to endothelial cells (Cronstein et al.

1992). Many studies have demonstrated the

pro-inflammatory action attributed to A1AR acti-

vation even if a preclinical study has documented

an anti-inflammatory effect of A1AR signaling

(Sun et al. 2005). The mechanism by which

adenosine mediates airway obstruction may
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constitute indirect components by activating pul-

monary C fibers and cholinergic neural pathways

in various animal models (Lee et al. 2004; Hua

et al. 2007). In addition to its effects on

bronchoconstriction, leukocyte activation and

inflammation, A1ARs may play an important

role in mucus secretion and airway remodeling

of human asthma. It has been shown that adeno-

sine is able to induce mucus secretion and

increase the expression of the mucin gene

(McNamara et al. 2004). Thus, it could be

speculated that the reported A1AR

up-regulation on asthmatic bronchial epithelium

promotes adenosine-induced mucin secretion

(Brown et al. 2008).

3.9 Eye and Vision Problems

Adenosine is an established neuromodulator in

the mammalian retina with A1ARs being espe-

cially prevalent in the nerve fiber layer, ganglion

cell layer, photoreceptor cell layer and in retinal

pigment epithelium (Zhang et al. 2006; Wan

et al. 2011). It is well known that several diseases

are related to retinal ganglion cell death, such as

glaucoma, diabetes and other retinopathies

(Jacobson and Civan 2016). Many studies have

attempted to identify factors that could increase

neuroprotection of these cells. Interleukin-6 is

able to increase the survival and regeneration of

retinal ganglion cells in in vitro as well as in vivo,

and its concentration is linked to AR modulation

(Perı́golo-Vicente et al. 2014). The potential of

AR-based therapy for retinopathy is supported by

the ability of ARs to modulate inflammation,

neuroprotection and angiogenesis in retina

where A1AR expression and density are well

detected (Zhang et al. 2015). In A1AR knock-

out mice in oxygen-induced retinopathy model,

the A1AR activation does not affect normal reti-

nal vascular development, but distinctly controls

hyperoxia-induced vaso-obliteration and

hypoxia-induced revascularization (Brito et al.

2012). The modification of the responses of pho-

tosensitive retinal ganglion cells through a

cAMP/PKA pathway is a general feature of rat

ganglion cell photoreceptors, and this pathway

can be inhibited by A1AR activation (Sodhi and

Hartwick 2014). The adenosine levels in the ret-

ina rise at night, and adenosinergic modulation of

these photoreceptors may serve as an internal

regulatory mechanism to limit the transmission

of nocturnal photic signals to the brain which are

significantly reduced through the suppression of

cAMP-related pathway mediated by A1ARs (Sun

et al. 2002). Stimulation of A1ARs on

non-photosensitive rat ganglion cells results in

the inhibition of voltage-gated calcium channels

and glutamate-induced calcium influx (Hartwick

et al. 2004). It is well reported that adenosine and

several AR agonists modulate the intraocular

pressure that is maintained in equilibrium when

the rate of humor aqueous production is equal to

the rate of aqueous outflow, suggesting that the

adenosine system could be one potential target

system for therapeutic approaches in glaucoma

(Zhong et al. 2013). Selective A1AR activation

has been shown to be able to reduce intraocular

pressure by an early reduction in aqueous flow

followed by a subsequent increase in outflow in

different animal models (Crosson 2001). The

reduction in aqueous flow may be mediated by

post-junctional A1ARs in the ciliary body which

mediate the suppression of cAMP accumulation

(Avila et al. 2001). A1AR agonists increase the

outflow of the humor aqueous flow through

sequential activation of Gi/o, phospholipase C,

protein kinase C and mitogen-activated protein

kinase leading to secretion of

metalloproteinases-2 (Husain et al. 2007). Aden-

osine, by the interaction with A1ARs of the

trabecular meshwork, is able to reduce outflow

resistance and lower intraocular pressure

(Li et al. 2012). It has also been observed that,

in the retina ischemic damage, the protective role

of A1AR activation appears after brief periods

even if the protection is not effective in

prolonged ischemia. The data are consistent

with the use of A1AR antagonists that can dimin-

ish recovery after retinal ischemia (Zhong et al.

2013). It is well known that ARs could also play

a key role in the function of the lacrimal gland

where different signaling pathways modulate the

protein secretion at the basis of normal and path-

ological responses (Hodges and Dartt 2016).
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3.10 Pancreas Diseases

Under physiological conditions, insulin secretion

from pancreatic β-cells is tightly regulated by

various factors, including nutrients, the nervous

system, and other hormones. Pancreatic β-cells
are also influenced by paracrine and autocrine

interactions (Chandra and Liddle 2014). The

results of various studies indicate that adenosine

is present within pancreatic islets and is

implicated in the regulation of insulin secretion

and in glucose concentrations. In rat islets, low

adenosine has been shown to decrease glucose-

induced insulin secretion via A1ARs whilst high

adenosine concentrations exert an opposite effect

(Andersson 2014). It is also well established that

suppression of adenosine action increases

insulin-secretory response of β-cells to glucose,

whilst low adenosine concentrations do not affect

insulin secretion (Szkudelski and Szkudelska

2015). Type 1 diabetes is reported to be a com-

plex polygenic disease triggered by various envi-

ronmental factors in genetically susceptible

individuals. A1ARs are differentially expressed

and alternatively spliced in the pancreatic lymph

nodes or islets of type 1 diabetes patients to form

dominant-negative non-functional isoforms (Yip

and Fathman 2014). In particular, diminished

A1AR expression in pancreatic α-cells may con-

tribute to the pathology of type 1 diabetes (Yip

et al. 2013). The selective A1AR agonists are less

efficacious in ameliorating the course of diabetes

compared to the nonselective AR agonists which

prevent diabetes development in two different

animal models (Németh et al. 2007). The

removal of adenosine or the use of A1AR

antagonists, such as caffeine, decrease insulin-

stimulated glucose transport and improve glu-

cose tolerance suggesting that long term coffee

consumption is associated with a decreased risk

for type 2 diabetes (Salazar-Martinez et al. 2004;

van Dam and Hu 2005). Briefly, A1ARs have a

minimal effect on muscle glucose uptake, but are

important in regulating pancreatic islet function

(Johansson et al. 2007a). Glucose injection

induces sustained increases in plasma insulin

and glucagon levels in mice without A1ARs,

whereas control mice react with a transient

increase in insulin and decrease in glucagon

levels (Yang et al. 2012). Pancreas perfusion

experiments demonstrate that A1AR mice have

a higher basal insulin secretion than control mice

and that insulin-mediated glucose uptake in skel-

etal muscle shows no significant difference

between the two groups of mice (Yang et al.

2012).

3.11 Gastrointestinal Function
Modulation

Intestinal functions result from an integrated reg-

ulatory interplay between the enteric nervous

system, smooth muscle and the mucosal/immune

system aimed at maintaining a homeostatic status

and ensuring adaptative responses in the pres-

ence of pathological conditions (Wood 2004).

The complex network is regulated by various

mediators among which adenosine is one of the

most important modulating agents (Antonioli

et al. 2008). There is evidence for a prominent

role of adenosine in the interactions between

enteric neurons and smooth muscle with fine

tuning operated by this molecule on motility

peristaltic reflex and transit in the small and

large intestine of various animal models

(Burnstock 2014). In particular, A1AR activation

has been shown to mediate the inhibitory action

of adenosine on excitatory cholinergic transmis-

sion of motor neurons innervating circular and

longitudinal smooth muscle (Lee et al. 2001).

This inhibitory control is ascribed to the ability

of A1ARs to reduce the availability of Ca2+

levels via inhibition of N type calcium channels

(Lee and Parsons 2000).

In large intestine an inhibitory effect mediated

by A1ARs has been observed in colonic

preparations from various animal models (Zizzo

et al. 2006). These results are supported by

in vivo experiments demonstrating a significant

increase in the colonic propulsion of animals

treated with A1AR antagonists (Kadowaki et al.

2000). The intestinal secretory reflexes may

involve A1ARs because in A1AR knock-out
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mice a significant reduction in adenosine-

induced Cl- secretion has been observed,

confirming an important role of this receptor

subtype in the regulation of gut functions

(Christofi et al. 2001). It is well known that the

concentration of extracellular adenosine is a crit-

ical determinant for the activation of ARs on

enterochromaffin cells and that the release of

serotonin is under the control of ARs (Christofi

et al. 2001). In particular, the basal release of

serotonin is under tonic control of A1ARs pre-

dominantly by using a cAMP-dependent inhibi-

tory pathway (Christofi et al. 2004). A large body

of experimental evidence suggests that the mod-

ulation of intrinsic primary afferent neurons is

mainly ascribable to the activation of

pre-junctional A1ARs which mediate a mem-

brane hyperpolarization with a decrease in the

sensitivity of these neurons to excitatory stimuli

(Christofi et al. 2001).

An inhibitory effect of adenosine has also

been observed in colonic submucosal nerves of

various animal models which is probably due to a

significant expression of A1ARs, suggesting a

relevant role of endogenous adenosine as a phys-

iological brake in the modulation of reflex-

evoked chloride secretion (Cooke et al. 1999).

A1ARs are also expressed in mesenteric nerves

innervating in rat jejunum where they facilitate

the excitation of peripheral sensory terminals

(Kirkup et al. 2001). Increasing evidence

highlights the existence of close interactions

between the enteric nervous system and enteric

immune cells deputed to establish a first line of

defence against foreign invasion. In particular,

the stimulation of A1ARs induces up-regulation

of the neutrophil adhesion receptor and increased

expression of complement receptors responsible

for enhanced adhesion of neutrophils to vascular

endothelium (Bours et al. 2006). In addition, the

activation of A1ARs enhances the phagocytosis

process and promotes the production of reactive

oxygen species (Antonioli et al. 2008). Immature

human dendritic cells express A1ARs which

mediate chemotaxis via an increase in intracellu-

lar calcium, thus allowing the recruitment of

dendritic cells into inflammation sites (Schnurr

et al. 2004). Under inflammatory conditions,

changes in AR expression appear to contribute

to the modulation of gut inflammatory responses

like, for example, the significant up-regulation of

A1ARs in the presence of intestinal inflammation

(Sundarama et al. 2003).

3.12 Metabolism and Adipose Tissue
Regulation

Adenosine is an important regulator of metabo-

lism and its interaction with A1ARs modulates

metabolism, obesity and islet endocrine and vas-

cular functions during ageing through the

involvement of oxidative stress and inflamma-

tory responses (Yang et al. 2015). Since adeno-

sine can modify myocardial substrate, handling

and circulating levels of glucose, insulin and

fatty acids, ARs have the ability to modulate

the detrimental cardiovascular effects of meta-

bolic disorders such as obesity, diabetes, meta-

bolic syndrome and may also participate in

disease pathogenesis (Grden et al. 2006). More-

over, the abrogation of A1AR signaling improves

the metabolic profile during ageing by using

multifactorial mechanisms at the base of lipoly-

sis and lipogenesis (Fredholm et al. 2011c). A

direct effect of A1ARs has been reported on

peripheral insulin signaling, presumably via

attenuation of nicotinamide adenine dinucleotide

phosphate oxidase function, as well as on the

modulation of inflammatory pathways in visceral

adipose tissues and on the islet microvasculature

(Dhalla et al. 2009). Today, adenosine is consid-

ered to be a major endogenous anti-lipolytic fac-

tor and it is surprising that A1AR antagonists do

not cause any compensatory changes in other

agents, like insulin, involved in lipolysis

(Johansson et al. 2007b). On the other hand, it

has been found that long-term activation of

A1ARs leads to a desensitization of both adeno-

sine and insulin effects, and some aspects of

insulin signaling are enhanced by A1AR activa-

tion (Cheng et al. 2000). As a consequence, the

possibility that adenosine and insulin interact

with each other in adipose tissue has potential

clinical relevance in type 2 diabetes secondary to

obesity (Cheng et al. 2000). In vitro and in vivo
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assays have demonstrated the presence of an

A1AR upregulation in adipose tissue of trans-

genic mice, and that the activation of these

receptors improves insulin sensitivity (Dong

et al. 2001; Schoelch et al. 2004). It is well

known that high levels of free fatty acids are

associated with obesity and can cause insulin

resistance in skeletal muscle (Boden 2003).

Drugs that lower free fatty acids may be used

for treating obesity, type 2 diabetes or

dyslipidemia, even if these drugs have some-

times shown rebound effects causing increased

levels of free fatty acids. This rebound phenome-

non does not occur when A1AR partial agonists

are used for decreasing the free fatty acid levels

in rats (Dhalla et al. 2007b). From the pharmaco-

logical point of view, the A1AR reserve in the

adipose tissue makes it possible for a partial

agonist to elicit a maximum antilypolitic

response with only minor effects on organs

where spare receptors are not present (Johansson

et al. 2008).

4 Therapeutic Applications
of A1AR Compounds in Clinical
Trials

Over the past few years, a number of new agents

from the purinergic field has reached clinical

applications after having passed the preclinical

phase where novel mechanisms of action have

been adequately characterized. Adenosine

represents the drug of choice, used under the

name of Adenocard, for controlling paroxysmal

supraventricular tachycardia by activating

A1ARs. Adenosine’s mechanism of action can

be thought of as a temporary paralyzing of sup-

raventricular tissue. Pharmacologically, adeno-

sine hyperpolarizes the cells by stimulating an

inward potassium current and temporarily

inhibiting calcium migration. The pacemaker

activity of the sinoatrial node, spontaneous atrial

activity and conduction through the atrioventric-

ular node are slowed or temporarily stopped.

Adenosine does not show selective actions and

has moderate side effects due to its extremely

short-life within seconds (Chen et al. 2013). As

a consequence, the development of novel selec-

tive AR agonists with a long-life but reduced side

effects is highly demanded. In the A1AR agonist

area, clinical candidates have been discovered

for the following conditions: atrial arrhythmias

(e.g. tecadenoson, selodenoson and PJ-875); type

II diabetes and insulin sensitizing agents

(e.g. GR79236, ARA, RPR-749, and

CVT-3619); and angina (e.g. BAY 68–4986).

Tecadenoson (CVT-510), a full agonist for

A1ARs, has been investigated in Phase III trial

for patients with paroxysmal supraventricular

tachycardia, atrial fibrillation and atrial flutter.

It appears that low doses of tecadenoson have

minimal effects on atrium-ventricular, nodal

conduction and blood pressure compared with

adenosine (Cheung and Lerman 2003). However,

at high doses, like other full agonists for the

A1ARs, it may also display atrium-ventricular

block. A Phase II clinical trial of another full

A1AR agonist, selodenoson, for atrial fibrillation

has also been completed. Both agonists he shown

promising therapeutic efficacy and further devel-

opment will probably depend on potential side

effects (Aurora et al. 2005). A Phase II trial of

BAY 68–4986 (capadenoson), a non-nucleoside

A1AR agonist, in patients with persistent or per-

manent atrial fibrillation, has been completed and

represents a novel chemical structure among AR

agonists for clinical development (Tendera et al.

2012). A full A1AR agonist, GR79236, has been

studied in a clinical trial showing several cardio-

vascular side effects. The challenges associated

with the development of any A1AR agonists are

to obtain tissue-specific effects while avoiding

off-target tissue side effects and A1AR desensiti-

zation leading to tachyphylaxis. For the antiar-

rhythmic agents that act as ventricular rate

control agents, a selective response can be

accomplished by careful dosing paradigms. It is

well known that type 2 diabetes patients have

increased levels of non-esterified fatty acids, in

part due to β-adrenergic agonism, which

decrease insulin sensitivity. Thus, lowering the

fatty acid levels could lead to an insulin-

sensitizing effect. Treatment of type II diabetes

using A1AR agonists in human clinical trials was

blocked by cardiovascular side effects and by a
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desensitization due to the full agonists such as

GR79236, ARA, and RPR 749 (Kiesman et al.

2009). In the literature, several papers have

reported that the A1ARs are abundantly

expressed in spinal cord and other neuronal

tissues, and their activation has produced pain-

relieving effects in a number of preclinical ani-

mal models. As a consequence, adenosine has

been studied in Phase II trials for patients with

neuropathic pain, and selective A1AR agonists

have been developed as analgesics. Unfortu-

nately, some A1AR agonists, such as SDZ

WAG 994, GR79236 and GW 493838, have

been withdrawn in phase II clinical trials, possi-

bly due to their inability to penetrate CNS suffi-

ciently to cause a substantial effect (Gao and

Jacobson 2011).

Moreover, new partial A1AR agonists includ-

ing CVT-3619 (GS 9667) with a good selectivity

versus A1ARs, have the potential to provide

enhanced insulin sensitivity without cardiovas-

cular side effects and tachyphylaxis (Shearer

et al. 2009). CVT-3619 was investigated in

phase I, single-blind, placebo-controlled

evaluating the safety, tolerability and pharmaco-

kinetics of the oral administration, in healthy and

obese volunteers. No clinically meaningful

changes in heart rate or blood pressure were

observed in the study, suggesting that

CVT-3619 may increase insulin sensitivity and

subsequently decrease blood glucose without

causing severe cardiovascular effects (Staehr

et al. 2013). The non nucleosidic A1AR agonist

BAY 68–4986 (capadenoson) represents a novel

approach to angina wherein both animal studies

and early human studies are promising. These

studies showed that long-term therapy with

capadenoson improves phosphorylation and

total protein level of PGC-1α in the myocardium

of animal models of heart failure (Sabbah et al.

2013). A clinical trial found that in patients with

stable angina capadenoson lowers exercise at

comparable maximum workload, which is

associated with improved total exercise time

and prolongation of ischaemia time (Tendera

et al. 2012). In the literature it has been reported

that the challenges associated with developing

allosteric enhancers for therapeutic intervention

are also well defined in humans; for example,

T-62, that is an A1AR allosteric enhancer, was

evaluated in phase I clinical trials as a potential

treatment for neuropathic pain (Gao and

Jacobson 2011). Moreover, T62 has produced

beneficial effects in several in vivo pain models,

such as carrageenan-inflamed rats, and reduces

hypersensitivity following peripheral inflamma-

tion by using a central mechanism (Li et al.

2003).

Significant progress has been made in

identifying several A1AR antagonists that have

been investigated in clinical trials for a number

of different medical indications, and they appear

to be safe and well tolerated in humans (Dittrich

et al. 2007; Doggrell 2005; Givertz et al. 2007;

Greenberg et al. 2007). The A1AR antagonists

which have been in clinical development are

KW3902 (Kyowa Hakko), BG9928,

(CV therapeutics & Biogen Idec) and SLV320

(Solvay). These compounds have high affinity

for human A1ARs showing more than 200-fold

selectivity over the A1AR, and demonstrate renal

protective effects in various animal models of

disease and pharmacologic effects in human

subjects. A1AR antagonists have reduced the

risk of persistent worsening renal failure in a

clinical study in patients with chronic heart fail-

ure. A placebo-controlled randomized trial

involving patients with acute heart failure was

carried out with A1AR antagonist rolofylline,

although the results did not prevent worsening

renal functions. Pharmacological studies have

clearly demonstrated that A1ARs mediate protec-

tive effects against ischaemic kidney injury,

which is consistent with the increased frequency

of stroke and seizure activity in clinical trials of

A1AR antagonists (Müller and Jacobson 2011).

NovaCardia has developed both intravenous and

oral formulations of KW 3902 in phase III stud-

ies with the aim to evaluate the effect of this

compound in the presence of furosemide on

heart failure signs and symptoms, renal functions

and safety in subjects with acute heart failure

syndrome. These studies suggested that the com-

bination of these drugs was effective in

maintaining renal function in the patients exam-

ined. KW 3902 has been patented for heart
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failure and hypertension, renal disorders and

renal failure (Wider et al. 2004). CV therapeutics

and Biogen Idec have studied BG 9719 in phase

II for the treatment of congestive heart failure.

By blocking the A1ARs, BG 9719 may reduce

the amount of fluid waste that the kidneys retain

without the associated decline in kidney func-

tion. It has also been found that BG 9719

increases both urine output and glomerular filtra-

tion rate. In particular, if this compound is given

in addition with furosemide, urine volume

increases and the deterioration in glomerular fil-

tration rate is not present. Interestingly, A1AR

antagonism might preserve renal function and

promote natriuresis during heart failure. As a

consequence, BG 9719 has been patented for

renal and cardiovascular disorders (Otsuki et al.

2005). An A1AR antagonist, SLV 320, has been

studied in phase II clinical trials at Solvay for the

treatment of chronic heart failure and renal fail-

ure. A randomized placebo controlled and multi-

center study has also been carried out to evaluate

the cardiac hemodynamics and safety of this

compound in patients with chronic heart failure

(Pang et al. 2011).

Another A1AR antagonist, N-0861, developed

at Aderis together with other structurally similar

compounds, have been patented for heart failure

therapy, prevention and treatment of ischemia-

reperfusion and endotoxin-related injury (Neely

1995). FK-453 belongs to a series of pyrazolo-

pyridines, synthesized by Astellas Pharma, that

were shown to have antihypertensive and diuretic

effects. The renal effects and diuretic and natri-

uretic properties of the A1AR antagonists are

similar to the thiazide diuretics, and the most

common side effects are headache and skin rash

(Vallon et al. 2008). Thus, FK-453 has been

studied in phase II trials for acute renal failure

(Li et al. 2016). FK-838 is a diuretic and antihy-

pertensive A1AR antagonist developed at

Astellas Pharma and under phase II studies for

hypertension and as a diuretic agent. Its diuretic

and natriuretic effects appear to be due to both its

renal hemodynamic effects and direct inhibition

of proximal tubular reabsorption (Kie-

ć-Kononowicz et al. 2001). In combination with

furosemide, FK-838 enhances the diuretic and

natriuretic actions of furosemide to the same

extent as hydrochlorothiazide and does not

increase potassium loss. In addition, FK-838

has also been studied in phase II trials for the

treatment of anemia (Kohno et al. 1993). It is

well known that the activation of A1ARs on

different cell types produces bronchocon-

striction, inflammation, mucous gland hyperpla-

sia, angiogenesis, and fibrosis. An A1AR

antagonist, L 97-1 (Endacea, Inc.), has been

investigated in the pathophysiology of human

asthma, as a once-daily and oral treatment. L

97-1 is a water-soluble, small-molecule A1AR

antagonist with high affinity and selectivity for

the human A1ARs (Obiefuna et al. 2005). In an

animal model of allergic asthma, L 97-1 blocks

allergic airway responses, bronchial

hyperresponsiveness to histamine, and airway

inflammation (Obiefuna et al. 2005; Nadeem

et al. 2006). As a consequence, L 97-1 has been

patented for asthma and respiratory disorders

(Wilson and Partridge 2007). In addition, admin-

istration of therapeutically effective amounts of

A1AR antagonist in combination with an antibi-

otic agent has been hypothesized, suggesting

their potential use for treating and preventing

sepsis (Wilson 2006). Moreover, several clinical

studies have been performed regarding the effect

of L 97-1 on coronary artery disease, heart failure

and hypertension, dementia, Alzheimer’s disease

and depression (Partridge and Wilson 2005).

In conclusion, the investigation of A1ARs and

their ligands is rapidly growing with an increas-

ing impact in the drug discovery process. There

is now extensive evidence for the involvement of

A1ARs in the physiological regulation of several

diseases (Table 4). The chemical development of

several classes of agonists, antagonists and allo-

steric modulators versus A1ARs has led to the

identification of clinical candidates with an

important impact on the drug discovery process.

The results reported clearly suggest that A1ARs

could represent a possible target for pharmaco-

logical intervention to prevent different

pathologies in the CNS, cardiovascular system,

renal and lung disorders, regulation of gastroin-

testinal functions and metabolism. The important

preclinical and clinical advances reported in the
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present paper suggest that A1ARs could be

implicated in the pharmacological treatment of

several diseases with the opportunity to improve

the human health.
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Poelchen W, Giménez-Llort L, Escorihuela RM,

Fernández-Teruel A, Wiesenfeld-Hallin Z, Xu XJ,
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Tendera M, Gaszewska-Żurek E, Parma Z, Ponikowski P,

Jankowska E, Kawecka-Jaszcz K, Czarnecka D,
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Abstract

Adenosine 50-triphosphate (ATP), a ubiquitously dispersed biomolecule,

is not only a major source of biochemical energy for living cells, but also

acts as a critical signaling molecule through inter-cellular communication.

Recent studies have clearly shown that extracellular ATP is involved in

various physiological processes in plants, including root growth, stomata

movement, pollen tube development, gravitropism, and abiotic/biotic

stress responses. The first plant purinergic receptor for extracellular

ATP, DORN1 (the founding member of the P2K family of purinergic

receptors), was identified in Arabidopsis thaliana by a forward genetic

screen. DORN1 consists of an extracellular lectin domain, transmembrane

domain, and serine/threonine kinase, intracellular domain. The predicted

structure of the DORN1 extracellular domain revealed putative key ATP

binding residues but an apparent lack of sugar binding. In this chapter, we

summarize recent studies on the molecular mechanism of plant recogni-

tion of extracellular ATP with specific reference to the role of DORN1.
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Abbreviations

ACS6 1-aminocyclopropane-1-carboxylic

acid synthase 6

ADP Adenosine 50-diphosphate
ADPβS Adenosine 50-[β-thio]diphosphate
AMP Adenosine 50-monophosphate

AMP-

PCP

Adenosine 50-[beta,gamma]-

methylenetriphosphate

ATP Adenosine 50-triphosphate
ATPγS Adenosine 50-[γ-thio]triphosphate
BEA Beauvericin

Bz-ATP Benzoylbenzoyl- adenosine

50-triphosphate
2me-

ATP

2-Methylthio-adenosine

50-triphosphate
CBD cellulose binding domain

CTP Cytidine 50-triphosphate
CW-PM Cell wall-plasma membrane

DAMP Damage-associated molecular

pattern

DORN1 Does not respond to nucleotide 1

ECM Extracellular matrix

EGTA Ethylene-bis(oxyethylenenitrilo)

tetraacetic acid

EMS Ethyl methanesulfonate

ERFs Ethylene response factors

GTP Guanosine 50-triphosphate
IPI-O In planta induced-O

ITP Inosine 50-triphosphate
LecRK Lectin receptor kinase

LOX2 Lipoxygenase 2

MAPK mitogen-activated protein kinase

MEKK1 Mitogen-activated protein kinase

kinase kinase 1

NADPH nicotinamide adenine dinucleotide

phosphate

NO Nitrogen oxide

P2K kinase family of purinergic receptors

PA phosphatidic acid

PAL1 Phe-ammonia lyase 1

PK19 serine/threonine protein kinase 19

PPADS pyridoxalphosphate-6-azophenyl-

20,40-disulfonic acid
RBOHC Respiratory burst oxidase homolog

protein C

RBOHD Respiratory burst oxidase homolog

protein D

RBOHF Respiratory burst oxidase homolog

protein F

RD Arginine-aspartate

RGD Arginine-gylcine-aspartic acid

RGE Arginine-gylcine-glutamic acid

RLKs Receptor-like kinases

ROS Reactive oxygen species

TTP Thymidine 50-triphosphat
UDP Uridine 50-diphosphate

1 Introduction

Adenosine 50-Triphosphate (ATP) is the univer-

sal, cellular energy source (Knowles 1980). In

addition, ATP can also be released into the extra-

cellular matrix during growth by wounding or

stimulation where it acts as a signaling molecule

to affect a variety of cellular processes (Clark

and Roux 2011; Ralevic and Burnstock 1998;

Lustig et al. 1993; Burnstock 1972). Purinergic

signaling (via ATP) has been extensively studied

in animals. Indeed, most mammals contain mul-

tiple purinergic receptors derived from two pro-

tein families; that is, P2X, ligand-gated ion

channels, and P2Y, G-protein-coupled receptors

(Khakh and Burnstock 2009). There is a multi-

billion dollar, pharmaceutical industry that

targets various aspects of purinergic signaling

in humans.

In contrast, studies of purinergic signaling in

plants are still in their infancy and the full impact

of these pathways on plant growth and develop-

ment remains to be determined. Perhaps the first

studies to show an effect of ATP on plants was

the demonstration that exogenous ATP treatment

promoted closure of Venus flytrap trap leaves

(Jaffe 1973). Thereafter, studies showed that

plant gene expression could be significantly

affected by the addition of ATP (Choi et al.

2014a; Roux and Steinebrunner 2007).

As is the case in mammals, extracellular ATP

acts in plants by triggering the production of
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secondary messenger molecules [e.g., elevation

of cytosolic Ca2+, nitrogen oxide (NO), reactive

oxygen species (ROS)]. These effects have been

coupled to changes in plant cell growth (Chivasa

et al. 2005), root hair growth (Kim et al. 2006),

root growth (Yang et al. 2015), pollen tube

growth (Wu et al. 2007; Bernard et al. 2011),

abiotic/biotic stress responses (Chivasa et al.

2005, 2009; Dark et al. 2011; Sun et al. 2012a;

Weerasinghe et al. 2009), and gravitropism

(Tang et al. 2003). Since ATP, as a strongly

charged molecule, is thought incapable of freely

diffusing across the plant plasma membrane, the

results of these studies, as well as the precedence

of the animal research, indicated that plants must

possess a membrane-associated receptor for

extracellular ATP (Tanaka et al. 2010a; Bodin

and Burnstock 2001a). However, plant genome

database searches based on sequence similarity

to the animal P2X or P2Y receptors failed to

identify any possible orthologs.

In 2014, the first plant receptor for extracellu-

lar ATP, Does Not Respond to Nucleotide

1 (DORN1), was identified in Arabidopsis by a

forward genetic screen approach (Choi et al.

2014b). The aim of this chapter is to review

recent progress on the general responses of plants

to extracellular ATP with specific reference to

the role of DORN1.

2 Physiological Function
of Extracellular ATP

As was the case in animals, early studies on the

role of extracellular ATP in plants focused on

studying the effects of exogenous addition of

ATP (Table 1). These studies were conducted

with the knowledge that ATP could be

hydrolyzed after application, perhaps giving

rise to other biologically active compounds

(e.g., adenosine). Hence, some studies made use

of poorly hydrolyzable ATP analogs

(e.g. ATPγS, Bz-ATP, and 2me-ATP) in order

to ascertain if the intact ATP molecule was

responsible for whatever response was seen.

The mammalian P2X and P2Y receptors show

some specificity with regard to which nucleotide

is recognized (Abbracchio and Ceruti 2006;

Puchalowicz et al. 2014), in addition to ATP.

Therefore, plant studies also need to take into

account the chemical specificity of the response

through testing other nucleotides, including

ADP, AMP, GTP, CTP, and TTP.

Studies in mammals demonstrated that ATP

can be released from cells either by wounding,

direct transport or vesicular fusion with the

plasma membrane (Bodin and Burnstock 2001a,

b; Sawada et al. 2008; Lazarowski et al. 2003).

There is some evidence to suggest that all three

of these pathways may also function in plants

(Choi et al. 2014a; Roux and Steinebrunner

2007; Kim et al. 2006; Tanaka et al. 2010a;

Thomas et al. 2000; Cao et al. 2014) (Fig. 1).

Extracellular ATP affects hypocotyl growth.

Roux et al. (2006) showed that exogenous ATP

(0.1–0.2 mM) increased hypocotyl length by

10–20%. However, higher concentrations of

extracellular ATP reduced hypocotyl length by

10–55%. Therefore, as might be expected for a

potent, extracellular signal, plant cells need

mechanisms to maintain the appropriate homeo-

stasis. This occurs through hydrolysis of ATP

mediated by specific apoplastic nucleotidases

and apyrases (ATP-diphosphatase) (Riewe et al.

2008). Plants constantly monitor extracellular

ATP levels and regulate growth rates. Roux and

Steinebrunner (2007) proposed a model of opti-

mal concentration of extracellular ATP for

growth and development. Subsequently, Choi

et al. (2014a) expanded this concept to include

the plant response to various stresses. In the

model, plants normally maintain extracellular

ATP levels by balancing ATP hydrolysis or

secretion for plant growth and development.

Moderate changes of extracellular ATP levels

can trigger stress defense responses. For exam-

ple, published studies support the idea that both

very low and very high extracellular ATP levels

can lead to plant cell death (Chivasa et al. 2005).

However, in contrast to our knowledge of extra-

cellular ATP homeostasis in animals, our under-

standing of the molecular mechanisms that

maintain optimal extracellular ATP levels in

plants are still rudimentary.
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Table 1 Summary of publications demonstrating the effects of extracellular ATP on plant growth, development, and

stress responses

Organism Effect Stimulus and concentrations References

Arabidopsis Promote plant growth ATP (300 μM), apyrase (unknown) Thomas et al. (1999)

Promote root hair

growth

ATP (400 μM), ADP (10 μM) Lew and Dearnaley

(2000)

Inhibit root gravitropism

and polar auxin

transport

Inhibit gravitropism (5 mM ATP) and root

curling (2 mM ATP), Stimulate lateral root

growth (3 mM ATP)

Tang et al. (2003), Liu

et al. (2012)

Induce calcium influx ATP (500 μM) Jeter et al. (2004),

Demidchik et al. (2003)

Inhibit pollen

germination

ATP (2–4 mM), ADP (2–4 mM) Wu et al. (2007,

Steinebrunner et al.(

2003)

Decrease cell viability

of cell cultures

AMP-PCP (0.5, 1, 1.5 mM), glucose

(100 mM)-hexokinase (20, 50, 100, 200 unit/

ml), apyrase (50, 100 units/ml)

Chivasa et al. (2005)

Activate cell death in

leaves

AMP-PCP (5 mM), glucose (50 mM)-

hexokinase (1.85 units/ml), apyrase (0.5 units/

ml)

Activate cell death in

root/shoot

Glucose (50 mM)-hexokinase (1.85 units/ml)

Trigger cell death in

seedling plants

AMP-PCP (1 mM)

Induce formation of

ROS

ATP (0.5–100μM) Song et al. (2006)

Hypocotyl growth Promotion: ATPγS (100–200 μM) Roux et al. (2006)

Inhibition: ATPγS (0.4–1 mM)

Regulate hypocotyl

growth

ATPγS (0.2, 0.3, 1 mM) Tonon et al. (2010)

Regulate Root hair

growth

ATP (1 mM) Terrile et al. (2010)

Regulate stomatal

opening and closing

Opening: ATPγS (5–15 μM) Clark et al. (2011)

Closing: ATPγS (150–250 μM)

Promote stomata

opening

ATP (0.1, 1, 2 mM), ATPγS (0.3 mM),

2meATP (0.3, 1 mM), Bz-ATP (0.3 mM)

Hao et al. (2012)

Modulation of root

skewing

ATP (2, 3, 4 mM), ATPγS (100 μM), ADP

(4 mM)

Yang et al. (2015)

Avena
sativa

Stimulate formation of

nucleases and

chlorophyll breakdown

ATP (0.5–2 mM) Udvardy and Farkas

(1973)

Chara
corallina

Activate cytoplasmic

streaming

ATP (1 mM) Williamson (1975)

Commelina
communis

Increase stomatal guard

cell aperture

ATP (5–20 mM) Nejidat et al. (1983)

Cotton Fiber elongation Promotion: ATPγS (30 μM), ADPβS (30 μM) Clark et al. (2010a)

Inhibition: ATPγS (150 μM), ADPβS
(150 μM)

Dionaea
muscipula

Stimulate Venus fly trap

closure

ATP (100 μM) Jaffe (1973)

Medicago
truncatula

Root hair growth ATP (1 mM), potato apyrase (25 units/ml) Kim et al. (2006)

Lilium
longiflorum

Increase of mitotic

activity in pollen tubes

ATP (0.18–1.8 mM) Kamizyo and Tanaka

(1982)

(continued)
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Disruption of normal plant homeostasis of

extracellular ATP can be detrimental to plant

growth. For example, Riewe et al. (2008)

reported that an apoplastic potato apyrase played

a crucial role in regulating growth and develop-

ment. The authors showed that suppression of

potato apyrase expression led to phenotypic

changes, such as increased tuber number and

reduced tuber size. Clark et al. (2010a) also

demonstrated that inhibition of apyrase activity

blocked fiber growth in cotton. Down regulation

of the expression of specific, apoplastic apyrases

in both soybean and Lotus japonicus resulted in a
reduction in nodulation; a key developmental

step in symbiotic nitrogen fixation

(Govindarajulu et al. 2009; Roberts et al. 2013).

Subsequently, Tanaka et al. (2011) reported that

the soybean apyrase GS52 targeted in these ear-

lier studies plays a critical role in maintaining an

optimal concentration of extracellular

nucleotides for rhizobial infection.

2.1 Growth and Development

Effects of extracellular ATP addition on plant

growth and development are well supported by a

variety of studies. For example, in Arabidopsis,
an early study reported that exogenous ATP

could be hydrolyzed by apyrase, resulting in

the release of phosphate that could serve as a

nutrient source to enhance plant growth

(Thomas et al. 1999).

Several studies found that plant roots respond

to extracellular ATP. Exogenous application of

ATP and ADP can promote root hair growth and

depolarize the plasma membrane potential of

growing root hairs (Lew and Dearnaley 2000).

Tang et al. (2003) found that exogenous treat-

ment of ATP (2–3 mM) induced root curling and

stimulated lateral root growth. In addition, appli-

cation of a higher concentration of exogenous

ATP (5 mM) was found to inhibit gravitropic

growth of seedling roots. These effects may be

the result of the ability of extracellular ATP to

disturb normal auxin distribution in root cells by

blocking auxin transport (Liu et al. 2012). More

recently, the same group reported that exogenous

application of ATP or ATPγS increased primary

root skewing and induced curling in apyrase1

mutant plants (Yang et al. 2015). Blocking the

expression of apyrase, which could increase the

concentration of extracellular ATP, also inhibits

auxin transport in Arabidopsis roots (Liu et al.

Table 1 (continued)

Organism Effect Stimulus and concentrations References

Nicotiana
tabacum

Induce cell death in

leaves

AMP-PCP (0.4–0.8, 1, 2 mM), glucose

(50, 100 mM)-hexokinase (0.1, 0.5 unit/ml),

apyrase (0.5 units/ml)

Chivasa et al. (2005),

Chivasa et al. (2009),

Chivasa et al. (2010)

Phaseolus
vulgaris

Induce cell death in

leaves

Glucose (50 mM)-heokinase (1.85 units/ml),

apyrase (0.5 units/ml)

Chivasa et al. (2005)

Picea
meyeri

Inhibit pollen

germination and tube

elongation

ATP (0.2–5 mM), ADP (5 mM), AMP

(5 mM), apyrase (0–60 unit/ml)

Zhou et al. (2015)

Populus
euphratica

Induce cell death in cell

cultures

ATP (0.5, 1, 2 mM) Sun et al. (2012a)

Solanum
tuberosum

Change in tuber growth ATP (1 mM), Apyrase Riewe et al. (2008)

Vicia faba Promote stomata

opening

ATP (0.3–1 mM), ATPγS (0.3 mM), 2meATP

(0.3 mM), Bz-ATP (0.3 mM)

Wang et al. (2014)

Zea mays Decrease cell viability

of cell cultures

AMP-PCP (1 mM), glucose (50 mM)-

heokinase (200 units/ml), apyrase (100 units/

ml)

Chivasa et al. (2005)

The applied agents used include extracellular ATP, AMP-PCP (specific competitive inhibitor of extracellular ATP),

glucose-hexokinase (catalyses a reaction that consumes ATP), and apyrase (hydrolase that breaks down ATP to AMP

via ADP)
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2012). Terrile et al. (2010) demonstrated that

etiolated Arabidopsis seedlings showed inhibi-

tion of root hair growth in the presence of reduc-

ing agent, such as glutathione. This inhibition of

root hair growth was restored by extracellular

ATP and NO, suggesting a role for ATP and

NO in the regulation of redox balance associated

with plant morphogenesis.

As stated above, the exogenous addition of

ATP is a common method to look for effects of

purinergic signaling in plants. However, this evi-

dence does not show unequivocally that plants

possess extracellular ATP. Therefore, Kim et al.

Fig. 1 Overview of ATP perception by DORN1 in plants

Wounding, touch and various biotic and abiotic stresses

induce ATP release into the extracellular matrix from the

cytosol (Kim et al. 2006; Choi et al. 2014b; Thomas et al.

2000). Arabidopsis ATP receptor, DORN1, can recognize

extracellular ATP via its extracellular lectin domain. The

intracellular DORN1 kinase domain is activated and

induces in cytoplasmic calcium concentration, generation

of ROS, nitric oxide (NO), and phosphatidic acid (PA).

This leads subsequently to downstream protein phosphor-

ylation and induction of specific gene expression. The

genes induced include those involved in developmental

responses, stress responses and pathogen defense. In addi-

tion, DORN1 maintains cell integrity through mediating

adhesion between RGD-motif-containing cell wall

proteins and the plasma membrane. Figure redrafted

from (Choi et al. 2014a; Roux and Steinebrunner 2007;

Cao et al. 2014; Tanaka et al. 2014)
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(2006) undertook a study to demonstrate directly

the presence of extracellular ATP on the surface

of Medicago truncatula roots. In this case, the

ATP-requiring luciferase protein was fused to a

cellulose binding domain (CBD) that anchored

the luciferase to the extracellular surface of the

plant cell wall. Luminescence was apparent on

the roots at the interface of adjacent epidermal

cells and on the surface of the root hairs

indicating sites of ATP release. The addition of

exogenous apyrase eliminated light production

while treatment with an elicitor (i.e., chitin)

strongly increased light production, presumably

by stimulating ATP release. Subsequently, this

same CBD-luciferase reporter was use to show

significant ATP release upon touching of the root

surface, implicating extracellular ATP in the root

avoidance response (Weerasinghe et al. 2009).

Extracellular ATP is also involved in pollen

tube growth. In Lilium longiflorum pollen, addi-

tion of ATP (2.7 mM) inhibited pollen tube

growth. However, the presence of exogenous

ATP increased mitotic activity in pollen tubes

(Kamizyo and Tanaka 1982). Steinebrunner

et al. (2003) showed that addition of ATP

inhibited both pollen germination and tube elon-

gation in Arabidopsis. Subsequently, Reichler

et al. (2009) reported that suppression of pollen

germination and pollen tube elongation by extra-

cellular ATP was mediated via NO signaling.

Until recently, most studies of extracellular

ATP in plants utilized angiosperms. Interest-

ingly, a recent study examined the effect of extra-

cellular ATP on gymnosperm pollen grains.

Generally, pollen germination and growth in

gymnosperms is relatively slow (Chen et al.

2008). This could be due to the fact that the

pollen grains of the gymnosperm, Picea meyeri,

were shown to release ATP to the extracellular

matrix before germination and during tube elon-

gation (Zhou et al. 2015). Similar to the studies in

Arabidopsis, exogenous addition of ATP was

shown to inhibit germination and pollen tube elon-

gation. However, unlike angiosperms, addition of

exogenous AMP also significantly inhibited pol-

len elongation. Therefore, further study might

reveal some interesting differences in purinergic

signaling among various plants species; such as,

comparing angiosperms and gymnosperms.

Extracellular ATP is also a key signal

involved in the control of stomatal aperture.

These early studies interpreted the effects of

extracellular ATP on stomatal opening to be

due to an increase in cellular energy supply,

such as in Commelina (Nejidat et al. 1983;

Raghavendra 1981). However, more recent stud-

ies have viewed these effects as due to purinergic

signaling. For example, in Arabidopsis and Vicia

faba, extracellular ATP, as well as other

nucleotides (ADP, GTP, ATPγS, Bz-ATP, and
2me-ATP), were shown to promote stomatal

opening (Hao et al. 2012; Wang et al. 2014).

However, perhaps reflecting issues related to

ATP homeostasis, experiments showed that low

concentrations of applied ATPγS (5–15 μM)

induced stomatal opening, whereas higher

concentrations (150–250 μM) induced closure

(Clark et al. 2011). The exact mechanism of

how purinergic signaling is coupled to the con-

trol of stomatal aperture remains to be

elucidated.

Plant cell viability is also affected by extra-

cellular ATP. Chivasa et al. (2005) showed that

the addition of exogenous ATP protected cells

against toxin application, while reduction of

extracellular ATP by addition of apyrase or

glucose-hexokinase led to cell death in leaves

or cell cultures of Arabidopsis, Zea mays,

Phaseolus vulgaris, and Nicotiana tabacum.

Sun et al. (2012a) showed that this cell death

response was clearly the result of ATP concen-

tration. Relatively high levels (0.5–2 mM) of

extracellular ATP increased cell death in callus

cells of Populus euphratica.

2.2 Stress Responses

Unlike animals, sessile plants cannot move to

avoid or escape stress. Therefore, plants must

sense and respond in place to the various biotic

or abiotic stresses they face. The key role that

extracellular ATP plays in the plant response to

stress was previously reviewed by Choi et al.

(2014a) and Tanaka et al. (2014). Both abiotic
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and biotic stresses trigger ATP release as a

damage-associated molecular pattern (DAMP).

Perception of extracellular ATP as a DAMP

initiates plant defense responses.

Jeter et al. (2004) reported that mechanical

stress increased extracellular ATP levels in

Arabidopsis seedlings. Weerasinghe et al.

(2009) also showed that mild touching of

Arabidopsis roots induced the release of

nanomolar levels of extracellular ATP. Mechan-

ical stimulation of plant cells during pathogen

infection is associated with nuclear repositioning

and cytoplasmic streaming (Hardham et al.

2008). Generally, mechanical stress induces

cytoskeletal rearrangements (Hardham et al.

2008). These types of effects, such as cytoplas-

mic streaming, are also found upon exogenous

addition of ATP (Williamson 1975).

Both abiotic and biotic stress agents trigger

extracellular ATP release. Jeter et al. (2004)

reported that addition of salt induced the release

of ATP in Arabidopsis seedlings. Dark et al.

(2011) also showed that treatment with sorbitol,

salt, abscisic acid or L-glutamate caused ATP

release in Arabidopsis roots. Sun et al. (2012b)

proposed a model for extracellular ATP mediated

salinity stress signaling in Populus euphratica
cells. Application of NaCl (200 mM) to suspen-

sion cultured cells induced a transient elevation

in extracellular ATP and triggered salinity toler-

ance responses. Depletion of ATP by suramin

(an ATP hydrolase) and PPADS (blocker of ani-

mal purinergic signaling) caused significant via-

bility reduction in the NaCl treated cells. These

data suggest that extracellular ATP contributes to

salinity tolerance to maintain cell viability. Deng

et al. (2015) reported that low concentrations of

ATP treatment promoted cold tolerance, whereas

higher concentrations inhibited cold tolerance in

Populus euphratica. Again, underlying the

importance of ATP homeostasis.

Infection by a variety of pathogens, bacteria,

fungi or oomycetes, also leads to ATP release

associated with the activation of innate immunity

pathways. Kim et al. (2006) found addition of

chitin, a known activator of pathogen-associated

molecular pattern immunity (PTI) led to a rapid

and significant release of ATP in Medicago

truncatula roots. Wu et al. (2008) reported that

application of yeast extract to Salvia miltiorrhiza

roots also induced ATP release. Srobarova et al.

(2009) showed that cells treated with beauvericin

(BEA), a cyclic hexadepsipeptide antibiotic and

mycotoxin, led to secretion of ATP into the

apoplast of wheat.

Taken together, these findings suggest that

various stresses induce the release of extracellu-

lar ATP in plants (Fig. 1), which correlates with

the induction of stress responsive pathways in the

plant. The data are clear that, similar to the situa-

tion in animals, extracellular ATP acts as a cen-

tral danger signaling molecule to trigger various

stress responses in plants (Tanaka et al. 2014).

3 Signal Transduction
of Extracellular ATP

In animal cells, two types of purinoceptor (P2X,

P2Y) recognize extracellular ATP as well as

other nucleotides and activate intracellular,

purinergic signaling cascades. These signaling

processes include the elevation of cytoplasmic

Ca2+ and production of ROS and NO (Bours

et al. 2006; Shen et al. 2005), which are also

responses to ATP that are found in plants. An

interesting and still largely unaddressed question

is ‘to what extent do plant and animal purinergic

signaling pathways converge?’

3.1 Perception of Extracellular ATP

Early studies with extracellular ATP antagonists

or inhibitors suggested that plant cells have

extracellular ATP receptors (Chivasa et al.

2005; Demidchik et al. 2003). However, these

studies have to be viewed with some skepticism

since they made use of purinergic signaling

inhibitors that, although verified in animal stud-

ies, have unknown specificity in plants.

As mentioned previously, database searches

for plant genes showing significant sequence

similarity to animal P2X and P2Y receptors

failed to identify any obvious candidates. How-

ever, Fountain et al. (2008) reported a P2X-like
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receptor in green algae. However, this protein

appears to function intracellularly and is not

localized on the plasma membrane. The lack of

apparent homology of plant proteins to known

animal purinergic receptors was explained by the

identification of the first plant purinergic recep-

tor, DORN1, which was proposed to represent

the founding member of a new, kinase family of

purinergic receptors, P2K, in keeping with the

animal nomenclature (Choi et al. 2014b).

DORN1 (P2K1) was identified in Arabidopsis

as the result of a forward genetic screen for

mutant plants that failed to show an increase in

intracellular calcium concentration upon the

addition of ATP.

3.2 Second Messengers
in Extracellular ATP Signaling

Exogenous application of ATP triggers a tran-

sient Ca2+ increase or Ca2+ oscillation in plant

cells (Demidchik et al. 2003; Hanley et al. 2004).

Tanaka et al. (2010b) reported that extracellular

ATP induces a biophasic increase in intracellular

Ca2+ in Arabidopsis root cells. These effects

were seen within 30 seconds of ATP addition

(Choi et al. 2014b; Tanaka et al. 2010b). The

authors suggested that the first peak of

ATP-induced cytosolic Ca2+ elevation may due

to stimulation of external Ca2+ entry, whereas the

second peak may result from both external Ca2+

entry and release of Ca2+ from intracellular

stores. The addition of either a Ca2+ chelator

(EGTA) or Ca2+ channel blockers

(e.g. nifedipine) inhibited the induction of intra-

cellular Ca2+ increases upon exogenous ATP

treatment (Demidchik et al. 2003).

The application of exogenous ATP induces

accumulation of ROS in various plant tissues

(Kim et al. 2006; Wu et al. 2008; Demidchik

et al. 2009; Song et al. 2006). The detection of

ROS production is within 30–45 min after exog-

enous ATP treatment (Clark et al. 2010b). The

enzyme that produces ROS is NADPH oxidase.

In the Arabidopsis NADPH oxidase null mutants

(rbohC, rbohD, and rbohF), ROS generation by

extracellular ATP did not occur (Demidchik

et al. 2009; Tonon et al. 2010). Exogenous ATP

treatment to the atrbohC mutant failed to induce

the expression of stress related MAP kinase

genes, suggesting that the production ROS by

NADPH oxidase is downstream and important

for triggering subsequent events in purinergic

signaling (Demidchik et al. 2009). In addition,

ROS production induced by extracellular ATP is

involved in various plant growth, development

and stress responses such as root hair growth,

defense response, stomatal movement, and

programmed cell death (Kim et al. 2006; Sun

et al. 2012a; Hao et al. 2012; Tonon et al. 2010).

Extracellular ATP also stimulates production

of NO as an important second messenger

(Reichler et al. 2009; Tonon et al. 2010; Wu

and Wu 2008). The earliest detection of NO

production is at 10 min and less than 30–45 min

after exogenous ATP application (Reichler et al.

2009; Clark et al. 2010b). NO production

stimulated by extracellular ATP was shown in

algae, Salvia miltiorrhiza hairy roots, tomato

suspension cells, and during pollen germination

and hypocotyl growth (Reichler et al. 2009;

Tonon et al. 2010; Wu and Wu 2008; Torres

et al. 2008; Foresi et al. 2007). Wu et al. (2008)

found that extracellular ATP induced increased

cytosolic Ca2+ levels and subsequently

stimulated NO production in Salvai miltiorrhiza

hairy root cells. In Arabidopsis, nitrate reductase
mutants (nia1nia2) have reduced NO production

and did not show growth or stomatal aperture

responses to applied ATP (Reichler et al. 2009;

Clark et al. 2010b). These results suggest that NO

formation is associated with extracellular ATP

action.

In addition to Ca2+, ROS, and NO,

phosphatidic acid has emerged as a second mes-

senger in plants. In animals, phosphatidic acid

(PA) has been associated with purinergic signal-

ing (Ralevic and Burnstock 1998). Sueldo et al.

(2010) investigated the effect of extracellular

ATP on PA production in Solanum lycopersicum.

Exogenous ATP (0.1 or 1 mM) treatment

induced the formation of phosphatidic acid

(PA) within minutes via the activation of phos-

pholipase D (PLD) and phospholipase C (PLC)/

diacylglycerol kinase (DGK) in suspension-
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cultured tomato cells. In addition, the results

showed that extracellular ATP-mediated NO

production downstream of PLC/DGK activation.

Extracellular ATP-induced Ca2+, ROS, NO,

and PA molecules appear to be linked in the

plant signaling pathway. Stresses cause ATP

release, then extracellular ATP induces NADPH

oxidase-dependent ROS production (Demidchik

et al. 2009). Both Ca2+ and PA are involved in

the activation of NADPH oxidase (McPhail et al.

1999). PA can also induce an oxidative burst,

suggesting a similar activation of NADPH oxi-

dase (Park et al. 2004). In addition, NO accumu-

lation induced by extracellular ATP required the

activation of Ca2+ channels in tomato cells and

hairy roots (Wu and Wu 2008; Sueldo et al.

2010). The data suggest that an increase in cyto-

solic Ca2+ is among the first responses to ATP

addition, subsequently activating the production

of PA, ROS, and NO.

3.3 Gene and Protein Expression
Induced by Extracellular ATP

Exogenous ATP treatment increases cytosolic Ca
2+ levels, production of PA, ROS, and NO, and

these second messengers activate mitogen-

activated protein kinase (MAPK) phosphoryla-

tion (Reichler et al. 2009; Jeter et al. 2004;

Tanaka et al. 2010b; Demidchik et al. 2009;

Song et al. 2006; Clark et al. 2010b; Sueldo

et al. 2010). Downstream of these responses,

addition of ATP induces the expression of a

variety of genes.

Jeter et al. (2004) showed that exogenous

ATP increased the expression level of MAPK

(MEKK1, PK19, MPKs), ethylene biosynthesis

and a variety of other genes involved in signal

transduction (ACS6, ERFs). These findings sug-

gest that extracellular ATP can trigger down-

stream reactions related to stress responses

through ethylene signaling and MAPK cascades.

Song et al. (2006) reported that exogenous

ATP treatment increased the expression levels

of wound and defense response genes, such as

PAL1 (wound and defense response gene), LOX2

(jasmonic acid synthesis related gene), and ACS6
(ethylene biosynthesis related gene).

Chivasa et al. (2010) investigated the molecu-

lar and physiological effects of extracellular

ATP-mediated signaling in tobacco by 2-DE

(2-dimensional protein electrophoresis) coupled

with mass spectrometry analysis. They found

differentially expressed proteins involved in cel-

lular processes such as photosynthesis, cell wall

metabolism, ATP synthesis, pathogen defense,

maintenance of cellular redox state, and protec-

tion against oxidative stress. These findings sug-

gest that extracellular ATP-mediated signaling

on the cell surface regulates important primary

metabolic processes, including photosynthesis

and intracellular ATP production.

As mentioned above, apoplastic apyrase

functions to control extracellular ATP homeosta-

sis in Arabidopsis (Wu et al. 2007). Lim et al.

(2014) found that apyrase mutants showed an

increase in the extracellular ATP levels and

severely reduced growth. They expanded on

these observations by performing a DNA

microarray analysis of genes differentially

expressed upon addition of exogenous ATP.

Reduction of apyrase led to increased expression

of genes involved in systemic acquired resis-

tance, defense response to fungal pathogens,

MAP kinase cascade, biotic stress responses,

but also decreased expression of genes involved

in root hair differentiation, iron, nitrate, and

metal ion transport, UDP-glycosyltransferase

and sterol biosynthetic process.

Choi et al. (2014b) conducted a DNA

microarray analysis comparing gene expression

of wild-type and dorn1 mutant plants upon the

addition of exogenous ATP. This analysis

identified 332 up and 242 down-regulated genes

in response to ATP in wild-type plants but none

of these genes responded to exogenous ATP in

dorn1 mutant plants (Choi et al. 2014b).

ATP-induced genes were classified into

categories known to respond to biotic and abiotic

stresses, including immune response, protein

modification, programmed cell death, photosyn-

thesis, and carbohydrate biosynthesis (Cao et al.

2014). In addition, Choi et al. (2014b) found a

60% overlap between genes responding to ATP

242 S.-H. Cho et al.



and those reported in the literature to respond to

wounding, consistent with the observation that

significant levels of ATP are released by

wounding. These results support a role for plant

purinergic signaling during stress-related

response processes.

4 Identification of Plant
Extracellular ATP Receptor

As mentioned previously, the first plant

purinergic receptor was identified from a forward

genetic screen of a Arabidopsis EMS (ethyl

methanesulfonate) mutagenized population

based on the ability of exogenous ATP to stimu-

late an increase in cytoplasmic calcium levels

(Choi et al. 2014b), as measured using

aequorin-expressing transgenic seedlings

(Knight and Knight 1995). Initial screening of

the EMS mutagenized Arabidopsis population

identified two allelic mutants (dorn1–1 and

dorn1–2), which were then used to identify a

T-DNA insertion line (dorn1–3) (Choi et al.

2014b) (Fig. 2). Additional screening led to the

identification of six additional EMS-induced

alleles and two additional T-DNA insertion

mutations (Choi et al. 2014a) (Fig. 2). The

locations of these mutations cover the full length

of the dorn1 gene indicating that both the extra-

cellular lectin domain and intracellular kinase

domain are essential for function. Each of these

mutants failed to show the ATP-induced cyto-

solic calcium increase, MAPK activation and

ATP-induced gene expression (Choi et al.

2014b). The Arabidopsis DORN1 gene encodes

a lectin receptor kinase (LecRK-I.9) comprising

an extracellular legume (L)-type lectin domain, a

transmembrane domain and an intracellular ser-

ine/threonine kinase domain (Fig. 2). Interest-

ingly, the lectin receptor kinase protein family

is found only in plants, based on sequence-based

database searches (Lehti-Shiu et al. 2009). In

keeping with the animal nomenclature for

purinergic ATP receptors, Choi et al. (2014b)

proposed the name P2K1 as a founding member

of the new family of kinase, purinergic receptors

in plants.

4.1 Expression Patterns
and Functions of DORN1

DORN1 (P2K1) was initially identified as LecRK

I.9 based on its interaction with the Phytophthora

insfestans (oomycete pathogen) effector protein

Fig. 2 Schematic of the DORN1 protein showing the

specific location of the loss-of-function mutant alleles in

the DORN1 gene

The DORN1 sequence is composed of extracellular lectin

domain, transmembrane domain and kinase domain. The

extracellular lectin domain binds ATP at high affinity.

The diagram shows eight EMS mutant alleles and two

T-DNA insertion lines
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Fig. 3 Expression patterns of the DORN1 gene at various developmental stages

The remaining pictures (a–t) correspond to ProDORN1::GUS transgenic plants. (a) 2 day-old seedling, (b) 4 day-old
seedling, (c) 6 day-old seedling, (d) imbibed seeds, (e–h) 4 day-old seedlings in cotyledon (e), hypocotyl/root junction
(f), root (g) and root tip (h). (i–k) 22 day-old plant (i) and root (j) and root tip (k). (l–m) 16 day-old plant leaf sections,

(n) 29 day-old plant leaf wounded with hemostatic forceps, (o–t) 40 days-old mature plant in flower (o), silique (p),
abscission zone in floral organ (q), rosette leaves (r, s), and stem (t)



IPI-O (in planta induced-O) via the cell attach-

ment RGD (arginine-glycine-aspartic acid) motif

(Gouget et al. 2006). The maintenance of attach-

ment between the cell wall (CW) and plasma

membrane (PM) is a critical factor that governs

the plant response to a variety of stimuli, includ-

ing those involved in pathogen defense

(Bouwmeester et al. 2011; Bouwmeester and

Govers 2009). It was suggested that DORN1

(LecRK I.9) mediates this CW-PM interaction

via association with RGD domain containing

proteins (Gouget et al. 2006). DORN1 contains

two, proposed RGD binding domains, ASYY

(residues 151–154) and PHPR (residues

257–260) located in the extracellular lectin

domain (Gouget et al. 2006; Bouwmeester et al.

2011). Binding of DORN1 to the Phytophthora

effector protein IPI-O was shown to reduce

CW-PM connections, as did the addition of

other RGD motif peptides (Senchou et al.

2004). Plant mutants lacking DORN1 (LecRK

I.9) were found to be most susceptible to

Phytophthora infection, while ectopic expression

of DORN1 led to enhanced resistance

(Bouwmeester et al. 2011, 2014). This enhanced

resistance could be transferred by expressing the

Arabidopsis DORN1 (LecRK I.9) protein in

tobacco and potato. The authors of these studies

interpreted their results in the context of the

importance of DORN1 in mediating CW-PM

interaction. However, with the subsequent iden-

tification of DORN1 as the receptor for extracel-

lular ATP, one must consider that these

phenotypes could also reflect changes in

purinergic signaling.

In humans, RGD binding integrin proteins

mediated PM-extracellular matrix (ECM) con-

tact via binding to a RGD motif contained within

the P2Y2 receptor (Erb et al. 2001). Thus, at least

with regard to P2Y2 and DORN1, there appears

to be a conserved role in mediating PM-CW/

ECM interaction. Mutants of P2Y2 with a

mutated RGD domain (RGE) show a slight

reduction in ATP binding (Peterson et al. 2010),

but more profound defects in cellular signaling,

attributed to an inability to interact with integrin.

Indeed, cells expressing the RGE form of P2Y2

are blocked in signaling through G0 and G12,

which prevents subsequent activation of RAC

and RHO and associated changes in the cytoskel-

eton important for cell movement (Erb et al.

2001). The exact role that the DORN1

RGD-binding domains play in its cellular func-

tion remain to be determined. ProDORN1::GUS
expressing transgenic plants showed thatDORN1

is expressed in almost all tissues of Arabidopsis

young seedling plants, including roots and

leaves, and is highly expressed in the vascula-

ture, shoot base and root tip region (Fig. 3). In

3-week old plants, the expression of DORN1 in

both old leaves and roots was weaker than devel-

oping tissues, such as newly emerging leaves and

roots (Fig. 3). DORN1 expression in 6-week-old

plants disappeared in most tissues except the

abscission zone of siliques (Fig. 3O-T). How-

ever, DORN1 expression was strongly induced

by wounding in mature leaves (Fig. 3N). Choi

et al. (2014a) also showed, using a DORN1-GFP

translational fusion driven by the native DORN1
promoter, that the protein was localized to the

plasma membrane.

4.1.1 Extracellular L-Type Lectin
Domain

DORN1 has an extracellular L-type lectin

domain, so named because of its similarity to

the legume-lectin protein domain (Vaid et al.

2013). The L-type lectin domain contains a typi-

cal β-sandwich fold consisting of flattened

six-stranded β-sheets and in-curved seven-

stranded β-sheet (Barre et al. 2002). Computa-

tional modeling suggests that DORN1 has a sim-

ilar structure (Nguyen et al. 2016) (Fig. 4).

As the name implies, normally one would

expect a lectin domain to bind to carbohydrates

(Herve et al. 1999). However, DORN1 lacks key

amino acid residues known to be essential for

monosaccharide binding (Gouget et al. 2006;

Barre et al. 2002). Indeed, published efforts

with the LecRK I.9 protein (Gouget et al.

2006), as well as our own unpublished efforts,

failed to find any interaction between the

DORN1 extracellular domain and a variety of

sugars. Instead, the DORN1 extracellular lectin

domain shows high affinity binding to ATP (Kd

¼ 45.7 � 3.1 nM) (Choi et al. 2014b).
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DORN1 prefers to bind with purine

nucleotides (Choi et al. 2014b). The competitive

binding affinity of various nucleotides showed

that ATP and ADP were the most active agonists,

followed by ITP, GTP and UTP. Various pyrimi-

dine nucleotides did not bind (Choi et al. 2014b).

The relative binding affinities of these nucleotides

is roughly consistent with their biological activity

Fig. 4 Molecular modeling of the DORN1 protein struc-

ture

(a–c) Front (a) and right (b) and left (c) side view repre-

sentation of the ribbon diagram of the DORN1 protein. The

ribbon diagrams illustrate the docking form model. Each

loop is colored in blue (Loop A), violet (Loop B),

navy (Loop C), red (Loop D), and purple (Extended

loop). Docking form model with ATP, Ca2+ (green ball),

andMn2+ (violet ball). (d) Electrostatic potential molecular

surface of the DORN1 binding pocket andATPmolecule in

ball and stick mode. Blue shading indicates electro-positive

and red shading indicates electro-negative protein surfaces.

Blue bars next to the figures denote relative scale of the

model in Angstrom unit (1 Å ¼ 10�10 m)
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when applied to Arabidopsis seedlings (Choi et al.
2014b; Tanaka et al. 2010b).

Choi et al. (2014a) reported several allelic

mutations in DORN1 (Fig. 2), including the

dorn1–6 (D147N) mutation. Interestingly, this

residue is located in a distorted sugar-binding

pocket, which appears to be involved in ATP

binding (Nguyen et al. 2016).

4.1.2 Transmembrane Domain

As mentioned previously, DORN1 was localized

via microscopy to the plasma membrane consis-

tent with the presence of a single, predicted

transmembrane domain (TM) (Choi et al.

2014a) (Fig. 2). One mutation, dorn1–7
(A306T), is located in the transmembrane

domain and plants with this mutation do not

show an increase in cytoplasmic calcium upon

ATP addition, suggesting that the TM domain is

essential for function (Choi et al. 2014a) (Fig. 2).

4.1.3 Serine/Threonine Kinase Domain

The intracellular kinase domains found in vari-

ous members of the LecRK protein family are

between 250 and 300 amino acids in length,

e.g. DORN1 kinase domain (268 amino acids)

(Vaid et al. 2013). The intracellular domain of

DORN1 has the sequence of a typical serine/

threonine kinase (Fig. 2), consisting of

12 subdomains (Navarro-Gochicoa et al. 2003).

In vitro kinase assays demonstrated that the

DORN1 kinase domain was active in both

autophosphorylation and transphosphorylation

(Choi et al. 2014b). The dorn1–1 mutations

(D572N; subdomain X) and dorn1–2 (D525N;

subdomain IX) disrupt DORN1 kinase activity

and also negate any purinergic signaling activity

(Choi et al. 2014b) (Fig. 2). Studies have shown

that LecRK kinase activity is dependent on diva-

lent metal cations (Nishiguchi et al. 2002) and

Mn2+ and Mg2+ strongly stimulate kinase activity

(Nishiguchi et al. 2002). The dorn1–5 (D486N;

subdomain VII) mutation disrupts DORN1 sig-

naling (Choi et al. 2014a) (Fig. 2). Computa-

tional modeling suggests that this aspartate

residue is critical for binding Mg2+ in association

with the β and γ phosphates of ATP. It is known
that arginine–aspartate (RD) kinases carry a

conserved arginine (R) immediately preceding

the catalytic aspartate (D) that is required for

autophosphorylation within the activation loop

in subdomain VI (Johnson et al. 1996; Dardick

and Ronald 2006). DORN1 belongs to the RD

kinase family and contains these conserved argi-

nine and aspartate residues in the activation loop

(Choi et al. 2014a; Johnson et al. 1996). The

dorn1–9 mutation (R467Q; subdomain VIb; RD

motif) in this arginine residue also disrupts ATP

signaling via DORN1 (Fig. 2).

5 Computational Modeling
of the DORN1 Extracellular
Lectin Domain

Recently, computational modeling was used to pre-

dict the structure of the DORN1 extracellular lectin

domain, as well as to predict key residues involved

in ATP binding (Nguyen et al. 2016). The authors

used a ‘threading’ approach making good use of

the fact that 54 L-type lectins, ~ 250 tertiary

structures and quaternary complexes have been

crystallized and deposited into the protein data

bank (http://www.rcsb.org) (Rose et al. 2013).

The DORN1 sequence was aligned with that

of the three closest homologs [i.e., Dolichos

biflorus (1BJQ), Phaseolus vulgaris (1FAT),

and Spatholobus parviflorus (3IPV)] showing

47.3%, 52.2%, and 50.5% amino acid similarity,

respectively (Nguyen et al. 2016). Interestingly,

the DORN1 lectin domain has an insertion of

13 residues between β8 and β9-strands, and this

insertion is only found in the lectin receptor

kinases present in the Brassicaceae family

(Nguyen et al. 2016). The sequence alignment

generated was used to construct a 3D structural

model of the DORN1 extracellular domain. This

model predicts a β-sandwich architecture with

β-jelly roll topology, one of the β-sheets consists
of 7 anti-parallel β-strands (β2, β3, β5, β6, β7, β8,
and β12) in the middle of the monomer, and

6 β-strands (β1, β4, β9, β10, β11, and β13) on
one side of the subunit (Nguyen et al. 2016)

(Fig. 4).
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Given this predicted structure, additional

computational methods were used to predict the

specific ATP binding site and also to compare

binding with other nucleotides, as well as sugars.

As mentioned above, the lack of key residues

indicate that DORN1 does not bind sugars and

this was supported by the modeling. The putative

ATP binding sites were predicted to be in the

loops of the DORN1 extracellular lectin domain,

including Gly98, Thr117, Arg118, Ile143,

Asn145, Gly245, Thr246, and Ala247, except

His99 (Nguyen et al. 2016). In addition, a puta-

tive metal ion binding site was found to be com-

posed of five residues (Glu139, Asp141, Asn145,

Asp150, and His155). Interestingly, this

predicted ATP binding location is structurally

similar to the carbohydrate binding pocket of

the canonical L-type lectins (Nguyen et al. 2016).

Subsequent, structure-function studies

utilizing site-directed mutagenesis largely

supported the computational DORN1 model.

For example, deletion of loop-B (116–118) and

loop-C (140–145) impaired ATP binding, while

deletions of loop-A (94–97), loop-D (245–247),

and extended loop did not affect the binding

ability of DORN1 (Nguyen et al. 2016) (Fig. 2).

In addition, several residues (Glu96, Gly98,

His99, Thr117, Arg118, Ile143, Trp144,

Pro146, Thr246, Gly245, and Ala247) in these

four loop regions for ATP binding were shown to

possess a higher number of H bonds and hydro-

phobic interactions than to other ligands, such as

di-, monosaccharides (Nguyen et al. 2016). These

data suggest that this shallow pocket surrounded

by the four loops in DORN1 is suitable for ATP

binding, by forming hydrogen bonds and hydro-

phobic interactions (Figs. 2 and 3).

Recently, Li et al. (2016) reported a

low-resolution (4.6 Å) X-ray crystallographic

structure of the Arabidopsis DORN1 extracellu-

lar domain and also of the orthologous protein

purified from Camelina sativa. As predicted from
the sequence (Choi et al. 2014a), DORN1

purified by expression in planta showed signifi-

cant levels of glycosylation. Potential sites of

glycosylation are residues Asn56, Asn124,

Asn128, Asn181, Asn204, Asn225, and Asn232

(Li et al. 2016). However, subsequent site-

directed mutagenesis revealed that mutation in

only four of these residues (Asn124, Asn204,

As129, and Asn225) significantly affected glyco-

sylation levels (Li et al. 2016). Nguyen et al.

(2016) reported that mutations in these same

residues did not affect ATP binding. In general,

the data presented by Li et al. (2016), are consis-

tent with the computational model generated by

Nguyen et al. (2016). Further analysis awaits the

publication of a high-resolution crystal structure.

6 Future Perspectives

Purinergic signaling in plants and animals shows

clear similarities; for example, similar cellular

responses (elevated cytoplasmic Ca2+ levels,

ROS, NO production and gene expression) but

these responses are mediated by unique

receptors; that is, P2X and P2Y in animals and

P2K1 (DORN1) in plants. This unique feature of

plants is perhaps explained by the fact that the

LecRK family is found only in plants. The

Arabidopsis genome is predicted to encode over

600 receptor-like kinases (RLKs), of which

45 genes are within the LecRK family

(Bouwmeester and Govers 2009). Most of these

LecRK genes remain to be characterized but

those that have been studied clearly implicate

this protein family in recognition of a wide

range of stimuli (Bouwmeester et al. 2011; Shiu

and Bleecker 2001; Riou et al. 2002; Deng et al.

2009), especially those involved in plant stress.

Mammals possess multiple P2X and P2Y

receptors and, therefore, it will not be surprising

to find that plants also have multiple P2K

receptors (Burnstock 2001, 2007). The various

expression patterns of other LecRKs in different

tissues and developmental stages suggest the

possibility of other purinergic receptors

(Bouwmeester and Govers 2009). However, the

total lack of a response to ATP in dorn1 mutant

plants suggest that, at least under the conditions

tested, DORN1 is the major purinergic receptor

in Arabidopsis seedlings. Thus, other receptors

likely play more specific roles at defined devel-

opmental stages (e.g. mature plant), specific
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tissues (e.g. pollen) or in response to unique

stimuli.

It is hoped that the identification of DORN1 as

the first plant purinergic receptor will stimulate

other research groups to enter this interesting

area of research. Many questions remain to be

answered:

• What is the key mechanism involved in mod-

ulation of ion channel activity in response

to extracellular ATP (e.g. how DORN1 affect

Ca2+ influx)?

• Do plants contain multiple purinergic

receptors and, if so, what are their respective

functions?

• What can be learned through comparative

studies of purinergic signaling in a variety of

plant species?

• What are the downstream signaling events

involved in purinergic signaling and how are

they integrated in the overall response

pathways that plants use for growth, develop-

ment and stress response?

• What can be learned from a comparative

study of plant and animal purinergic signal-

ing; where do these pathways converge and

diverge? What aspects are evolutionarily

conserved?

• Given the large pharmaceutical industry that

has developed to exploit human purinergic

signaling, are there also approaches that can

be used to exploit plant purinergic signaling to

improve crop productivity and sustainability?

Our hope is that this review will stimulate

researchers to address these and other questions

to expand our knowledge of purinergic signaling

in plants.
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