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ABBREVIATIONS 

ABC- ATP binding cassette transporters 

ACAN- aggrecan 

ADAMTS- disintegrin and metalloproteinase with thrombospondin motifs  

ADO- adenosine 

ADP- adenosine diphosphate 

AF- annulus fibrosus 

ALP- ectoalkaline/alkaline phosphatases  

AMP- adenosine monophosphate 

ARS- alizarin Red S staining  

ASC- C-terminal caspase recruitment domain 

AP1- activator protein 1 

ATP- adenosine triphosphate  

BMPs- bone morphogenetic proteins  

BSP- bone sialoprotein   

BzATP- 2’, 3’-(4-benzoil)-ATP 

C/EBPs- CCAAT/enhancer binding proteins  

CALMH- calcium homeostasis modulator channel 

CREB- c-AMP-responsive element-binding proteins 

CCL3- CC-chemokine ligand 3  

CEP- cartilaginous endplates 

ChIP- chromatin immunoprecipitation   

Col1A- type I collagen 

CXCL2- CXC chemokine ligand 2 

DAMPs- damage-associated molecular patterns 

Dlx5- distal-less homeobox 5  

ECM- extracellular matrix 

E-NPP- ectonucleotide pyrophosphatase phosphodiesterases 

E-NTPDase- ectonucleoside triphosphate diphosphohydrolases 

ES- early stage of differentiation  
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FCS- fetal calf serum 

Fura-2/AM- fura-2-acetoxymethyl ester  

GSK3β- glycogen synthase kinase 3 beta 

HIF-1- hypoxia-inducible factor 1 

hOBs- human osteoblasts 

HSP- heat shock protein 

hWJ-MSCs- human Wharton’ jelly mesenchymal stromal cells from 

IGF- insulin-like growth factor  

IL- interleukin 

IVD- intervertebral disc 

IVDD- intervertebral disc degeneration 

LPS- lipopolysaccharide 

LS- late stage of differentiation 

MCP-1/CCL2- monocyte chemoattractant protein 1  

MMP- matrix metalloproteinases  

MS- middle stage of differentiation  

MSC- mesenchymal stromal cells  

MV- microvesicles  

NELL-1- neural epidermal growth factor 1 

NFAT- nuclear factor of activated T-cells 

NF-kB- nuclear factor kappa B 

NLRP3- NOD-, LRR- and pyrin domain-containing protein 3 

NP- nucleus pulposus  

OA- osteoarthritis 

OBs- osteoblasts 

OCs- osteoclasts 

OI- osteogenesis imperfecta 

OPG- osteoprotegerin 

OPN- osteopontin 

Osx- osterix/Sp7  
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OXPHOS- oxidative phosphorylation  

PAMPs- pathogen-associated molecular patterns 

PBS- phosphate buffered solution 

PGE2- prostaglandin E2  

Pi- phosphate 

PF- Pfirrmann grade 

PI3K/AKT- phosphoinositide 3-kinases/serine/threonine-protein kinase 

PLD- phospholipase D 

PMA- phorbol 12-myristate 13-acetate  

pO2- partial pressures of oxygen  

PPARγ - peroxisome proliferator activated receptor gamma  

PPi- pyrophosphate  

RA- rheumatoid arthritis 

RT- room temperature 

Runx2- runt-related transcription factor 2  

SMAD- SMAD family member 

SNP- single nucleotide polymorphisms 

SOX9- SRY-box 9  

Sp1- specificity protein 1 

STAT- signal transducers and activators of transcription  

TBS- tris-buffered saline 

TCF/LEF1- T-cell factor/lymphoid enhancer factor  

TFs- transcription factors 

TGF-β- transforming growth factor beta 

TIMP-1- tissue inhibitor of metalloproteinase -1  

TLR- toll like receptor 

TNF-- tumor necrosis factor alpha  

TRPS1- tricho-rhino-phalangeal syndrome type I  

TSS- transcription start site  

VEGF- vascular endothelial growth factor  
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1. INTRODUCTION 

1.1 SKELETAL SYSTEM 

The skeletal system is composed of bones and cartilage connected by ligaments to form a dynamic 

framework for the body tissues.  The skeletal system has several key functions, including: mechanical 

support and movement, protection for the soft tissue, mineral homeostasis, and hematopoiesis 

[Clarke, 2008; Florencio-Silva et al., 2015; Findlay and Kuliwaba, 2016]. Numerous diseases 

(osteoporosis, osteopetrosis, osteoarthritis, cancers), trauma and physiological aging cause skeletal 

frailty which at different levels may compromise the quality of life together with important 

socioeconomic impact [Clarke, 2008; Florencio-Silva et al., 2015; Findlay and Kuliwaba, 2016; 

Roberts et al., 2016]. Both in the pharmacological, in the surgical and tissue engineering areas, much 

progress has been made to develop strategies to repair skeletal defects and slow down the progression 

of bone tissue and cartilage degeneration [Johnstone et al., 2013; Amini et al., 2012; Liu et al., 2017]. 

However, many questions still remain open. The contribution that basic research can give in this 

scenario is particularly important, especially as regards the discovery of new molecular targets against 

which new effective therapeutics may be designed. 

 

1.1.1 Bone tissue  

1.1.1.1 Bone formation and composition 

The main components of bone, like all connective tissues, are cells and matrix. Bone cells represent 

a small amount of the bone volume and are crucial to the function of bones. There are four types of 

cells within bone tissue: osteoblasts, osteocytes, osteogenic cells, and osteoclasts [Raggatt et al., 

2010; Toosi and Behravan, 2020; Clarke, 2008; Florencio Silva et al., 2015]. 

The process of bone formation is called osteogenesis or ossification. There are two types of 

ossification that occur in mesenchymal stromal cells (MSCs): in the intramembranous ossification 

(flat bones-cranium and medial clavicles), MSCs proliferate and differentiate directly into 

preosteoblasts and then into osteoblasts (OBs). Here, osteoblasts synthesize and secrete a collagen-

proteoglycan matrix that will be calcified and mineralized [Cashman and Ginty, 2003; Mackie et al., 

2011]. In the endochondral ossification (long bones-appendicular and facial bones, vertebrae and 

lateral clavicles), MSCs proliferate and differentiate into prochondroblasts and then into 

chondroblasts that synthesize and secrete cartilaginous matrix. Afterwards the chondroblasts are 

progressively embedded within their own matrix becoming hypertrophic chondrocytes [Cashman and 

Ginty, 2003; Mackie et al., 2008; Mackie et al., 2011]. In the last phases, cartilage is invaded by blood 

vessels and the chondrocytes undergo apoptosis, while surrounding cells differentiate into 

https://pubmed.ncbi.nlm.nih.gov/?term=Johnstone+B&cauthor_id=23636950
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osteoblasts, which start to produce bone extracellular matrix (ECM) over the degrading cartilage 

matrix [Cashman and Ginty, 2003; Mackie et al., 2008; Mackie et al., 2011]. In both processes, bone 

mature osteoblasts remain entrapped into the mineralized ECM and become osteocytes [Teitelbaum, 

2007; Florencio-Silva et al., 2015; Katsimbri, 2017]. These cells act as endocrine organ [Katsimbri, 

2017; Teitelbaum, 2007; Florencio-Silva et al., 2015] and also as mechanosensors, thanks to an 

intricate canalicular network, converting the mechanical pressures in biological molecules (e.g. ATP, 

nitric oxide, calcium and prostaglandins) [Teitelbaum, 2007; Florencio-Silva et al, 2015; Katsimbri, 

2017]. 

The osteoclasts (OCs) are large multinucleated cells derived from mononuclear precursors of the 

monocyte-macrophage lineage and are the bone resorbing cells [Clarke, 2008; Florencio-Silva et al., 

2015]. 

The osteoblasts (OBs) are the bone forming cells and are involved in bone remodeling and bone repair 

being designated to deposit mineral matrix [Raggatt et al., 2010; Toosi and Behravan, 2020]. The 

OBs are derived from MSCs through a multi-phase differentiation process, called osteogenesis and 

different maturation stages are recognized (mesenchymal progenitors, preosteoblasts and osteoblasts) 

[Infante and Rodriguez, 2018]. The differentiation of MSCs into OBs is a very complex multi-step 

process where a key role is played by specific transcription factors (TFs) only in part known. TFs 

action is guided in different stages of osteodifferentiation by specific soluble factors such as bone 

morphogenetic proteins (BMPs), insulin-like growth factors (IGF), neural epidermal growth factor 1 

(NELL-1), and Wnt ligands [Wang et al, 2014; Capulli et al., 2014; Rico-Llanos et al., 

2017;  Hutchings et al., 2020; Pakvasa et al., 2017]. The role of many of cytokines in this process is 

fundamental, for example, the induction of the Wnt/βcatenin signal promotes bone formation by 

activating osteogenic factors, including runt-related transcription factor 2 (Runx2), distal-less 

homeobox 5 (Dlx5) and Osterix/Sp7 (Osx), and repressing the expression of peroxisome proliferator 

activated receptor gamma (PPARγ), the main adipogenic inducer [Baron et al., 2013]. Runx2, also 

known as Cbfa1, Osf2 and AML3, is the master regulator of osteogenesis able to promote the 

upregulation of osteoblast-related genes such type I collagen (Col1A) and alkaline phosphatase 

(ALP). The transition from immature to mature osteoblasts is accompanied by a morphological 

change and an increased in the expression of Osx, osteocalcin, Col1A and bone sialoprotein (BSP) 

[Fakhry et al., 2013; Capulli et al., 2014; Arboleya and Castañeda, 2013; Florencio-Silva et al, 2015; 

Hutchings et al., 2020]. Others TFs including hypoxia-inducible factor 1 (HIF-1α), SMAD family 

member (SMAD2/SMAD3), JunB, ETS2, signal transducers and activators of transcription (STAT1), 

nuclear factor of activated T-cells (NFATc1), FosB, JunD, Bapx1, Msx2, p53 [Song et al., 2009; 

Wang et al., 2017; Raouf and Seth, 2000; Kirkham and Cartmell, 2007] are involved in the 

https://pubmed.ncbi.nlm.nih.gov/?term=Rico-Llanos+GA&cauthor_id=28256809
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osteogenesis. Thanks to the employment of more sophisticated investigations and adequate 

experimental models the role of these transcription factors is becoming clear, even if in some cases 

contradictory evidence remains.  

The balance between osteoblast and osteoclast activity governs bone turnover and ensures that bone 

is neither overproduced nor overdegraded. Bone remodeling begins before birth and continues 

through life until death, in order to respond to biomechanical and body changes, to remove micro 

damaged tissue and to preserve bone strength and functions [Clarke, 2008; Katsimbri, 2017]. When, 

for different reasons, bone remodeling is altered, pathological conditions or failure in the repair or 

regeneration processes occur.  

Understanding those factors and molecular mechanisms that govern maturation and function of bone 

cells in the bone microenvironment is crucial, not only from biological point of view, but also for 

many implications in diverse areas of human health, from skeletal diseases to regenerative medicine. 

Although bone tissue has a regenerative capacity of healing, this process can fail, leading to delayed 

healing or development of non-union fractures. Acceleration of the fracture healing process would 

bring some benefits, such as the reduction of medical costs and enhancement of quality of life for the 

patients. 

 

1.1.1.2 Mineral matrix deposition 

Biological mineralization is an orchestrated and finely regulated process that takes place in the bone 

tissue. Despite the plethora of studies investigating physiological mineralization in skeletal tissues, 

the process governing the production of the calcified extracellular matrix remains only partially 

understood. 

Several mechanisms have been proposed as: i) cell-independent process, where noncollagenous 

proteins associating with collagen mediate mineral nucleation from ions in solution [Glimcher, 1984; 

Boonrungsiman et al., 2012]; ii) a cell-controlled mechanism by which vesicles from the plasma 

membrane accumulate ions extracellularly, mediate calcium phosphate precipitation, and 

subsequently pour their contents into the ECM [Anderson, 1995; Boonrungsiman et al., 2012]; iii) 

the transient formation of amorphous calcium phosphate [Boonrungsiman et al., 2012]. Many 

evidences suggest that the initial event of mineral matrix formation is the extracellular release of 

small membrane-bound microvesicles (MV) containing calcium and phosphate ions before 

associating with the collagenous components of ECM. Alternatively, amorphous calcium phosphate 

and ionic calcium stored in mitochondria are transported via vesicles to the ECM before converting 

to more crystalline apatite and propagating from dense foci [Boonrungsiman et al., 2012].  
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The elucidation of mineralization process is very important for the clinic implication in the field of 

bone and joint diseases. Furthermore, in view of potential therapeutic application, the dysregulation 

of mineral matrix deposition associated with aging, and to the onset of diseases such as ectopic 

ossification, joint calcification, atherosclerosis associated vascular calcification needs further 

mechanistic insights [Demer and Tintut, 2014]. 

The extracellular matrix of calcified bone is composed by organic matrix (20%), inorganic mineral 

(60%) and water (20%). Collagen is the main structural component of bone matrix and the majority 

is type I collagen (90%) with smaller amounts of types III, V, X, and XII collagens [Buckwalter et 

al., 1996; Fuchs et al., 2019]. The organic matrix also contains noncollagenous proteins, e.g. 

osteopontin, bone sialoprotein, osteocalcin and proteoglycans (hyaluronic acid, aggrecan, decorin, 

biglycan and versican). Although the noncollagenous proteins and proteoglycans little contribute to 

the total mass of the organic matrix, they have several important functions during osteoblast 

differentiation, tissue mineralization, cell adhesion, and bone remodeling [Fuchs et al., 2019]. The 

inorganic matrix serves as an ion reservoir storing approximately 99% of total body calcium, 

approximately 85% of phosphorus, and between 40% and 60% of the body’s sodium and magnesium 

[Buckwalter et al., 1996; Fuchs et al., 2019]. Therefore, the bone quality depends from proteic 

composition, collagen crosslinks, microarchitecture and the correct mineralization. All these factors 

could vary with age, ethnicity, gender, presence of disease and/or drug therapies affecting the tissue 

quality. 

 

1.1.2 Articular cartilage 

1.1.2.1 Cartilage composition 

Articular cartilage is the highly specialized connective tissue of the joints. It is characterized by the 

lack of blood, lymphatic vessels and nerves and is subject to a complex biomechanical environment. 

For these reasons articular cartilage has a limited capacity for intrinsic healing/repair. Therefore, the 

preservation and health of joint cartilage are crucial for joint health [Archer and Francis-West, 2003]. 

Chondrocytes are metabolically active cells that synthesize and secrete the components of the 

cartilage extracellular matrix: collagens, glycoproteins, and proteoglycans [Archer and Francis-West, 

2003]. As the osteoblasts, chondrocytes are derived from MSCs in a very well-regulated process 

called chondrogenesis [Camarero-Espinosa et al., 2016; Armiento et al., 2019].  

 

1.1.2.2 Intervertebral disc (IVD)  

Articular cartilage with unique properties is that of the intervertebral disc (IVD). IVD is the 

fibrocartilaginous part of a ‘three-joint complex’ that governs motion, flexibility and weight-bearing 

https://www.sciencedirect.com/science/article/pii/B9780081024515000020#!
https://www.sciencedirect.com/science/article/pii/S1357272502003011#!
https://www.sciencedirect.com/science/article/pii/S1357272502003011#!
https://www.sciencedirect.com/science/article/pii/S1357272502003011#!
https://www.sciencedirect.com/science/article/pii/S1357272502003011#!


 

11 

in the spine [Berg et al., 2018; Huang et al., 2018; Waxenbaum and Bennet, 2018]. The IVD is 

composed of different tissues, including a central highly hydrated nucleus pulposus (NP), the 

surrounding elastic annulus fibrosus (AF), and the cartilaginous endplate (CEP), which provides the 

connection to the vertebral bodies (Figure 1). These tissues are strictly interconnected and consists of 

a specific ECM. IVD matrix biosynthesis is performed by a cell population with distinct phenotype 

(whose markers have not been well identified yet) and is modulated by the mechanical loading and 

ATP release [Kerr et al., 2017; Berg et al., 2018; Waxenbaum and Bennet, 2018; Smith et al., 2011; 

Wuertz et al., 2012]. 

 

 

 

 

 

 

 

 

 

 

 

 
 

FIGURE 1: Schematic representations of the intervertebral disc. Cross section of disc anatomy and diagram of a 

transversely sliced intervertebral disc (IVD) [Smith et al., 2011]. 

 

 

Despite the cell density in IVD is very low (e.g. in an adult is about 55.00 cells/mm2), numerous cells 

were found in the CEP and at the periphery of AF, being the closest regions to the limited vascular 

supply [Roughley, 2004; Urban and Roberts, 2006; González Martínez et al., 2017]. 

The IVD cell density decreases throughout life due to necrosis, apoptosis and senescence 

accompanied by chronic hypoxia and lack of glucose which can lead to different levels of disc 

degeneration [Ganey et al., 2003; Ito et al., 2002; Kalson et al., 2008; González Martínez et al., 2017; 

Urban, 2004]. 

 

1.2 INNOVATIVE METHODS FOR STUDYING SKELETAL DISEASES 

Diseases of skeletal system are extensively widespread in aged population and are considered to be 

one of the main causes of disability and morbidity [Roberts et al., 2016; Lane, 2006; Sacitharan, 

2019]. The most common disorders of the skeletal system include intervertebral osteoporosis, bone 

fractures, osteogenesis imperfecta (OI), osteoarthritis (OA), rheumatoid arthritis (RA) and disc 

degeneration (IVDD) [Roberts et al., 2016; Vos et al., 2012; Kerr et al., 2017; Lane, 2006; Sacitharan, 

2019, Jones et al., 2014]. 
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Apart from injuries and accidents, there are a number of factors predisposing to skeletal disorders that 

can anticipate the senescence of the skeletal system and also affect the young population. These 

include: genetics, dysmetabolism, environmental factors (smoking, lack of exercise, unhealthy 

lifestyle), sports-related overuse injuries, and occupational exposures (vibration, mechanical loading) 

[Jones et al., 2014]. 

In addition to clinical studies, the advancement of the understanding of skeletal physiological aging 

and pathologies, together with the development of effective therapeutic interventions is based on 

preclinical basic research studies employing different approaches. Among these it is worth remember: 

- bone and cartilage tissue specimens of human origin to obtain primary cells for the realization of 

three-dimensional (3D) (culture and co-culture) in vitro models overcoming the limits of traditional 

2D monolayer cell cultures [Baker and Chen, 2012; Cassotta et al., 2020; Owen and Reilly, 2018; 

Penolazzi et al., 2020]; 

- paying particular attention to the cell culture conditions for the realization of cell culture in vitro 

systems one step closer to natural conditions (pH, oxygen levels, glucose concentration, mechanical 

stimuli, dynamic condition and shear stress, calcium content, and paracrine signaling) [Penolazzi et 

al., 2020; Bader et al., 2011; Baker, 2016]; 

- adequate scaffold including biomimetic materials resembling the natural extracellular environment 

combined with cells at different stage of maturation [Park et al., 2018]; 

- drug-releasing scaffolds [Zeng et al., 2019]; 

- organ-on-a chip and integrated microfluidic culture platforms recapitulating the complex and 

dynamic (3D) environment experienced by bone and cartilage cells in vivo [Bader et al., 2011; 

Baker, 2016; Penolazzi et al., 2020]; 

- large animal models to assess the effectiveness of tissue engineering strategies in situations that 

more closely mimic the clinical scenario [Daly et al., 2016; Kuyinu et al., 2016]. 

 

1.3 PURINERGIC SYSTEM 

Emerging evidence showed that the purinergic system, mainly through ATP and P2X7R, are involved 

in mechanotransduction and bone and joint diseases [Agrawal and Gartland, 2015; Kaebisch et al., 

2015; Jorgensen, 2018; Koolpe et al., 1999; Kudirka et al., 2007; Varani et al., 2008; Knight et al., 

2009; Burnstock et al., 2013]. A better understanding how this important system regulates the 

functions of skeleton may help to i.) improve the knowledge on the mechanisms that are involved in 

the onset and progression of skeletal diseases, and ii.) design novel repair strategies to restore bone 

and joint function.  

https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B3
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B7
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B29
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B2
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B4
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B31
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B44
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B2
https://sci-hub.se/https:/www.frontiersin.org/articles/10.3389/fgene.2020.563637/full/#B4
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The treatment of a wide range of diseases with employment of purinergic compounds is just beginning 

and much research in this field is needed [Burnstock, 2017]. Our purpose is to deepen the knowledge 

about purinergic system in skeleton with the aim of contributing to develop new effective therapeutic 

approaches. 

 

1.3.1 Extracellular ATP, ectonucleotidases enzymes and purinergic receptors 

ATP in the extracellular space regulates a variety of biological processes including cardiac function, 

neurotransmission, muscle contraction, vasodilatation, bone metabolism, and liver glycogen 

metabolism [Burnstock, 2004; Bours et al., 2006; White and Burnstock, 2006]. ATP is present in very 

little amounts (nmol/L) in the extracellular space under physiological conditions (healthy tissues), but 

increases dramatically in response to tissue damage, inflammation, hypoxia and ischaemia [Bours et 

al., 2006; Giuliani et al., 2019]. The release of ATP by the cells depends on the nature of the stimulus 

and/or on the pathophysiological condition; it occurs through different mechanisms involving: a) ATP 

binding cassette (ABC) transporters; b) vesicular exocytosis; c) gap junctions, connexins and/or 

pannexin hemichannels; d) calcium homeostasis modulator (CALMH) channel; e) P2X7R (Figure 2).  

In addition, ATP is released into the extracellular environment in a totally uncontrolled manner after 

cell damage, hypoxia, mechanical stress or necrosis [Verkhratsky et al., 2009; Eltzschig et al., 2012; 

Brandao-Burch et al., 2012; Idzko et al., 2014]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2: ATP release. The ATP generated inside the cell by glycolysis and oxidative phosphorylation (OXPHOS) 

can be released through vesicular exocytosis, plasma membrane-derived microvesicles, connexin or pannexin channels, 

ATP binding cassette (ABC) transporters, calcium homeostasis modulator (CALHM) channels or P2X7R [Giuliani et al., 

2019]. 

 



 

14 

The extracellular ATP degradation is controlled by the action of ectonucleotidases enzymes, 

including the members of the ectonucleoside triphosphate diphosphohydrolases (E-NTPDases), 

ectonucleotide pyrophosphatase phosphodiesterases (E-NPPs), ectoalkaline phosphatases (ALPs) 

and ecto-5’nucleotidase/CD73, which efficiently hydrolyze ATP, ADP and AMP to adenosine 

(ADO), generating phosphate (Pi) or pyrophosphate (PPi) in the extracellular space [Robson et al., 

2006; Zimmermann et al., 2012; Bergamin et al., 2012]. The ALPs present specificity for numerous 

substrates such as phosphomonoester and phosphate compounds including adenine nucleotides, 

pyrophosphate, glucose-6-phosphate, and β-glycerophosphate [Zimmermann et al., 2012]. Bone ALP 

is a major regulator of bone mineralization [Vimalraj, 2020]. In particular, bone ALP hydrolyzes 

inorganic pyrophosphate which is a natural inhibitor of mineralization and provides inorganic 

phosphate for the synthesis of hydroxyapatite [Vimalraj, 2020]. 

The biological effects of extracellular nucleotides/nucleosides are mediated by purinergic receptors 

activation. Purinergic receptors include P1, adenosine sensitive receptors and P2, ATP and ADP 

sensitive receptors [Burnstock, 1978; Ralevic and Burnstock, 1998]. The P1 (metabotropic) receptors 

are sensitive to adenosine and are transmembrane receptors. Four subtypes have been described: A1, 

A2A, A2B and A3, with different pharmacological properties [Ralevic and Burnstock, 1998]. P2 

receptors (P2R) include two subgroups: P2Y receptors and P2X receptors [Ralevic and Burnstock, 

1998]. Eight P2Y receptors (P2YR) subtypes have been identified in mammals: P2Y1R, P2Y2R, 

P2Y4R, P2Y6R, P2Y11R, P2Y12R, P2Y13R and P2Y14R [White and Burnstock, 2006]. These 

receptors are G protein-coupled with seven transmembrane domains [Illes et al., 2000], whereas the 

P2X receptors (P2XR) are ligand-gated ionotropic receptors, exclusively activated by extracellular 

ATP [Abbracchio and Burnstock, 1994; Khakh et al., 2001; Roger et al., 2015]. The P2XR activation 

opens an ion channel in the cell membrane, permeable to Na+ and Ca+2 influx and K+ efflux 

[Abbracchio and Burnstock, 1994; Khakh et al., 2001; Roger et al., 2015]. Seven P2XR subtypes 

have been identified: P2X1R, P2X2R, P2X3R, P2X4R, P2X5R, P2X6R and P2X7R [Di Virgilio et 

al., 2001]. Each receptor consists of i) N-terminus, ii) two transmembrane domains divided by a long 

extracellular loop, responsible for ligand interaction, and iii) a C-terminal tail varying in length 

depending on P2XR subtype [MacKenzie et al., 1999; Rassendren et al., 1997]. P2X7R is activated 

by sustained ATP exposure or higher ATP concentrations [Surprenant and North, 2009; Roger et al., 

2015; North and Surprenant, 2000]. Among P2X receptors, P2X7R differs from other P2XR members 

and has been the subject of many studies with respect to others. 
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1.3.2 P2X7 receptor (P2X7R) 

In recent years, P2X7R has been largely associated with pathological conditions where the 

extracellular ATP concentration rises dramatically, due to inflammation or leakage from cell damage 

among other pathways [Jimenez-Mateos et al., 2019]. This receptor attracts much attention by 

pharmacological companies and it is of emerging interest as a potential therapeutic target or new 

biomarker in several diseases [Jimenez-Mateos et al., 2019]. 

P2X7R is characterized by unique molecular structure and properties, described below: 

a) P2X7R structure: the largest protein of the P2XR family [Surprenant et al., 1996] (595 

aminoacids) with a glycosylated and cysteine-rich extracellular domain (282 aa), two 

transmembrane-spanning helices called TM1 and TM2 domains (about 24 aa each), a short 

intracellular N-terminal domain (26 aa) and a large intracellular carboxy-terminal domain (C-

terminal, 239 aa). The three-dimensional monomer structure has a dolphin-like shape [Di Virgilio 

et al., 2018a; Di Virgilio et al., 2018b], where the large extracellular loop constitutes the main 

body (head, flippers and dorsal fin) and the two transmembrane helices form the dolphin tail 

[Hattori et al., 2012], as shown in figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3: Schematic ilustration of the P2X7R in the “dolphin-like” shape [Di Virgilio et al., 2018a]. 

 

 

P2X7R has a unique long C terminus which is critical for the formation of a typical non-selective 

pore [Di Virgilio et al., 2018a; Di Virgilio et al., 2018b; Roger et al., 2015]. Convincing evidence 

suggests that: i) the pore is a consequence of dilatation of P2X7R channel [Di Virgilio et al., 

2018a; Di Virgilio et al., 2018b], ii) P2X7R itself is unable to form a pore but, when activated, it 

can recruit accessory molecules (such as pannexin-1) that mediate pore formation [Pelegrin and 
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Surprenant, 2006]. Moreover, different proteins can interact with P2X7R including intracellular 

and heat shock proteins (HSP), cytoskeletal elements and kinases, P2X4R and pannexin-1 plasma 

membrane hemichannels [Pelegrin and Surprenant, 2006; Baroja-Mazo et al., 2013; Kopp et al., 

2019]. 

b) Single nucleotide polymorphisms (SNP): P2RX7 gene is highly polymorphic and more than 

1500 human single nucleotide polymorphisms were identified. Two SNPs have been studied 

extensively: a) 1513A˃C (rs3751143) that leads the substitution of glutamate for alanine at 

position 496 (E496A) and b) 489C˃T (rs208294) that leads the substitution of histidine for 

tyrosine at position 155 (H155Y). The 1513A>C substitution, localized in the carboxyl-terminal 

cytoplasmic tail of the receptor, is associated in heterozygosis (AC) with a 50% decrease in 

P2X7R responses and in homozygosis (CC) to a near complete loss of P2X7R function [Gu et al., 

2001; Sanz et al., 2014]. The 489C>T, localized in P2X7R ectodomain, instead, causes a gain of 

function [Cabrini et al., 2005; Sluyter and Stokes, 2011; Sanz et al., 2014; Di Virgilio et al., 2017]. 

c) Transcriptional regulation of P2RX7: human P2RX7 gene is located on chromosome 12q24.31 

[Sluyter, 2017; Jimenez-Mateos et al., 2019; Kopp et al., 2019], and its promoter region was first 

localized within a 2 kb DNA segment located in the gene 5’UTR region. The transcription 

initiation site is localized at nt 1683 of the P2RX7 gene (GenBank Y12851), while the minimal 

active promoter region is localized within nt –158 to nt +32, with a TTAAA sequence at nt –32/–

28 [Jimenez-Mateos et al., 2019; Bilodeau et al., 2015; Zhou et al., 2009]. Little is known about 

the P2RX7 gene expression regulation. Only in the last years some evidences emerged as regards 

the action exercised by specific transcription factors. For example, the transcription factor 

specificity protein 1 (Sp1) has been reported to bind promoter region and to activate P2RX7 gene 

expression in the mouse nervous system [Garcia-Huerta et al., 2012]. Bioinformatic analysis 

revealed that mouse P2RX7 promoter contains putative regulatory elements including AP1 

(activator protein 1), CREB (c-AMP-responsive element-binding proteins), HIF (hypoxia-

inducible factor), STAT (signal transducer and activator of transcription), and T-cell 

factor/lymphoid enhancer factor (TCF/LEF1- involved in Wnt signal transduction pathway) 

binding sites [Garcia-Huerta et al., 2012; Jimenez-Mateos et al., 2019]. Human P2RX7 promoter, 

contains CpGs rich islands which are potential sites for promoter methylation [Zhou et al., 2009; 

Jimenez-Mateos et al., 2019]. It has been recently showed that an increase in glucose 

concentration in intestinal epithelia cells stimulates P2RX7 transcription via modulation of 

CCAAT/enhancer binding proteins (C/EBPs) [Bilodeau et al., 2015]. 

Today there is no evidence regarding regulation by transcription factors correlated with 

osteogenesis and bone metabolism. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4266448/#bb0035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4266448/#bb0035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4266448/#bb0015
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d) Post-transcriptional regulation of P2X7R: Ten splice variants of human P2X7R have been 

described (P2X7R A–J) [Cheewatrakoolpong et al., 2005; Feng et al., 2006; Masin et al., 2012]. 

The canonical full-length is P2X7RA and the splice variants (P2X7RB, P2X7RC, P2X7RE, 

P2X7RG) are C-terminally truncated [Di Virgilio et al., 2017]. P2X7RG and P2X7RH have an 

inserted additional exon (exon N3), P2X7RC lacks exon 4, P2X7RD exon 5, P2X7RE exons 7 

and 8, and P2X7RF exons 4 and 8. The P2X7RJ variant is truncated after exon 7 [Sluyter and 

Stokes, 2011, Di Virgilio et al., 2017]. The most common human splice variant is P2X7RB which 

acts as an ion channel but it is unable to trigger membrane permeabilization for large cationic 

molecules [Menkova-Garnier et al., 2016; Di Virgilio et al., 2017]. Moreover, it seems to display 

the same pharmacological properties of P2X7RA. In addition, the P2X7RA and P2X7RB can 

heterotrimerize in plasma membrane, producing the P2X7RA/P2X7RB that potentiates all 

P2X7RA functions, including large pore formation [Adinolfi et al., 2010]. The P2X7RB is the 

predominant form in many tissues and it has been related to tumor progression and mesenchymal 

cell differentiation [Giuliani et al., 2014; Carluccio et al., 2019], as shown in figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4: P2X7RA and P2X7RB: The full-length P2X7RA can function as an ion channel and a large pore (upper 

panel). The truncated P2X7RB is unable to generate the pore, the carboxy-terminal tail of P2X7RB lacks the last 249 

aa of the full-length receptor and shows an insertion of 18 extra aa after residue 346. The P2X7RB can assemble with 

P2X7RA to form a heterotrimeric P2X7RA/P2X7RB receptor [Di Virgilio et al., 2018a; Di Virgilio et al., 2017]. 
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e) P2X7R activation: this receptor presents an affinity for ATP (natural agonist), even if drastically 

lower than other P2XR receptors (EC50 ≥ 100 μM) [Surprenant et al., 1996]. Another, and the 

most potent P2X7R agonist available, is 2,3’-(4-benzoil)-ATP (BzATP) being 10–30 times more 

potent than ATP. The activation of P2X7R opens, within milliseconds, a transmembrane ion-

conducting channel that is selectively permeable to small cations such Ca2+ and Na+ (influx) and 

K+ (efflux) [Surprenant et al., 1996; Rassendren et al., 1997; Roger et al., 2015]. P2X7R activation 

also induces membrane permeabilisation that refers to the formation of large pore that allows 

passage of large molecules, up to 900 Da, across the plasma membrane [Surprenant et al., 1996; 

Roger et al., 2015]. The pore formation is a reversible phenomenon that occurs after exposure to 

the agonist for prolonged application or after an exposure at a high agonist concentration (> 100 

µM) [Di Virgilio et al., 1988, Roger et al., 2015]. Moreover, pore formation is associated with 

cytotoxic activity (apoptosis, necrosis and pyroptosis) [Adinolfi et al., 2005; Orioli et al., 2017].  

f) P2X7R functions: P2X7R presents several functions in many distinct cell populations, or even 

in the same cell type, with a complex role in inflammation [Volonté et al., 2012]. The P2X7R is 

recognized as the main sensor for extracellular ATP during inflammation and mediates the 

immune response [Adinolfi et al., 2018]. Numerous cytokines and chemokines have been shown 

to be released upon P2X7R activation, such as: IL-1β,  IL-18, tumor necrosis factor alpha (TNF-

), IL-6, monocyte chemoattractant protein 1 (MCP-1/CCL2), transforming growth factor beta 

(TGF-β), IL-8, CC-chemokine ligand 3 (CCL3) and CXC chemokine ligand 2 (CXCL2), and 

extracellular matrix remodeling factors such as: metalloproteinase-9 and tissue inhibitor of 

metalloproteinase (TIMP)-1 [Kopp et al., 2019; Di Virgilio, 2017; Orioli et al., 2017; Adinolfi et 

al., 2018; Riteau et al., 2010; Di Virgilio et al., 2020]. The P2X7R-dependend K+ efflux induces 

inflammasome NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) activation [Orioli 

et al., 2017]. This phenomenon is involved both in host defense, and initiation and pathology of 

many inflammatory diseases [Coll et al., 2016]. NLRP3 can be activated by pathogen-associated 

molecular pattern (PAMPs: some of them are of bacterial origin), but also by damage-associated 

molecular pattern (DAMPs: uric acid crystals, amyloid β, asbestos, silica, alum adjuvant, 

cholesteral crystals, ATP) [Coll et al., 2016]. The NLRP3 inflammasome activation usually 

requires two steps: i) a priming signal (microbial ligands recognized by toll like receptors (TLR) 

or endogenous cytokines) leading to the upregulation of pro-IL-1β and NLRP3 protein levels by 

activating the nuclear factor kappa B (NF-kB) pathway; and ii) provided by some specific 

stimulus, such as ATP, to promote the assembly of C-terminal caspase recruitment domain (ASC) 

and pro-caspase-1 [He et al., 2016; Jo et al., 2016]. Alterations in ion homeostasis, mainly in the 

K+ efflux or Ca2+ mobilization, are the major mechanisms of NLRP3 activation [He et al., 2016; 

https://www.sciencedirect.com/science/article/pii/S0361923018307342?via%3Dihub#bib0430
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Jo et al., 2016; Awad et al., 2018]. The extracellular ATP activates the NLRP3 inflammasome 

through P2X7R [Jo et al., 2016; Orioli et al., 2017]. The intracellular increase of Ca2+ and Na+ 

due to P2X7R activity induces a number of pathways such as those mediated by: NF-kB, nuclear 

factor of activated T-cells (NFAT), phosphoinositide 3-kinases/serine/threonine-protein kinase 

(PI3K/AKT), the glycogen synthase kinase 3 beta (GSK3β) down modulation. In addition, the 

P2X7R activation leads to the migration of HIF-1 transcription factor into the nucleus resulting 

in the production of  vascular endothelial growth factor (VEGF) [Orioli et al., 2017; Adinolfi et 

al., 2018], (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 5: P2X7R activation. The K+ efflux activates inflammasome, which causes maturation of pro-IL-1β and pro-

IL-18. Moreover, P2X7R promotes the expression of some cytokines via nuclear factor kappa B (NF-κB), promotes 

hypoxia-inducible factor 1 (HIF-1α) activation, vascular endothelial growth factor (VEGF) release and nuclear factor of 

activated T-cells (NFAT) activation dependent of Ca2+ influx [Adinolfi et al., 2018]. 

 

 

1.4 RELATION BETWEEN P2X7R AND SKELETAL SYSTEM: BONE 

CELLS AND INTERVERTEBRAL DISC CELLS 

Over the last two decades many studies have demonstrated the presence of P2X7R in the cells of the 

skeletal system [Orriss et al., 2012]. Much progress has been made in understanding how P2X7R is 

regulated in bone and cartilage during both physiological and pathological conditions, even if much 

remains to be discovered and better understand [Jimenez-Mateos et al., 2019]. 
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1.4.1 Bone tissue 

In osteoclast cells, P2X7R exerts a profound effect on the differentiation and resorption. Increasing 

evidence has demonstrated that P2X7R plays a key role in osteoclast related bone erosion activity, 

since the inhibition of this receptor reduces the fusion of osteoclast precursors and formation of 

multinucleated osteoclasts in vitro [Dong et al., 2020]. However, conflicting data showed that P2X7R 

may induce osteoclast apoptosis with the formation of cytolytic pores and a decrease of bone 

resorption [Gartland et al., 2003a; Gartland et al., 2003b; Dong et al., 2020]. It is well known that 

NFATc1, the master transcription factor of osteoclast differentiation, induces the expression of 

numerous osteoclast differentiation markers [Ishiyama et al., 2015; Dong et al, 2020]. Inhibition of 

P2X7R leads to the suppression of NFATc1 impairing fusion, while the treatment with BzATP 

induces NFATc1 expression during osteoclastogenesis [Gartland et al., 2003a; Gartland et al., 2003b; 

Dong et al., 2020]. 

Differently from osteoclasts, the functionality of P2X7R in osteoblasts and their precursors is still 

debated [Agrawal and Gartland, 2015; Kaebisch et al., 2015; Jorgensen, 2018, Dong et al., 2020]. 

Additional studies are needed to examine whether expression of P2X7R is regulated and how such 

regulation might contribute to bone cell function [Grol et al., 2009]. Some studies showed that in 

osteoblasts, P2X7R activation increases differentiation and bone formation [Panupinthu et al., 2008], 

whereas, as described above, in osteoclasts can result in apoptosis [Gartland et al., 1999; Korcok et 

al., 2004; Grol et al., 2009]. These important differences in the effects of P2X7R in osteoblasts and 

osteoclasts may reflect a sophisticated mechanism through which the skeleton responds to mechanical 

stimulation by simultaneously enhancing bone formation and suppressing its resorption [Grol et al., 

2009]. In this regard, the P2X7R might be an ideal target for the development of drugs with combined 

anabolic and anti-resorptive actions for use, for example, in treatment of osteoporosis and the 

prevention of bone loss in microgravity [Grol et al., 2009]. 

As mentioned, some studies indicate that activation of P2X7R by extracellular ATP leads to 

differentiation of osteoblasts as well as increased matrix formation and mineralization [Dong et al., 

2020]. Other studies have shown that P2X7R activates phospholipase D (PLD) and increases 

lysophosphatidic acid, up-regulating specific osteoblastic markers (Runx2, osterix, sialoprotein and 

osteocalcin) and stimulating bone mineralization [Panupinthu et al., 2008; Dong et al., 2020]. On the 

contrary, in some experimental models, such as mesenchymal stromal cells, it was found that P2X7R 

increases the adipocyte marker peroxisome proliferator-activated receptor gamma (PPARγ), 

promoting adipogenesis at the expense of osteogenesis [Long et al., 2011; Dong et al., 2020]. 

Growing evidence has confirmed the participation of P2X7R in VEGF secretion and HIF-1 

modulation [Orioli et al., 2017; Tafani et al., 2011], a critical phenomenon in the skeletal homeostasis. 
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It is in fact well known that the concentration of oxygen in the bone microenvironment is low (about 

1%-8%). In the skeleton, the involvement of P2X7R in hypoxic conditions is little studied and 

represents, to date, an interest point to be deepened. 

Another important aspect of bone metabolism where the role of P2X7R deserves deepening is the 

ATP-mediated purinergic signaling in the process of mechanotransduction [Dong et al., 2020; Kvist 

et al., 2014]. Osteoblasts and osteocytes release ATP into extracellular space in response to 

mechanical stimulation, such as sheer pressure and fluid flow, that is transduced into cellular 

responses by mechanotransduction mechanisms [Dong et al., 2020; Zeng et al., 2019]. It has been 

shown that P2X7R are important for a normal anabolic response to physical stimulation of the 

skeleton [Li et al., 2005; Kvist et al., 2014], therefore, it could be speculated that P2X7R are involved 

in the mechanotransductory cascade [Kvist et al., 2014]. The mechanical stimulation is an essential 

factor in regulating bone formation and remodeling [Dong et al., 2020; Kvist et al., 2014; Jorgensen, 

2018]. It has been demonstrated that mechanical load-induced extracellular ATP activated P2X7R 

positively affects bone metabolism and also bone regeneration/repair in patients with bone fracture 

or bone inflammatory diseases [Dong et al., 2020; Jorgensen, 2018; Burnstock et al., 2013; Zeng et 

al., 2019; Kvist et al., 2014].  

As already described, extracellular ATP can be degraded by ectonucleotidases which are present in 

osteoblast surface. The inorganic phosphate, generated by ATP hydrolyses, may stimulate bone 

mineralization and osteoblast proliferation [Grol et al., 2009; Dong et al., 2020]. However, ATP can 

also inhibit mineralization, in particular when hydrolyzed by E-NPPs enzymes that generate 

pyrophosphate which is a potent inhibitor of bone mineralization [Orriss et al., 2013; Dong et al., 

2020]. 

High concentrations of ATP are needed to P2X7R activation and it has been controversial whether 

the receptor has any physiological functions in osteoblasts [Kvist et al., 2014]. In vitro concentrations 

of ATP above 1 mM partly inhibit bone formation especially mineralization [Orriss et al., 2012; Kvist 

et al., 2014]. This is a high concentration of ATP, and it may only occurs in vivo as a result of cell 

damage including microcracks in the bone tissue  [Kvist et al., 2014]. Consequently, the effects are 

thought to be caused mainly by P2X7R and, like in the immune system, activation of P2X7R by ATP 

in the skeleton may be a danger signal of tissue or cell injury [Kvist et al., 2014]. With regard to the 

bone pathologies and the traumas that the skeleton can suffer, the role of P2X7R has been recently 

explored even if many issues still remain controversial. For example, in osteoporosis, studies showed 

that loss‐of‐function polymorphisms in the P2RX7 gene may decrease the bone mineral density and 

the risk of vertebral fractures [Zeng et al., 2019]. Moreover, P2X7R can ameliorates osteoporosis by 

maintaining the balance between osteoclasts and osteoblasts activities [Zeng et al., 2019]. P2X7R 
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activation stimulates the differentiation of osteoblasts and enhances the mineralization of osteoblasts 

[Panupinthu et al., 2008; Zeng et al., 2019]. Knockout of P2X7R show diminished appositional 

growth of long bones and calvarial sutures, which cause impaired responses to mechanical loading 

[Zeng et al., 2019]. Therefore, P2X7R decreases fracture risk by the response to skeletal 

mechanotransduction [Zeng et al., 2019]. These results suggested that P2X7R can relieve 

osteoporosis by promoting osteogenesis and mineralization [Zeng et al., 2019]. On the other hand, 

the activation of P2X7R receptor can regulate osteoclast formation and activity, increasing the bone 

loss [Korcok et al., 2004; Zeng et al., 2019]. It reflects the complex nature of P2X7R [Zeng et al., 

2019]. 

A possible explanation for these conflicting results could be related with the use of cell lines or animal 

models, that only partially represent what occurs in the human body, being necessary a more 

sophisticated and reliable experimental models. 

 

1.4.2 IVD cells 

The role of purinergic system has not been specifically investigated in IVD fibrocartilaginous 

microenvironment. The major information is based on chondrocytes. The chondrocytes express many 

P2 receptors (P2X1R, P2X2R, P2X3R, P2X4R, P2X7R, P2Y1R and P2Y2R) [Koolpe et al., 1999; 

Kudirka et al., 2007; Varani et al., 2008; Knight et al., 2009; Burnstock et al., 2013]. In these cells 

the P2R activation inhibits cartilage formation, promotes proteoglycan breakdown, increases the 

production of nitric oxide and prostaglandin E2 (PGE2), and the response of chondrocytes to ATP is 

enhanced by IL-1β and TNF- [Burnstock et al., 2013]. In contrast, other studies demonstrated that 

the P2R activation stimulates proteoglycan and collagen accumulation and suppresses the nitric oxide 

released by the chondrocytes [Burnstock et al., 2013]. These conflicting results may be due to 

differential activation of purinergic receptors or to crosstalk between pathways induced by purinergic 

signaling [Kerr et al., 2017]. 

IVD cells respond to mechanical loading by converting the mechanical stimulus into a series of 

biochemical signals, including the production and release of extracellular ATP [Kerr et al., 2017; 

Fernando et al., 2011; Salvatierra et al., 2011] (Figure 6). Recent studies have demonstrated that 

compressive loading affects ATP production and its release by IVD cells [Fernando et al., 2011; 

Salvatierra et al., 2011]. High accumulated level of extracellular ATP in relation to physiological 

concentration was found in the NP of IVD [Gonzales et al., 2015; Trabanelli et al., 2012; Wang et al., 

2013; Gonzales et al., 2014]. The extracellular ATP promotes the biosynthesis of ECM upregulating 

aggrecan and type II collagen expression [Gonzales et al., 2015]. 
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Another point to be considered is the presence of an exacerbated inflammation in IVDD with the 

contemporary presence of some pro-inflammatory cytokines, as IL-6, MCP-1, IL-8, TNF-, and IL-

1β. All these cytokines have been correlated with P2X7R activation [Johnson et al., 2015; Di Virgilio 

et al., 2017; Adinolfi et al., 2018]. IL-1β plays a critical role in promoting disc degeneration [Johnson 

et al., 2015]. It has been reported that IL-1β mediates the induction of catabolic molecules including 

matrix metalloproteinases (MMP) and disintegrin and metalloproteinase with thrombospondin motifs 

(ADAMTS) [Johnson et al., 2015], and the release of this cytokine could be through P2X7R-NLRP3 

dependent mechanism. In this scenario, the relation between this inflammatory cytokine, and P2X7R-

NLRP3 in IVD cells could be a new interesting target pathway for IVD therapies. 

As already mentioned, P2X7R is involved in a series of skeletal physiological activities including 

bone cell proliferation and differentiation [Grol et al., 2009; Dong et al., 2020]. P2X7R has also been 

associated in some joint diseases [Zeng et al., 2019]. For example: in osteoarthritis, the P2X7R 

mediates pain and inflammation: its inhibition decreases IL-1β, TNF-, IL-6, MMP-13, and PGE2 

release [Staunton et al., 2013; Chang et al., 2015; Zeng et al., 2019]. In the rheumatoid arthritis (RA), 

the P2X7R activation causes joint injury by producing inflammatory response in human rheumatoid 

synoviocytes and the inhibition of P2X7R alleviates the articular inflammation in RA [Caporali et al., 

2008; Teixeira et al., 2017; Zeng et al., 2019]. 

In view of the need to develop new therapies aimed at regenerating/repairing the IVD and considering 

the role of P2X7R in inflammatory processes, it is reasonable to consider P2X7R as a potential drug 

target in IVDD. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

FIGURE 6: Putative mechanotransduction pathways in intervertebral disc cells. ATP is released from intervertebral 

disc cells and extracellular ATP could acts as a signaling molecule, binding to P2YR and P2XR [Kerr et al., 2017]. 
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2. AIMS OF THE STUDY 

The study carried out in this thesis concerns a wider scenario aimed at: 

a) identifying new molecular targets for the design and development of effective drugs to be used 

both for the treatment of pathologies that affect bone and cartilage tissues, and for slowing the 

physiological degeneration process due to aging. 

b) optimizing experimental cell culture conditions for mimicking the in vivo skeletal 

microenvironment. 

Two major areas were investigated: 

1) P2X7R in bone biology: The role of P2X7R in bone biology is only in part investigated and it is 

still not clear whether the P2X7R-mediated effects on bone are positive or negative. The major 

evidence about P2X7R and bone cells come from animal experimental models and cell lines, and 

these models reflect only in part what occurs in the human body. Part of the thesis has been focused: 

on i) the participation of P2X7R in the mineralization process, supported by mature cells (osteoblasts) 

and osteoblast precursor cells (mesenchymal stromal cells), and ii) the regulation of expression of 

P2RX7 gene, during osteogenic differentiation. 

2) P2X7R in intervertebral disc: IVD cells respond to mechanical loading by converting the 

mechanical stimulus into a series of biochemical signals including the production and release of 

extracellular ATP. In the extracellular space, the biological effects of this nucleotide are mediated by 

P2X7R. This receptor is related with a series of skeletal physiological activities and also in some joint 

diseases. As well as, the P2X7R induces the NLRP3 inflammasome activation and, as consequence, 

the IL-lβ release (involved in the initiation and progression of disc degeneration). The second part of 

the thesis has been focused on P2X7R participation in the degeneration and inflammation of 

intervertebral disc. 

 

With this experimental planning, we expect that our data opens the way to deepen the knowledge on 

the regulation of P2X7R expression, to identify new targets in view of therapeutic approaches useful 

to restore the quality of bone and joint, and to improve the development of new skeleton repair 

strategies. 
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3. P2X7R IN BONE BIOLOGY 

A first series of experiments were planned in order to contribute to the following open questions:  

 

1) Does the P2X7R participate significantly in the mineralization process?  

2) Does the P2X7R respond to changes in oxygen concentration?  

3) Is P2X7R expression modulated by transcriptional regulators that are recognized to play a 

role in the osteogenic differentiation process and osteoblastic function?  

 

For this purpose, the experiments were conducted as follows:  

 

3.1 EXPERIMENTAL MODELS 

We used human primary osteoblasts and human mesenchymal stromal cells. 

 

3.2 METHODOLOGY 

3.2.1 Isolation and culture of human osteblasts (hOBs) 

Human bone fragments (explants) from 45 patients were employed in this study, 37 bone samples 

from the vertebral lamina, and 8 from skullcap (patients’ age was between 30 and 86 years, mean age 

62.4 years, 21 females and 24 males), as shown in table 1. The patients were operated for unstable 

spine disease or underwent brain surgery for intracranial tumor. The bone specimens were placed in 

sterile phosphate buffered solution (PBS) at 4°C and were dissected within 16 hours (h) after removal.  

Bone chips were minced in small fragments (2 mm3) as previously reported [Lambertini et al., 2017], 

washed twice with PBS, placed in T25 culture flasks (Sarstedt, Nümbrecht, Germany) and cultured 

in 50% DMEM high glucose/50% DMEM F12 supplemented with 20% Fetal Calf Serum (FCS) 

(Euroclone S.p.A., Milan, Italy) and 100 µg/mL streptomycin/100 U/mL penicillin (Sigma Aldrich, 

St. Louis, USA) at 37°C, in a 5% CO2 humidified atmosphere. Upon detection of a cell colony from 

the bone fragments (after 5-8 days) the cells were expanded until confluent (passage zero- P0). Then 

the cells were detached by trypsinization (0.05% Trypsin –EDTA solution, Sigma Aldrich) harvested, 

washed, counted with a hemocytometer, and plated at the confluence of 10.000 cells/cm2 for further 

in vitro experiments (passage 1 (P1) to passage7 (P7)). The research protocol was approved by Ethics 

Committee of the University of Ferrara and S. Anna Hospital. 

 

 

 



 

26 

 

Table 1: Human osteoblasts samples information.  

Samples Age Sex Type 

1 42 M vertebral lamina 

2 52 M vertebral lamina 

3 52 M vertebral lamina 

4 82 M vertebral lamina 

5 60 F vertebral lamina 

6 62 M vertebral lamina 

7 51 F vertebral lamina 

8 72 F vertebral lamina 

9 67 F vertebral lamina 

10 65 F vertebral lamina 

11 65 F vertebral lamina 

12 41 M vertebral lamina 

13 75 M vertebral lamina 

14 72 F vertebral lamina 

15 59 F vertebral lamina 

16 80 M vertebral lamina 

17 78 M vertebral lamina 

18 77 M vertebral lamina 

19 72 F vertebral lamina 

20 51 F vertebral lamina 

21 71 M vertebral lamina 

22 71 F vertebral lamina 

23 43 M vertebral lamina 

24 46 F vertebral lamina 

25 56 M vertebral lamina 

26 73 M vertebral lamina 

27 70 M Skullcap 

28 65 M Skullcap 

29 61 F Skullcap 

30 49 F Skullcap 

31 54 F Skullcap 

32 81 F Skullcap 

33 54 M vertebral lamina 

34 72 F vertebral lamina 

35 64 M vertebral lamina 

36 61 F vertebral lamina 

37 77 F vertebral lamina 

38 57 M vertebral lamina 

39 30 M vertebral lamina 

40 67 M vertebral lamina 

41 70 M vertebral lamina 

42 86 M vertebral lamina 

43 57 F Skullcap 

44 38 M Skullcap 

45 60 F vertebral lamina 

 

 

3.2.2 Isolation procedure and culture of Wharton's jelly mesenchymal stromal cells 

(hWJ-MSCs) 

Human umbilical cords were collected after mothers’ consent and approval of the Ethics Committee 

of the University of Ferrara and S. Anna Hospital. Harvesting procedures of Wharton’s jelly from 
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umbilical cord were conducted in full accordance with the Declaration of Helsinki as adopted by the 

18th World Medical Assembly in 1964 and successively revised in Edinburgh (2000) and the Good 

Clinical Practice guidelines. Typically, the cord was rinsed several times with PBS before processing 

and was cut into pieces (2–4 cm in length). Single pieces were dissected, first separating the 

epithelium of each section along its length, to expose the underlying Wharton’s jelly. The soft gel 

tissue was then finely chopped. The same tissue was placed directly into a T25 flask for culture 

expansion in DMEM low glucose (Euroclone S.p.A.) supplemented with 10% FCS (Euroclone 

S.p.A.) and 100 U/mL penicillin /100 µg/mL streptomycin at 37°C in a 5% CO2 humidified 

atmosphere. Upon detection of a cell colony, the cells were expanded until confluent (passage zero 

(P0)). Thereafter, cells were detached by trypsinization (0.05% Trypsin –EDTA solution, Sigma 

Aldrich), harvested, washed, counted with a hemocytometer, and and plated at the confluence of 

10.000 cells/cm2 for further in vitro experiments (passage 1 (P1) to passage 4 (P4)). 

 

3.2.3 Flow cytometric analysis 

hMSCs from Wharton’s jelly were analyzed for the expression of mesenchymal and hematopoietic 

surface marker molecules. Briefly, cell pellets were resuspended in PBS and incubated with 

fluorescein isothiocyanate (FITC)– or phycoerythrin (PE)– conjugated mouse anti-human antibodies 

CD29-PE, CD34-FITC, CD44-FITC, CD45-PE, CD90-FITC and CD105-PE (DakoCytomation; 

Dako, Glostrup, Denmark) for 15 min at 4°C. Monoclonal antibodies with no specificity were used 

as negative control. Antibody-treated cells were then washed with PBS and spinned down. Cell pellets 

were resuspended in 400 μL of PBS and analyzed by FACS Scan (Becton Dickinson, Franklin Lakes, 

NJ). For each sample, 20.000 events were acquired and analyzed using the Cell Quest software 

(Becton Dickinson European HQ, Erembodegem Aalst, Belgium). 

 

3.2.4 Controlled culture conditions 

The experiments were performed at different partial pressures of oxygen (pO2): 

i) normoxic conditions, 21 % oxygen tension, 

ii) hypoxic conditions, 1.5% oxygen tension. 

hOBs and hWJ-MSCs were plated and cultured in normoxic conditions in a conventional incubator 

for 24 h at 37°C, allowing the cells to attach. Plates were then divided into two groups and incubated 

under either normoxic or hypoxic conditions for 48 h (early stage of differentiation). The cells were 

then grown in normoxic conditions and exposed to osteogenic medium (late stage of differentiation) 

for further in vitro experiments. 
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Hypoxic condition was obtained by using Xvivo System model X3 (BioSpherix Ltd., Parish, NY, 

USA) with a gas mixture composed of 1.5% O2, 5% CO2, and balanced N2 at 37°C. The equipment 

consists of a modular set of closed incubator and closed hood, and allows high optimal solution for 

cell culture and handling under hypoxic conditions, preventing the effect of brief interruption of 

culture condition that can compromise the outcome of the experiments. 

 

3.2.5 Immunocytochemistry 

Immunocytochemical analysis was performed using the ImmPRESS kit (Vector Labs, Burlingame, 

USA). hOBs or hWJ-MSCs were fixed with cold 100% methanol at room temperature (RT) for 10 

min; then rinsed three times with TBS 1X (Tris-buffered saline) for 5 min and permeabilized using 

0.2% (v/v) Triton X-100 in TBS 1X for 5 min; then washed three times with TBS 1X for 5 min. Cells 

were treated with 3% H2O2 for 10 min (RT), washed once with TBS 1X for 5 min and incubated in 

normal horse serum (2.5 %) (Vector Labs) for 10 min at RT. After blocking, polyclonal antibodies 

for Runt-related transcription factor 2 (Runx2; M-70  #sc-10758, Santa Cruz Biotechnology, Dallas, 

USA;  rabbit anti-human, 1:200 dilution), osteopontin (OPN; LF-123, a generous gift from Dr. L. 

Fisher, NIH, Bethesda, USA; rabbit anti-human, 1:200 dilution), type I collagen (COL1A1; H-197 

#sc-28657, Santa Cruz Biotechnology; rabbit anti-human, 1:100 dilution),  transcriptional repressor 

GATA binding 1 (TRPS1; #20003-1-AP, Proteintech, Manchester, United Kingdom; rabbit anti-

human, 1:300 dilution), nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1; H-110, #sc-

13033, Santa Cruz Biotechnology; rabbit anti-human, 1:300 dilution) and P2X7R (#APR-004, 

Alomone Labs, Jerusalem, Israel; rabbit anti-human, 1:200 dilution) or isotype control (normal rabbit 

IgG; #2729, Cell Signaling technology, Massachusetts, USA;  1:200 dilution) were added and the 

incubation carried out overnight (4°C). Then, the cells were rinsed three times with TBS 1X for 5 

min at RT, were incubated in Vecstain ABC (Vector Labs) and stained with DAB solution (Vector 

Labs). After washing, cells were mounted in glycerol/TBS 9:1 and observed with a Nikon Eclipse 

50i optical microscope. 

 

3.2.6 Cell viability 

hOBs and hWJ-MSCs were seeded in 96 multi-well plates at density of 3.500 cells/well and 3.000 

cells/well respectively. The cells were exposed to: the selective P2X7R antagonists A740003 (1 µM, 

5 µM or 10 µM; Tocris Bioscience, Bristol, UK) or AZ 10606120 (300 nM and 1 µM; Tocris 

Bioscience) or 1 U/mL or 2 U/mL apyrase, an ATP and ADP scavenger (Sigma-Aldrich, USA). After 

72 h of treatment, cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). Briefly, MTT was added to each well, 

https://www.google.com/search?q=Danvers+(Massachusetts)&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCu3KKlIUeIEsQ1zKsrztDQyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqv0xKKizGKgcEbhIlZxl8S8stSiYgUN38Ti4sTkjNLi1JKSYs0drIwAmFfflmAAAAA&sa=X&ved=2ahUKEwjT8cvzz43oAhVxt3EKHdyvDiEQmxMoATATegQICxAD


 

29 

the plate was incubated at 37°C for 2 h, and then the MTT crystals were solubilized with lysis buffer 

(10% SDS). The plate was incubated at RT for 24 h, and absorbance was measured at 570 nm with a 

spectrophotometer (Sunrise™ Absorbance Reader; Tecan Group Ltd., Männedorf, Switzerland).  

Live cells were calculated as a percentage of control (untreated cells). 

For CalceinAM/propidium iodide (PI), hOB cells were seeded in 12 multi-well plates at density of 

20.000 cells/well, and treated with A740003 (1 µM, 5 µM or 10 µM) for 72 h. Before staining, the 

medium was removed from the wells, and 500 μL of the staining solution was added to each well. 

The samples were incubated in the dark at room temperature for 15 min, thereafter the wells were 

rinsed with PBS and immediately visualized under a fluorescence microscope (Nikon, Optiphot-2; 

Nikon Corporation, Tokyo, Japan). Dead cells stained red, while viable ones appeared green.  

 

3.2.7 Osteogenic induction 

hOBs were seeded in 24 multi-well plates at density of 20.000 cells/well, representing about 80% 

of cell confluence, were kept in 50% DMEM high glucose (Euroclone S.p.A.)  and 50% DMEM F12 

(Euroclone S.p.A.) supplemented with 10% FCS (Euroclone S.p.A.) and cultured for 48-72 h, 

referred as the early stage of differentiation (ES). After this time, hOBs were exposed to osteogenic 

medium (DMEM high glucose supplemented with 10% FCS, in presence of 10 mM β-

glycerophosphate, 10−7 M dexamethasone and 100 μM ascorbate, all from Sigma-Aldrich) for either 

7-11 days, referred to as middle stage of differentiation (MS) or 11-28 days, referred to as late stage 

of differentiation (LS). Where indicated the cells were treated twice a week with A740003 (1 µM or 

5 µM), AZ 10606120 (300 nM and 1 µM) or 2 U/mL apyrase, an ATP and ADP scavenger or 2 

U/mL denaturated apyrase (Sigma-Aldrich, USA) until the late stage of differentiation (LS). Vehicle 

control group cells were exposed to DMSO 0.05% (Sigma-Aldrich).  

hWJ-MSCs were seeded in 24 multi‐well plates at density of 20.000 cells/well, representing about 

80% of the cell confluence, were kept in DMEM low glucose medium (Euroclone S.p.A.) 

supplemented with 10% FCS (Euroclone S.p.A.) and cultured for 72 h, referred as the early stage of 

differentiation (ES). After this time, cells were exposed to osteogenic medium and cultured for further 

18-32 days, referred as late stage of differentiation (LS). The osteogenic medium was changed and 

the cells were treated twice a week with 5 µM A740003 or DMSO (0.05%).  

 

3.2.8 Mineralization assay 

The extent of mineralized matrix was determined by Alizarin Red S staining (ARS) (Sigma-Aldrich). 

Cells were fixed in 70% ethanol for 45 min at room temperature, washed with PBS, stained with 40 

mM ARS (pH 4.2) for 15 min at 37°C, and washed with deionized water. A solution of 
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cetylpyridinium 10% (p/v) in sodium phosphate was then added for 20 min. Absorbance was 

measured at 570 nm. Percentage of mineral matrix was expressed as percentage of control cells 

(untreated) and normalized over μg/μL of protein content. 

 

3.2.9 Western blot 

Cell lysates were prepared in lysis buffer (50 mMTris-HCl, pH 7.6, 1% NP-40, 150 mM NaCl, 1 mM 

NaF) supplemented with protease inhibitors. Proteins were quantified using the Coomassie blue 

method [Bradford, 1976]. Thirty µg of protein were resolved on Bolt Mini Gels 4–12% (Life 

Technologies, Carlsbad, USA). After electrophoresis, proteins were transferred to nitrocellulose 

membranes (GE Healthcare Life Sciences, Milan, Italy). Membranes were incubated overnight with 

the primary antibody (Ab) at 4°C. The anti-P2X7R antibody (#APR-004, Alomone labs) was used at 

a concentration of 1.6x10-3 mg/mL in 5% non-fat dry milk. The anti-actin antibody (#MA5-11869, 

Thermo Fisher Scientific) was used at a concentration of 2.0x10-5 mg/mL in 5% non-fat milk. 

Nitrocellulose membranes were incubated with the corresponding horseradish peroxidase-

conjugated secondary antibody. The goat anti-rabbit (# 1706515, Bio-Rad, Milan, Italy) was used at 

a 1:3000 diluition, and goat anti-mouse (#1706516, Bio-Rad, Milan, Italy) was used at a 1:3000 

diluition.  Densitometric analysis was performed by ImageJ software (with NIH USA ImageJ 

software, public domain available at: http://rsb.info.nih.gov/nih-image/). 

 

3.2.10  Cytosolic free calcium concentration measurements 

The cytosolic free Ca2+ concentration was measured using the fluorescent Ca2+ indicator Fura-2-

acetoxymethyl ester (Fura-2/AM) (Thermo Fisher Scientific, Waltham, USA) [Falzoni et al., 1995; 

Di Virgilio et al., 2019]. Cells at early stage of differentiation were incubated at 37°C for 20 min in 

saline solution (125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM NaH2PO4, 20 mM HEPES, 5.5 mM 

glucose, and 5 mM NaHCO3, pH 7.4), in presence of 1 mM CaCl2, and supplemented with 4.0 µM 

Fura-2/AM and 250 µM sulfinpyrazone (Sigma-Aldrich). Then, the cells were centrifuged at 300 x 

g for 5 min. The supernatant was discarded and the pellet was resuspended in the above saline 

solution. The cell suspension was placed in a thermostat-controlled (37°C) and magnetically-stirred 

cuvette of a Cary Eclipse Fluorescence Spectophotometer (Agilent Technologies, Milan, Italy). The 

[Ca2+]i was determined at the 340/380 nm excitation ratio and at 505 nm emission wavelengths. The 

P2X7R agonist, 2’, 3’-(4-benzoil)-ATP (BzATP) (500 µM; Sigma-Aldrich), was added to investigate 

P2X7R responses. Ionomycin 1 μM was added to trigger a maximal Ca2+ increase.  

 



 

31 

3.2.11  Luciferase reporter assay 

Two fragments of the human P2RX7 gene (-2500/+34 P2X7R-Luc and -1500/+34 P2X7R-Luc) were 

cloned into the promoterless pGL4.10 [luc2] vector (pGL4.10-Luc Vector) containing a firefly 

luciferase cDNA (gift from Dr. Fernand-Pierre Gendron, Université de Sherbrooke, Quebec, Canada 

[Bilodeau et al., 2015]. For luciferase experiments, human cervical carcinoma HeLa cells were 

seeded in 24 multi-well plates at density of 64.000 cells/well and co-transfected using Lipofectamine 

2000 (Thermo Fisher Scientific) with 0.125 μg of the different expression vectors (pBlight-FLAG 

TRPS1, pRSV NFATc1/A or pcDNA3.1 cbfa1) in combination with 0.25 μg of the different P2RX7 

promoter constructs or 0.25μg of pGL4.10-Luc Vector. Thirty hours after transfection, the medium 

was replaced with fresh medium and stimulated, where required, with 20 nM Phorbol 12-myristate 

13-acetate (PMA; Sigma Aldrich) and 1 µM ionomycin (Thermo Fisher Scientific), for another 18 h. 

Thereafter, cells were washed once with PBS 1X and lysed in 120 μL of 1X reporter lysis buffer 

(Promega). Luciferase activity was measured using the Luciferase Assay System (Promega) in a 

GloMax 20/20 single tube Luminometer (Promega) and corrected for μg/μL of protein content. 

Luciferase output was expressed as fold change of the promoterless pGL4.10-Luc Vector emission, 

arbitrarly defined as 1. 

To verify the effect of hypoxia on regulation of P2RX7 gene, HeLa cells were transfected with 0.25 

μg of -2500/+34 P2X7R-Luc or -1500/+34 P2X7R-Luc using Lipofectamine 2000 Reagent (Thermo 

Fisher Scientific). Twenty-four hours after transfection, the medium was replaced and the cells were 

cultured in presence or absence of 0.5 mM of hypoxia mimicking agent, CoCl2, for 24 hours. Cells 

were then washed once with PBS 1X and lysed in 120 μL of 1X reporter lysis buffer (Promega, Milan, 

Italy). The luciferase activity was measured using the Luciferase Assay System (Promega) as 

mentioned above.  

 

3.2.12 Chromatin immunoprecipitation assay (ChIP) 

ChIP assays were performed as previously described [Lambertini et al., 2008]. Briefly, 5x106 SaOS-

2 cells (an osteosarcoma cell line with osteoblastic like phenotype) were cultured for 72 h in 

normoxic condition or 5x106  hOB cells were incubated for 48 h under hypoxia or normoxia. 

Crosslinking of DNA-bound protein was achieved by 10 min incubation of the cells in a 1% 

formaldehyde solution at 37°C. Cells were then washed in ice-cold PBS, and resuspended in SDS 

lysis buffer supplemented with 1X protease inhibitor cocktail (Sigma Aldrich) for 15 min on ice. The 

isolated chromatin was sonicated to an average size of about 200–1000 bp. An equal amount of 

chromatin was immunoprecipitated at 4°C overnight with 5 μg of the following antibodies: NFATc1 

(H-110, #sc-13033, Santa Cruz Biotechnology), Runx2 (M-70, #sc-10758, Santa Cruz 
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Biotechnology), β-catenin (#ab196204, Abcam, Cambridge, UK), Osterix (#ab22552, Abcam), 

TRPS1 (#20003-1-AP, Proteintech) and HIF-1α (#NB100-134 Novus Biologicals, CO, USA). 

Incubation with pre-immune rabbit IgG served as a negative control. Antibody-bound proteins were 

precipitated for 1h 30 min at 4°C using 60 µl of Protein A-conjugated agarose beads (Merck 

Millipore, Darmstadt, Germany). Immunoprecipitated chromatin complexes were sequentially 

washed with the following buffers: low salt wash buffer (0.1 % SDS, 1 % Triton X-100, 2 mM EDTA, 

20 mM Tris–HCl pH 8.1, 150 mM NaCl), high salt wash buffer (0.1 % SDS, 1 % Triton X-100, 2 

mM EDTA, 20 mM Tris–HCl pH 8.1, 500 mM NaCl), LiCl wash buffer (0.25 mM LiCl, 1% IGEPAL-

CA630, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris-pH 8.1), and TE buffer. The 

immunocomplexes were eluted by adding a 200 μl aliquot of a freshly prepared solution of 1 % SDS 

in 0.1 M NaHCO3 followed by incubation at room temperature for 30 min. Crosslinking was reversed 

by addition of 0.2 M NaCl (final concentration) followed by incubation at 65°C for 16 h. Samples 

were then digested with proteinase K at 45°C for 1 h and DNA was purified using PCR purification 

kit (Promega, Milan, Italy) according to the manufacturer’s instructions. Two primers were used to 

detect the DNA segment located at −479/−162 within the P2RX7 core promoter region: Fw 5′-

CCAACTGCAGACCAGAGTATTA- 3′ and Rev 5′-CCCAGATGCCTACACAAAGA- 3′. 

Quantitative real-time PCR was performed with CFX96 Real-Time Detection System (Bio-Rad, 

California, USA) using iTaqUniversal SYBR Green SuperMix (Bio-Rad). The Input fractions (4% 

of the cell lysate before immunoprecipitation) were used as the internal positive control. 

Quantification of DNA binding was calculated as a fold enrichment using the 2(-ΔΔCt) method and 

normalized against the pre-immune IgG sample. 

 

3.2.13 Statistical analysis 

The data were analyzed for statistical significance by Student’s t- test or one way ANOVA followed 

by a post-hoc test for multiple comparisons (Tukey test). The data are expressed as the mean±SD. 

Differences were considered significant at p<0.05. 

 

 

3.3 RESULTS 

3.3.1 Characterization of human Wharton’s jelly mesenchymal stromal cells and 

osteoblasts 

The immunophenotypical profile of hWJ-MSCs was determined by flow cytometric analysis using a 

panel of antibodies against cell surface markers to attribute an MSC-like immunophenotype. As 
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shown in figure 7a hWJ-MSC samples were positive for CD90, CD29, CD44, and CD105 

(mesenchymal cell markers), but negative for CD34 and CD45 (haematopoietic cell markers). 

Cells from bone fragments were cultured in osteogenic medium and assessed for their intrinsic 

properties by immunocytochemistry to demonstrate the presence of typical osteoblast markers, i.e. 

Runx2, OPN (osteopontin), and COL1. Expression of two additional transcription factors acting at 

different stages in osteoblast proliferation and modulating different functions, such as NFATc1 and 

TRPS1 (tricho‐rhino‐phalangeal syndrome type I; an atypical member of GATA transcriptional factor 

family) was also investigated (Figure 7b). Furthermore, ability to deposit mineralized matrix was 

tested by Alizarin Red staining (ARS) in both cell types (Figure 7c). Based on these specific features, 

samples intrinsically more prone to generate typical hOBs were used for experiments, as reported in 

the scheme shown in figure 7d.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7: Characterization of human Wharton’s jelly mesenchymal stromal cells (hWJ-MSC) and human 

osteoblasts (hOBs). (a) The expression of typical mesenchymal stromal cells (MSC) surface markers (CD29, CD44, 



 

34 

CD90, and CD105) and hematopoietic markers (CD45 and CD34) were investigated by flow cytometric analysis. Isotype 

controls are represented by the white curves. (b) Representative images of human osteoblastic cells. The expression of 

runt‐related transcription factor 2 (Runx2), osteopontin (OPN), type I collagen (COL1), nuclear factor of activated T‐

cells (NFATc1), and tricho‐rhino‐phalangeal syndrome type I (TRPS1) was evaluated by immunocytochemistry. The 

isotype control (IgG) was reported. Scale bars: 50 µm. (c) Deposition of mineral matrix was evaluated by Alizarin Red 

staining (ARS) in presence of osteogenic medium and non-osteogenic medium in both cell types. (d) Experimental 

planning. After a cell expansion in growth medium (early stage of differentiation, ES), hWJ-MSC and hOBs were cultured 

in osteogenic medium and, when required, the cells were treated twice a week with P2X7R antagonist (A740003, AZ 

10606120) or apyrase for 7-11 days (middle stage of differentiation, MS) or 11-28 days in culture until the mineral matrix 

deposition (late stage of differentiation, LS). 

 

 

3.3.2 P2X7R expression  

Immunocytochemistry analysis revealed the presence of P2X7R on freshly isolated hOBs (Figure 

8a). When the cells were cultured in osteogenic medium in normoxia, Western blot analysis revealed 

a slight increase of P2X7R expression, suggesting a positive correlation between P2X7R expression 

and osteoblast (Figure 8b). Hypoxic priming did not alter the P2X7R protein expression (Figure 8b). 

To test whether the P2X7R was functional, hOBs at early stage of differentiation were stimulated 

with the P2X7R semi-selective agonist BzATP. BzATP triggered a sharp increase in the cytoplasmic 

Ca2+ concentration followed by a sustained plateau, suggestive of a prolonged influx from the 

extracellular space through the P2X7R channel (Figure 8c,g). Notably, mesenchymal stromal cells 

from Wharton’ jelly (hWJ-MSCs), despite expressing P2X7R (Figure 8d,e), showed no response to 

BzATP stimulation (Figure 8f,g), suggesting that either the P2X7R was not functional or was not 

exposed on the plasma membrane. Unlike, hOBs, P2X7R levels decrease during hWJ-MSCs 

osteogenic differentiation in both conditions (normoxia or hypoxic priming) (Figure 8e). 
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FIGURE 8: Expression and function of P2X7R in human osteoblasts (hOBs) and human Wharton’s jelly 

mesenchymal stromal cells (hWJ-MSCs). (a) Representative immunostaining of P2X7R in freshly isolated hOBs. (b)  

Representative Western blot in the early stage (ES) and in the late stage of hOBs differentiation (LS) in normoxic or 

hypoxic priming condition is reported with densitometric analysis of samples analyzed. Data are expressed as mean±SD 

of P2X7R/Actin ratio. Data were analyzed byANOVA followed by Tukey test, p<0.05. (c) Representative trace showing 

the intracellular Ca2+ rise following hOBs stimulation with 500 µM BzATP. (d) Representative immunostaining of 

P2X7R in hWJ-MSCs. (e) Representative Western blot in the early stage (ES) and in the late stage of differentiation (LS) 

of hWJ-MSCs in normoxic or hypoxic priming condition is reported with densitometric analysis of all samples analyzed. 

Data are expressed as mean±SD of P2X7R/Actin ratio. (f) Representative trace showing the intracellular Ca2+ rise 

following hWJ-MSCs stimulation with 500 µM BzATP. (g) Intracellular Ca2+ rise following stimulation with 500 µM of 

P2X7R agonist (BzATP). All experiments were carried out at least three times. 
 

 

 

3.3.3 Effect of P2X7R antagonist  

To further investigate the role of the P2X7R in the hOB maturation we tested the effect of the potent 

and selective P2X7R antagonist A740003 on mineral matrix deposition by hOBs cultured in 

osteogenic medium in normoxia or hypoxic priming. Blockage of P2X7R with 5 µM A740003, but 

not 1 µM decreased deposition of mineralized matrix in the late stage of hOB differentiation in both 

conditions (Figure 9a), while no effect was observed in osteo-differentiated hWJ-MSCs (Figure 10a). 

Blockage of P2X7R with A740003 did not cause toxicity in hOBs (Figure 9b) and hWJ-MSCs 

(Figure 10b). The effect of A740003 suggests that the P2X7R is tonically activated in culture even 

in the absence exogenously-added ATP and this process is independent of oxygen concentrations.  

Since we found that the hypoxia seems not to affect the ability of hOBs to deposit mineral matrix in 

presence of A740003, we performed next experiments only in normoxia condition.  

We also tested the mineral matrix deposition by hOBs in presence of another potent P2X7R antagonist 

(AZ 10606120) demonstrating that this molecule only slightly decreased the mineralization:  there 

was a reduction of 12% at a concentration of 300 nM and 24% at a concentration of 1 μM (Figure 

11a). Blockage of P2X7R with AZ 10606120 did not cause toxicity in hOBs (Figure 11b). 
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FIGURE 9: Effect of P2X7R antagonist (A740003) on human osteoblasts (hOBs) matrix mineralization. (a) Matrix 

mineralization was analyzed by Alizarin Red S staining after the treatment with 1 µM or 5 µM A740003 in osteogenic 

medium in normoxia or hypoxic priming. The cells were treated twice a week, until the mineral matrix deposition (late 

stage of differentiation). Data are expressed as mean±SD and were analyzed by one way ANOVA followed by Tukey 

test. The percentage was calculated in relation to control cells (untreated), considered as 100% (p<0.05). *different from 

control cells and dimethyl sulfoxide (DMSO) cells. All experiments were carried out at least three times. (b) Cell viability 

in presence of A740003 was measured in hOBs treated for 72 h with 1 µM, 5 µM or 10 µM A740003 by 3‐(4,5‐

dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) analysis (left panel), and by double staining with Calcein 

AM/propidium iodide (right panel). The green fluorescence indicates the presence of calcein labeled live cells, while 

propidium iodide labeled dead cells are revealed by red fluorescence. Merged photomicrographs are reported. Viability 

is expressed as percentage of control (untreated) cells. All experiments were carried out at least three times. Data are 

expressed as mean±SD (untreated cells considered as 100%) and were analyzed by one way ANOVA followed by Tukey 

test.  
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FIGURE 10: Effect of P2X7R antagonist on human Wharton’s jelly mesenchymal stromal cells (hWJ-MSCs) 

matrix mineralization. (a) Mineral matrix formation was analyzed by Alizarin Red Staining after the treatment with 5 

µM A740003 in normoxia and hypoxic priming. Data are expressed as mean±SD and were analyzed by one way ANOVA 

followed by Tukey test. The percentage was calculated in relation to control cells (untreated), considered as 100% 

(p<0.05). All experiments were carried out at least three times. (b) Cell viability was analyzed in hWJ-MSCs treated with 

1 µM, 5 µM or 10 µM A740003. The percentage was calculated in relation to control cells (untreated), considered as 

100% (p<0.05).  
 

 

FIGURE 11: Effect of P2X7R antagonist (AZ 10606120) on human osteoblasts (hOBs) matrix mineralization. (a) 
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Mineral matrix formation was analyzed by Alizarin Red Staining after the treatment with 300 nM or 1 µM AZ 10606120. 

Data are expressed as mean±SD and were analyzed by one way ANOVA followed by Tukey test. The percentage was 

calculated in relation to control cells (untreated), considered as 100% (p<0.05). (b) Cell viability was analyzed in hOBs 

treated with 300 nM or 1 µM AZ 10606120. The percentage was calculated in relation to control cells (untreated), 

considered as 100% (p<0.05).  

 

 

Since the treatment with P2X7R antagonist decreased the mineral matrix deposition, it is conceivable 

that removal of ATP from the culture medium should inhibit these responses. Thus we verified the 

effect on matrix mineralization of apyrase, a nucleotide-degrading enzyme. As shown in figure 12 

mineral matrix deposition, in presence or in absence of β-glycerophosphate, as well as cell viability, 

was unaffected when the cells were exposed to apyrase. As expected, the presence of β-

glycerophosphate in the osteogenic medium is necessary for deposition of the mineral matrix. 

Refractoriness of P2X7R-dependent responses to apyrase treatment is not novel. It is in fact known 

that apyrase, 47 kDa in size, may not easily reach the ATP halo generated in close contact with the 

outer part of the plasma membrane. This is even true in osteoblasts which release ATP at distinct 

plasma membrane sites via a strictly regulated vesicular pathway [Brandao-Burch et al., 2012]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 12: Effect of ATP scavenger on human osteoblasts (hOBs) matrix mineralization. (a) Mineral matrix 

formation was analyzed by Alizarin Red Staining after the treatment with 2 U/mL apyrase (Apy) or denatured apyrase. 

Data are expressed as mean±SD and were analyzed by one way ANOVA followed by Tukey test. The percentage was 

calculated in relation to control cells (untreated), considered as 100% (p<0.05). All experiments were carried out at least 

three times. (b) Cell viability was analyzed in hOBs treated with 1 U/mL or 2 U/mL apyrase. The percentage was 

calculated in relation to control cells (untreated), considered as 100% (p<0.05). 

 

 

 

3.3.4 Characterization and activity of P2RX7 gene promoter  

Little is known about the regulation of the human P2RX7 gene expression, today there are only a 

couple of studies that investigated the human P2RX7 promoter. In the first, Zhou and collaborators 

[Zhou et al., 2009] identified the active promoter region and the transcription initiation site, using a 

series of cDNA fragments that were generated encompassing a 1.7 kb DNA segment of the human 

P2RX7 gene 5′ region (Figure 13a,b). Fragments ranging from −1664/+32 to −53/+32 nt were cloned 
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and inserted into a luciferase vector. The P2X7R-luciferase reporter was transfected into the P2X7R 

negative HEK293 cells. Significant promoter activity was found in fragments ranging from 

−1664/+32 to −158/+32 nt, while shorter fragments lacked significant promoter activity. Maximal 

promoter activity was found in the −158/+32 nt fragment [Zhou et al., 2009], a second study with 

five different luciferase constructs [Bilodeau et al., 2015], found that the P2RX7 (Figure 13c) 

promoter is regulated by the C/EBPβ.  

 

 
 

FIGURE 13: Human P2RX7 promoter. (a) Schematic representation of P2RX7 promoter. (b) The schematic 

representation of P2RX7 promoter constructs used by Zhou [Zhou et al., 2009] and collaborators for elucidation of P2RX7 

active promoter region. (c) Schematic representation of the P2RX7 promoter constructs used by Bilodeau and 

collaborators for elucidation of P2RX7 regulation by CCAAT/enhancer binding proteins (C/EBP) [Bilodeau et al., 2015]. 

 

 

 

Starting from these evidences and from the data so far available on the role of the P2X7R in bone 

cells, we have then turned our interest to understand if the expression of P2X7R was regulated by 

osteogenic factors. First of all, the P2RX7 5’-flanking region spanning +56 to -2500 was subjected 

to a bioinformatics analysis by using AliBaba 2.1 public software, to identify potential binding sites 

for the main osteogenic transcription factors. The sequences of binding sites for transcription factors 

by us investigated are reported in table 2. As shown in figure 14, the P2RX7 promoter region analyzed 
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contains numerous potential binding sites for transcription factors, e.g. Runx2, Osterix, TCF/LEF1, 

NFAT, TRPS1 and HIF-1 which are well known for their critical role in osteoblast maturation 

[Agrawal et al., 2017; Sindhavajiva et al., 2017; Minear et al., 2010; Penolazzi et al., 2011; Goss et 

al., 2019; Fan et al., 2014]. Of notice, we found nine potential binding motifs for NFAT. This is of 

particular interest because previous findings showed that the P2X7R couples to the Ca2+-NFATc1 

pathway [Giuliani et al., 2014], and its function is required for NFATc1 nuclear localization and 

transcriptional activity in rat osteoblasts [Grol et al., 2013]. Therefore, we focused our attention on 

investigating whether P2RX7 was itself a NFAT target gene. 

 

Table 2: Sequences of transcription factor binding sites. 

Transcription Factor Consensus Binding Site 

SP7/Osterix GGGCGG 

TRPS-1 (A/T)GATA(A/G)     

RUNX-2 (T/C)G(T/C)GG(T/C)/ TG(T/C)GG(T/C)/ (A/G)CC(A/G)CA 

NFATc1 GGAAA/ TTTCC 

HIF-1 (A/G)CGTG/ CACG(T/C) 

TCF/LEF1 (A/T)(A/T)CAAAGG  

 

 

FIGURE 14: In silico analysis of the human P2RX7 gene promoter region (-2500 to +56 bp). Nucleotide numbering 
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is relative to the first nucleotide (adenine +1) of the transcription start site (TSS), which is indicated in bold. The positions 

of putative transcription factor binding motives identified using the AliBaba 2.1 public software tool are boxed. 

 

 

 

The involvement of NFATc1 in the modulation of the P2RX7 promoter and in the regulation of the 

expression of P2X7R was investigated by Luc assays in Hela cells transfected with NFATc1/A 

expression vector. Two different P2RX7 promoter constructs were used, the -2500/+34 P2X7R-Luc 

containing all the NFAT potential binding sites, and the -1500/+34 P2X7R-Luc lacking the two most 

distal sites (Figure 15a). As shown in figure 15b, the two constructs have comparable effects on the 

overall activity of the promoter, and were both positively affected by NFATc1 overexpression in 

presence of ionomycin and PMA: P2X7R promoter activity was enhanced by more than 13-fold both 

in -1500/+34 P2X7R-Luc and -2500/+34 P2X7R-Luc in relation to pGL4.10-Luc Vector. Promoter 

activity also increased when the cells were co-transfected with TRPS1 or Runx2 expression vector, 

but the increase was not statistically significant (Figure 15c,d). The hypothesis that the P2RX7 is a 

direct transcriptional target of NFATc1 was confirmed by chromatin immunoprecipitation assays by 

using the SaOS2 osteoblastic-like cells. As shown in figure 15e, NFATc1 occupancy was 

demonstrated by using the specific primers positioned in the core promoter region. The same analysis 

was also performed to investigate the in vivo recruitment of Runx2, TRPS1, β-catenin and osterix in 

the predicted binding sites, but no binding was detected. 

As described above, using bioinformatic analysis, we also identified three potential HIF-1 binding 

sites in the P2RX7 promoter (Figure 16a). To determine whether HIF-1 activity plays a role in P2RX7 

transcriptional activation, HeLa cells were transfected with the above P2RX7 promoter constructs. 

As shown in figure 16b, our preliminary results showed that the activity of P2RX7 promoter was 

negatively affected by CoCl2 (hypoxia mimicking agent). With this result, the possibility that P2X7R 

is a direct transcriptional target of HIF-1 was examined by ChIP assay. As reported in figure 16c, 

HIF-1 was specifically recruited at P2RX7 promoter in hypoxia preconditioned hOB only in one 

sample of total of three samples analyzed. The results obtained by us so far are inconclusive, 

therefore, further investigation is necessary to conclude whether hypoxia may or may not regulate 

P2RX7 promoter activity. 
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FIGURE 15: P2RX7 promoter activity. (a) Position of potential binding sites for tricho‐rhino‐phalangeal syndrome type 

I (TRPS1), nuclear factor of activated T‐cells (NFAT), and runt‐related transcription factor 2 (Runx2) in the P2RX7 

promoter, and the schematic representation of P2RX7 promoter constructs. Transcriptional activity of P2XR7 promoter 

was assessed by luciferase assay in HeLa cells transfected with 0.25 µg of PGL4.10-Luc Vector, -1500/+34 P2X7R-Luc 

or -2500/+34 P2X7R-Luc constructs, in combination with 0.125 µg of the expression vectors (b) pRSV-NFATc1/A (in 

presence or absence of 1 μM ionomycin and 20 nM PMA); (c) pBlight-FLAG TRPS1; (d) pcDNA3.1 cbfa1 (Runx2). 

Luciferase activity was corrected for protein content. Luciferase output was expressed as fold change of the promoterless 

pGL4.10- Luc Vector emission, arbitrarily defined as 1, (n=4). Data are expressed as mean±SD and were analyzed by one 

way ANOVA followed by Tukey test, p<0.05. * versus pGL4.10-Luc Vector control group, ° versus -1500/+34 P2X7R-

Luc in the absence of NFATc1/A, ionomycin and phorbol 12‐myristate 13‐acetate (PMA), & versus -2500/+34 P2X7R-

Luc in the absence of NFATc1/A, ionomycin and PMA. (e) Chromatin immunoprecipitation assay (ChIP) analysis of  

NFATc1 (in presence of 20 nM PMA and 1 µM ionomycin), TRPS1,  Runx2, β-catenin, osterix recruitment to the P2RX7 

promoter. The positioning and sequences of NFATc1, TRPS1, β-catenin, osterix and Runx2 potential binding sites within 

the P2RX7 core promoter together with the position of the specific primers used for real time PCR (qPCR) amplifications 

are reported. The graph shows the results of ChIP-qPCR analysis performed on DNA templates obtained from SaOS-2 

cells. Results of real time PCR (qPCR) were analyzed by the 2(-ΔΔCt) method after normalization to the IgG negative 

control and data expressed as mean±SD of at least three independent experiments. * p<0.05. 

  

 

 

 
 

FIGURE 16:  P2RX7 promoter activity under hypoxia (a) Position of potential binding sites for hypoxia-inducible 

factor 1 (HIF-1) in the P2RX7 promoter. Transcriptional activity of P2XR7 promoter was assessed by luciferase assay in 

HeLa cells transfected with 0.25 µg of PGL4.10-Luc Vector, -1500/+34 P2X7R-Luc or -2500/+34 P2X7R-Luc constructs, 

in combination with 0.5 mM CoCl2. Data are expressed as mean±SD and were analyzed by one way ANOVA followed by 

Tukey test, p<0.05. * versus pGL4.10-Luc, °versus pGL4.10-Luc+CoCl2 and &-1500/+34 P2X7R-Luc versus -1500/+34 

P2X7R-Luc+CoCl2. (c) Chromatin immunoprecipitation assay (ChIP) HIF-1 (three hOBs samples analyzed). The graph 

shows the results of ChIP-qPCR analysis performed on DNA templates obtained from hOBs. Results of qPCR were 

analyzed by the 2(-ΔΔCt) method after normalization to the IgG negative control. 
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3.4 DISCUSSION  

The evidence gathered from this study is that hOBs express a functional P2X7R by conventional 

methods showing (a) the intracellular calcium rise following hOBs stimulation with BzATP agonist, 

and, consistently (b) the decrease of mineralized matrix deposition after treatment with the A740003 

antagonist. In the second part of the work, we focused on characterization and activity of the P2RX7 

gene promoter, identifying in the P2RX7 promoter several specific binding sites for transcription 

factors differently involved in the mineralization process in the bone microenvironment. In particular, 

we provided evidence demonstrating that the P2X7R is upregulated by NFATc1, a member of the 

NFAT family of cytosolic Ca2+‐dependent transcription factors [Sitara and Aliprantis, 2010]. By the 

ChIP analysis, we demonstrated for the first time that NFATc1 is recruited at the P2RX7 promoter 

(Figure 17).  

NFATc1 is well known as a master regulator of osteoclastogenesis [Kim et al., 2016] whilst the role 

of NFATc1 signaling in osteoblasts is not well understood and is still controversial [Penolazzi et al., 

2011; Kim et al., 2016]. Ca2+-NFATc1 signaling and NFAT transcriptional activity has been 

previously demonstrated to be activated during rat osteoblastic mineralization by high ATP 

concentrations acting through P2X7R [Grol et al., 2013]. Our data strengthens the importance of this 

axis in the bone context, and suggests a new mechanism based on a reciprocal regulatory circuit 

between P2X7R and NFATc1 supporting mineral ECM deposition. Our findings may help clarify the 

dynamics and spatial organization of multiple signals during physiological and pathological bone 

mineralization, as it might occur in joint cartilage, arteries and cardiovascular tissues in the course of 

bone diseases, metabolic disorders or physiological aging [Jørgensen, 2018; Jørgensen et al., 2015; 

Zeng et al., 2019]. 

To date, the role of P2X7R on bone homeostasis and the calcified bone matrix is incompletely 

understood, most likely due to the use of unsatisfactory experimental models. The in vitro deposition 

of the mineral matrix occurs both by skeletal progenitor cells (mesenchymal stromal cells, MSCs) 

and mature cells (OBs) at LSs of culture in osteogenic medium, likely in response to different signals 

specific to each given cell lineage. MSCs are proliferating cells that must remain sensitive to 

osteogenic differentiation stimuli, for bone remodeling, regeneration, or repair [Hayrapetyan et al., 

2015]. Conversely, OBs represent terminally differentiated “steady‐state cells” that will be embedded 

in the calcified bone. Both cell types are P2X7R positive, but the P2X7R might not be functional or 

plasma membrane‐expressed in MSCs, as we have shown in hWJ‐MSCs, regardless of the source of 

origin [Agrawal et al., 2017]. We hypothesized that MSCs in their physiological native environment, 

the stem cell niche, lack those molecules, such as P2X7R activation partners, that promote maturation 

only of cells located on the bone surface and committed to mineral matrix deposition, that is the 
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osteoblasts. Expression of nonfunctional P2X7R in skeletal progenitor cells might make these cells 

potentially prone to terminally osteo‐differentiate, but at the same time prevent premature 

mineralization. This hypothesis, although as yet unsubstantiated by direct experimental evidence, is 

supported by the recent finding that increased P2X7R expression and activity correlate with 

pathologic calcification in joint and in blood vessels [Zeng et al., 2019]. Therefore, it is possible that 

the fine‐tuning of P2X7R expression/activity plays a critical role in ECM mineralization in 

physiological contexts. ECM mineralization is an intrinsic property of mature osteoblasts, to be 

distinguished from mineral deposition, which is instead in vitro forced during MSC‐dependent 

osteogenesis. This leads us to say that, as an experimental model, OBs are to be preferred over MSCs 

to investigate the P2X7R role and regulation in bone homeostasis. In the future, we could improve 

knowledge about P2X7R through experimental systems that more closely reproduce the complexity 

of bone microenvironment. We refer to in vitro models, for example, three‐dimensional dynamic 

constructs based on coculture of osteoclasts, osteoblasts, and endothelial cells under controlled cell 

culture conditions, such as microgravity, hypoxia, and mechanical stimulation. Such experimental 

systems, relying on the paracrine effect of the various cell populations, are self‐sustaining in terms of 

proliferation and differentiation for a time appropriate to the investigations. Therefore, they could 

also help in the interpretation and validation of data that we found overcoming the limitations related 

to the low number of cells. For example, we found it difficult to highlight a clear cut correlation 

between the ChIP data and a specific response during hOB osteogenic induction, or in the presence 

of P2X7R agonists or antagonists (BzATP or A740003). A crucial limiting factor is the low cell yield 

from any given biopsy, which does not allow to carry out a thorough molecular assay in the same 

sample. In most cases, we detected only weak signals by using chromatin from hOBs, suggesting 

weak or unstable interaction between the specific transcription factors and the P2RX7 promoter. The 

bioinformatic analysis we performed suggests that it is reasonable to further investigate the role 

performed by other factors such as Runx2, TRPS1, HIF‐1, or TCF/β‐catenin in the regulation of 

P2RX7 expression, for the reasons mentioned below. Runx2 is the master regulator of osteogenesis 

[Vimalraj et al., 2015], and TRPS1 has been recently correlated with the mineralization process [Goss 

et al., 2019]. In addition, low oxygen tension is the physiological condition of the bones, and it leads 

to an increased expression of HIF‐1α. HIF‐1α is a crucial factor in the control of energy metabolism 

recently found upregulated in cells overexpresing the P2X7R [Amoroso et al., 2012]. TCF/β‐catenin 

is an important component of canonical Wnt signaling that plays a critical role in transmitting 

mechanosignals within the bone cell network [Baron and Kneissel, 2013; Grol et al., 2016]. 

Mechanical loading is essential to preserve bone health [Baron and Kneissel, 2013]. Recent studies 

have demonstrated that the P2X7R, together with pannexin 1 (Panx1), αVβ3 integrin, and T‐type 
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calcium channel Cav3.2‐1, acts as a unique mechanosensory complex in bone [Seref‐Ferlengez et al., 

2019] and coordinates load‐induced Wnt/β‐catenin signaling essential for proper skeletal response to 

mechanical stimulation. 

The results we obtained open the way for further investigations regarding the role of the purinergic 

system, mainly P2X7R, in bone cells. This will require the optimization of some analysis to be 

designed for a low number of cells, in order to clarify especially the following:  

- the epigenetic control of P2X7R transcription. Epigenetic marks include DNA methylation, histone 

modifications, microRNA, and chromatin remodeling.  A growing number of studies have indicated 

that these mechanisms participate in all aspects of osteogenesis [Ghorbaninejad et al., 2020; 

Delgado-Collen et al., 2012]. Therefore, it will be interesting to explore these issues also for the 

P2X7R having been demonstrated its participation in bone metabolism; 

- normal osteoblasts versus osteoblasts from patients with bone diseases: the ability of the cells to 

deposit mineral matrix in relation with P2X7R activity, ATP metabolites and the activity of 

ectonucleotidase enzymes; 

- since P2X7R participates in the differentiation of osteoclasts and osteoblasts, the role of this 

receptor in the communication of these two cells needs to be furthered in more adequate 

experimental models such as three dimensional dynamic cellular constructs based on co-culture of 

osteoclasts and osteoblasts; 

- recent studies on relationship between bone cells and energy metabolism aimed to identify the key 

players in this relationship. Interestingly, recent evidence demonstrates that P2X7R is involved in 

the management of energy homeostasis [Coccurello and Volonté et al., 2020] therefore it could play 

an interesting role in this context also in bone microenvironment. 
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FIGURE 17: ATP is released from osteoblasts into the extracellular space in response to mechanical stimulation, 

hypoxia or cell damage (microcracks and fractures), or by P2X7R, creating high extracellular ATP concentrations [Dong 

et al., 2020; Jorgensen, 2018; Burnstock et al., 2013]. The hydrolyses of extracellular ATP by ectonucleotidases enzymes 

(E-NTPDases and ecto-5’nucleotidase/CD73) provides a source of phosphate, essential to mineralization. In addition, 

biological effects of high extracellular ATP are mediated by P2X7R, that opens a cation permeable membrane channel 

[Di Virgilio et al., 2019]. The Ca2+influx induces the calcineurin action, activating the NFAT by its dephosphorization. 

The nuclear factor of activated T-cells (NFAT) traslocated into the nucleus, upregulating the P2X7R expression, and 

inducing the bone mineralization. We also verified that this phenomenon is independent of oxygen concentration. Our 

findings contribute to understand the significance of P2X7R action and extracellular ATP in the bone context, and suggest 

that the P2X7R could be a new target for bone tissue regeneration/repair. 

 

 

In conclusion, our data extend our understanding of P2X7R expression and function in bone, and 

pave the way to study the relationship between this receptor and mineralization process in more 

sophisticated experimental models, with the aim to identify new targets to prevent bone loss and 

promote bone repair. 

Part of the results presented in this chapter have already been published [Bergamin LS, Penolazzi L, 

Lambertini E, et al. Expression and function of the P2X7 receptor in human osteoblasts: The role of 

NFATc1 transcription factor. Journal of Cellular Physiology. 2021 Jan;236(1):641-652. DOI: 

10.1002/jcp.29891]. Acknowledgement: Wiley and Journal of Cellular Physiology. 
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4. P2X7R IN INTERVERTEBRAL DISC 

A first series of experiments have been planned with the intention of making a contribution to the 

following open questions:  

 

1) Is the P2X7R expressed in IVD? 

2) Is the P2X7R and NLRP3 expression correlated with IVD degeneration grade? 

3) Is the NLRP3 inflammasome a target for P2X7R activation? 

4) Could P2X7R be a new therapeutic target for intervertebral disc degeneration (IVDD)? 

 

For this purpose, the experiments were conducted as follows:  

 

4.1 EXPERIMENTAL MODELS 

In this study, biopsy samples of human intervertebral disc were used as a source of progenitor cells 

able to represent an excellent in vitro model for studying the role of P2X7R. At the same time, tissue 

samples were used to conduct a rigorous histological analysis in which the expression levels of 

P2X7R and the NLRP3 inflammasome were associated to the degeneration grade on the basis of the 

clinical data. For this purpose human lumbar disc tissues from a total of 83 donors were used (patients’ 

age was between 33 and 83 years, mean age 57 years, see Table 3). Patients were operated for the 

herniated lumbar disc and the level of disc degeneration is evaluated according to Pfirrmann 

classification [Pfirrmann et al., 2001]. 

Several experiments with freshly isolated IVD cells (passage 0, P0) and subcultured cells (passage 2, 

P2) were performed. Recently, Penolazzi and collaborators [Penolazzi et al., 2018; Penolazzi et al., 

2019] demonstrated that P0 cells have a morphology very similar to that found in the histological 

preparation. The cell morphology changed in expanded P2 cells, where the predominant form became 

the flattened one. P0 cells can be considered an adequate experimental model mimicking the IVD 

degeneration since resemble the characteristics of IVD from which derived. After monolayer culture 

expansion IVD cells (P2) lose the chondrocyte-like phenotype and undergo de-differentiation process 

regardless of the Pfirrmann grade from which the cells were originally obtained, resembling the 

degeneration process. It is therefore reasonable to assume that P2 cells represent a good compromise 

as de-differentiated cells, without becoming senescent [Penolazzi et al., 2018; Penolazzi et al., 2019].   

A variety of  cells coexist in the degenerated IVD microenvironment such as neurons, chondrocytes, 

and osteoblasts [Penolazzi et al., 2018]. For this reason, in order to obtain the most informative results 

from the endogenous degenerated microenvironment, we chose to preserve the whole cell population 

using a relatively quick protocol (mild enzymatic digestion) to minimize artifacts without selecting 
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the different types of cells from IVD or completely disrupting extracellular matrix (ECM). With this 

technique, it is possible i.) to produce P0 cells really resembling IVD microenvironment, ii.) to 

minimize artifacts from extended in vitro culture, and iii.) to obtain viable cells [Penolazzi et al., 

2018; Penolazzi et al., 2019].  

 
Table 3: Human intervertebral disc (IVD) samples information (NA: Not Available). 

Samples Age Sex Level Degeneration 
Duration of symptoms 

prior to surgery 

1 63 M L4L5 PF III 4 months 

2 57 M L5S1 PF IV 5 months 

3 56 M L2L3 PF II 2 months 

4 49 F L4L5 PF II 2 months 

5 52 M L4L5 PF III 1 month 

6 79 M L4L5 PF IV 5 months 

7 50 M L5S1 PF III 2 months 

8 54 F L4L5 PF IV 5 months 

9 44 M L5S1 PF III 2 months 

10 63 F L5S1 PF V 12 months 

11 57 F L4L5 PF V 24 months 

12 70 M L4L5 PF IV 1 month 

13 40 F L4L5 PF II 5 months 

14 38 M L5S1 PF IV 12 months 

15 74 M L4L5 PF III 2 months 

16 70 M L4L5 PF IV 2 months 

17 56 M L3L4 PF I 3 months 

18 46 M L4L5 PF III 12 months 

19 47 F L5S1 PF IV 2 months 

20 51 M L5S1 PF IV 6 months 

21 41 M L2L3 NA 1 month 

22 51 M L4L5 PF III 3 months 

23 52 F L5S1 NA 12 months 

24 63 F L5S1 PF III 1 month 

25 37 M L4L5 PF II 2 months 

26 49 M L5S1 PF III 9 months 

27 44 M L5S1 PF III 4 months 

28 54 M L4L5 PF III 2 months 

29 64 M L4L5 PF IV 3 months 

30 64 M L3L4 PF IV NA 

31 77 M L4L5 PF III NA 

32 72 F L4L5 PF III NA 

33 48 F L4L5 PF II NA 

34 75 F L4L5 PF V NA 
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35 67 F L3 NA NA 

36 67 F L4 NA NA 

37 57 M L4L5 PF IV NA 

38 77 F L4L5 PF IV 24 months 

39 51 M L5S1 PF IV 1 month 

40 56 M L4L5 PF III NA 

41 56 NI L4L5 PF IV NA 

42 72 M L5S1, PF II NA 

43 60 F L4L5 PF III NA 

44 61 F L3L4 PF III 36 months 

45 80 M L4L5 PF IV 11 months 

46 36 M L2L3 PF III 3 months 

47 70 M L3L4 PF III NA 

48 54 M L4L5 PF IV 12 months 

49 57 M L4L5 PF III 3 months 

50 54 M L3L4 PF III 1 month 

51 48 F L4L5 PF III 1 month 

52 59 M L3L4 PF IV NA 

53 72 F L4L5 PF II 36 months 

54 80 M L4L5 PF V NA 

55 47 F L5S1 PF IV 24 months 

56 51 M L4L5 PF I 2 months 

57 43 M L4L5 PF III 12 months 

58 51 M L3L4 PF III 3 weeks 

59 71 M L5L5 PF II 10 months 

60 81 M L3L4 PF III 18 months 

61 63 F L5S1 PF IV 4 months 

62 53 M L4L5 PF IV 5 months 

63 36 M L3L4 PF II 2 months 

64 44 M L5S1 PF II 2 weeks 

65 43 M L5S1 PF III 3 months 

66 38 F L5S1 PF II 6 months 

67 33 M L5S1 PF III 3 weeks 

68 48 F L5S1 PF III 7 months 

69 56 M L5S1 PF IV 5 months 

70 33 M L4L5 PF III 2 months 

71 73 M L4L5 PF III 6 months 

72 83 M L3L4 PF IV 12 months 

73 69 M L5S1 PF IV 12 months 

74 47 M L5S1 PF III 1 month 

75 82 M L4L5 PF IV 5 months 

76 43 F L5S1 PF IV 2 months 

77 76 F L5S1 PF IV 2 months 
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78 55 F L4L5 PF III 10 months 

79 48 F L5S1 PF IV 4 months 

80 81 F L3L4 PF II 1 month 

81 66 F L4L5 PF III 2 months 

82 70 M L3L4 PF III 2 months 

83 42 F L5S1 PF IV 3 months 

 

 

 

4.2 EXPERIMENTAL PLANNING 

The expression of P2X7R and NLRP3 in IVD tissues was investigated by immunohistochemistry in 

several samples with different grades of lumbar disc degeneration (Pfirrmann grade I-V). In the IVD 

cells, we evaluated the P2X7R functionality and the ability of the cells to release IL-1β in presence 

of LPS (inflammation inductor) and P2X7R antagonist (A740003). Furthermore, we assessed the cell 

proliferation in presence of P2X7R antagonist (A740003) or P2X7R agonists (BzATP or ATP), as 

shown in figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 18: Experimental planning.  
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4.3 METHODOLOGY 

4.3.1 Isolation of human IVD cells 

Lumbar intervertebral disc tissues (1-2 cm3) were collected, cut into small pieces, and subjected to 

mild digestion in 15 ml centrifuge tube with only 1 mg/mL type IV collagenase (Sigma Aldrich, St. 

Louis, USA) for 5 h at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 (Euroclone 

S.p.A., Milan, Italy) as previously described [Penolazzi et al., 2018]. Once the digestion was 

terminated, cell suspension was filtered with a Falcon™ 70 μm Nylon Cell strainer (BD Biosciences, 

Franklin Lakes, NJ, USA). Subsequently 300 x g centrifugation was conducted for 10 min, the 

supernatant discarded, the cells resuspended in basal medium (DMEM/F12 containing 10% fetal calf 

serum, 100 µg/mL streptomycin, 100 U/mL penicillin, and 1% Glutamine) (Euroclone) and seeded 

in polystyrene culture plates (Sarstedt, Nümbrecht, Germany) at 10.000 cells/cm2. The cells that were 

released from the dissected tissue and maintained in culture at 37°C in a humidified atmosphere with 

5 % CO2 within the first 48 h were referred to as passage zero (P0) cells. P0 cells were expanded by 

growing for a period not exceeding a week until subconfluent, detaching by trypsinization, and 

maintained in culture for two passages to obtain P2 cells that were used for later experiments. 

 

4.3.2 Histochemical analysis 

Small fragments of each IVD sample were rinsed with PBS, fixed in 4% buffered 

paraformaldehydefor 24 h at 4°C, embedded in paraffin and cross-sectioned (5 µm thick). Sections 

were deparaffinized, rehydrated and heated in sodium citrate (pH 6) for antigen retrieval. Slides were 

then processed with 3% H2O2 in PBS for 10 min and with blocking solution in PBS (1% BSA/10% 

FCS) for 30 min at room temperature. Then the slides were incubated over night with P2X7R antibody 

(#APR-004, Alomone Labs, Jerusalem, Israel; 1:50 dilution) at 4°C, followed by treatment with 

Vectastain ABC solution (Vector Labs, Burlingame, USA) for 30 min. For histological evaluation of 

NLRP3/NALP3 the slides were incubated with 0.3% H2O2 in PBS without any antigen retrieval. After 

three rinses in wash buffer (0.025% Triton X-100 in PBS), tissue sections were kept for 2 h at RT 

with a blocking solution (1% BSA/10% FCS), and then incubated overnight at 4°C with the primary 

antibody (NLRP3/NALP3, #NBP2-12446, Novus Biologicals, Colorado, USA; 1:50 diluition) and 

followed by treatment with Vectastain ABC solution (Vector Labs) for 30 min. All reactions were 

developed using DAB solution (Vector Labs), the sections were counterstained with hematoxylin and 

mounted in glycerol. Sections were then observed in the NikonEclipse 50i optical microscope (Nikon 

Corporation, Tokyo, Japan) and protein levels were expressed as % of positive cells evaluated in 10 

fields per section of each sample. 
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4.3.3 RNA Extraction and Quantitative Real-Time (qRT)-PCR 

Total RNA was extracted from IVD cells using the PureLink RNA Mini Kit (Thermo Scientific, 

Milan, Italia) according to the manufacturer’s instructions and RNA content was determined with a 

Nanodrop 2000 spectrophotometer (Thermo Scientific). RNA was added to each cDNA synthesis 

reaction using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, California, 

USA). Real Time PCRs were carried out in the AB StepOne Real Time PCR (Applied Biosystems) 

with TaqMan Gene Expression Master Mix (Applied Biosystems). Amplification was performed with 

TaqMan® MGB probes (Applied Biosystem) for pan-P2X7R (Hs00175721_m1); ecto-

5’nucleotidase/CD73 (Hs00159686_m1); E-NTPDase1/CD39 (Hs00969559_m1); GAPDH 

(4326317E) all from Applied Biosystems whereas TaqMan Gene Expression custom assays were 

purchased to identify P2X7RA and P2X7RB previously described by [Adinolfi et al., 2010]. All 

results were analyzed by the 2(-ΔΔCT)
  method [Livak and Schmittgen, 2001]. 

 

4.3.4 Immunocytochemistry 

Immunocytochemistry was performed using the ImmPRESS kit (Vector Labs). IVD cells (P0 and P2) 

were fixed with cold 100% methanol at room temperature (RT) for 10 min; then rinsed three times 

with PBS 1X (phosphate-buffered saline) for 5 min and permeabilized using 0.2% (v/v) Triton X-100 

in PBS 1X for 5 min; then washed three times with PBS 1X for 5 min. Cells were treated with 3% 

H2O2 for 10 min (RT), washed once with PBS 1X for 5 min and incubated in blocking solution 

containing 1% BSA/2.5% FCS for 20 min at RT. After blocking, antibodies against P2X7R (#APR-

004; rabbit anti-human, 1:1000 dilution, Alomone Labs), NLRP3/NALP3 (#NBP2-12446, Novus 

Biologicals; 1:1000  diluition), COL2A1 (#Ab3092; mouse anti-human, 1:200 dilution, Abcam, 

Cambridge, UK), SOX9 (#sc-20095; rabbit anti-human, Santa Cruz Biotechnology, Texas, USA), 

ACAN (#sc-33695; mouse anti-human, 1:200 dilution, Santa Cruz Biotechnology), or isotype control 

(normal rabbit IgG; #2729, 1:1000 dilution, Cell Signaling technology, Massachusetts, USA) were 

added and the incubation carried out overnight (4°C). Then, the cells were rinsed three times with 

PBS 1X for 5 min at RT, were incubated in Vectastain ABC (Vector Labs) and stained with DAB 

solution (Vector Labs). After washing, cells were mounted in glycerol/TBS 9:1 and observed with a 

Leitz microscope (Wetzlar, Germany). Quantitative image analysis of immunostained cells was 

obtained by a computerized video-camera-based image-analysis system (with NIH USA ImageJ 

software, public domain available at: http://rsb.info.nih.gov/nih-image) under bright field 

microscopy. Briefly, images were taken with single stain, without carrying out nuclear 

counterstaining with hematoxylin and unaltered TIFF images were digitized and converted to black 

and white picture to evaluate the distribution of relative gray values (i.e., number of pixels in the 

https://www.google.com/search?q=Danvers+(Massachusetts)&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCu3KKlIUeIEsQ1zKsrztDQyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqv0xKKizGKgcEbhIlZxl8S8stSiYgUN38Ti4sTkjNLi1JKSYs0drIwAmFfflmAAAAA&sa=X&ved=2ahUKEwjT8cvzz43oAhVxt3EKHdyvDiEQmxMoATATegQICxAD
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image as a function of gray value), which reflected chromogen stain intensity. The results were 

expressed by the quantification of pixels per 100 cells. 

 

4.3.5 Immunofluorescence 

Cells were seeded on glass coverslips put into 24 well plates/ and fixed in 4% paraformaldehyde for 

15 min. After three washes with PBS 1X, the cells were permeabilized using 0.05% (v/v) Triton X-

100 in PBS 1X for 10 min; then cells were incubated inthe blocking solution containing 2% nonfat 

dry milk -NFDM/0.05% Triton X-100 in PBS 1X for 40 min. After that, cells were incubated 

overnight at 4°C with the primary antibody P2X7R (#P8232, Sigma Aldrich, rabbit anti-human, 1:100 

dilution).  Then, cells were incubated with the fluorescent secondary antibody donkey anti-rabbit IgG 

Alexa Fluor (#ab150064; Abcam, 1:1000 dilution) in 2% NFDM/0.05% Triton X-100 in PBS 1X for 

1 h at RT, mounted in Fluoroshield Mounting Medium (Abcam). Samples with no primary antibody 

were also included as control. 

 

4.3.6 Cytosolic free calcium concentration measurements 

Cytosolic free calcium was measured using the fluorescent Ca2+ indicator Fura-2-acetoxymethyl ester 

(Fura-2/AM) (Thermo Scientific) [Falzoni et al., 1995; Di Virgilio et al., 2019].  IVD cells (P2) were 

incubated at 37°C for 20 min in saline solution (125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM 

NaH2PO4, 20 mM HEPES, 5.5 mM glucose, and 5 mM NaHCO3, pH 7.4), in presence of 1 mM 

CaCl2, and supplemented with 4.0 µM Fura-2/AM and 250 µM sulfinpyrazone (Sigma-Aldrich). 

Then, the cells were centrifuged at 300 x g for 5 min. The supernatant was discarded and the pellet 

was resuspended in the above saline solution. The cell suspension was placed in a thermostat-

controlled (37°C) and magnetically-stirred cuvette of a Cary Eclipse Fluorescence Spectophotometer 

(Agilent Technologies, Milan, Italy). The [Ca2+]i was determined at the 340/380 nm excitation ratio 

and at 505 nm emission wavelengths. The P2X7R agonist, BzATP (500 µM) (Sigma-Aldrich), was 

added to investigate P2X7R responses. Ionomycin 1 μM was added to trigger a maximal Ca2+ 

increase. 

 

4.3.7 Ethidium bromide uptake 

Changes in plasma membrane permeability after exposure to BzATP (500 μM) (Sigma-Aldrich) were 

studied by ethidium bromide uptake. IVD cells were kept at 37°C in a thermostat-controlled and 

magnetically stirred cuvette of a Cary Eclipse Fluorescence Spectophotometer (Agilent 

Technologies) in the presence of 20 μM ethidium bromide (Sigma-Aldrich). Fluorescence changes 

were acquired at 360 nm and 580 nm excitation and emission wavelengths, respectively. Full 
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permeabilization was obtained with 100 μM digitonin. 

 

4.3.8 Cytokines release 

The evaluation of IL-1β release in cell supernatant was measured with Quantikine Immunoassay for 

human IL-1β/IL-1F2, purchased from R&D Systems (Minneapolis, USA), as described by the 

manufacturer. The results were expressed by pg/mL of cytokine/µg/µL of protein. 

We tested two protocols for analyzing the IL-1β release in IVD cells: 

Protocol 1: cells cultured in presence of 10% FCS and exposed to:  

i) 10 µg/mL LPS (lipopolysaccharide; Sigma-Aldrich) for a total of 25 h. One hour before the 

end of treatment, the cells were exposed to 500 µM BzATP;  

Protocol 2: IL-1β release was also evaluated in the IVD cells in presence of 1% fetal calf serum 

and treated with: 

i) 1 µg/mL LPS for a total of 25 h. One hour before the end of treatment, the cells were 

exposed to 500 µM BzATP.  

The supernatants were collected and frozen at − 20 °C until use for determination of cytokine 

concentrations. 

 

4.3.9 Proliferation assay 

IVD cells were seeded and, once at the subconfluence stage, were treated with 100 μM BzATP (a 

synthetic P2X7R agonist), or 1 mM ATP (natural P2X7R agonist), all reagents purchased from 

Sigma-Aldrich, or 5 μM A740003 (a selective P2X7R antagonist; Tocris Bioscience, Bristol, UK), 

or DMSO (0.05%) (Sigma-Aldrich) in DMEM high glucose/F12 containing 10% FCS. The IVD cells 

were treated three times (0 h, 48 h and 96 h) with agonist or antagonist of P2X7R for a total of 168 

h. In the times 0 h, 72 h, 96 h and 168 h cells were rinsed, stained with crystal violet and cell 

proliferation was analyzed by optical density (OD, 570 nm) in a microplate reader. The % of cell 

growth was calculated using the value of absorbance in relation to control (untreated cells).  

 

4.3.10 Statistical analysis 

The data were analyzed for statistical significance by Student’s t- test or one way ANOVA followed 

by a post-hoc test for multiple comparisons (Tukey test). The data are expressed as the mean±S.D or 

mean±S.E.M. Differences were considered significant at p<0.05. 
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4.4 RESULTS 

4.4.1 The expression level of P2X7R and NLRP3 in lumbar degenerated IVD tissue 

Although IL-1β is known to be involved in the pathogenesis of IVD degeneration, the role of the 

P2X7R and its downstream target (NLRP3 inflammasome) in this process remains unknown. For this 

reason, we investigated their expression in degenerated IVD tissue by immunohistochemistry. As 

shown in figure 19, both P2X7R and NLRP3 are more expressed in IVD tissues with mild (PF III) 

and high (PF IV-V) Pfirrmann grades than in IVD tissues with low grade (I-II).  

 

FIGURE 19: P2X7R and NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) expression in 

intervertebral disc specimens. Immunohistochemistry was performed on IVD tissues with different Pfirrmann grades. 

Representative optical photomicrographs and quantification of the protein level of P2X7R and NLRP3. The results are 

reported as a whisker box plot representing the min to max (line indicates median) and data were analyzed by ANOVA 

followed by Tukey’s test *versus Pfirrmann III and IV-V (Pfirrmann I-II, n = 6; Pfirrmann III, n = 8; Pfirmann IV-V, n 

= 12). IVD cells are indicated by arrows. Scale bars: 20 µm. 
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4.4.2 Characterization of P2X7R espression and functionality in IVD cells 

Further experiments were carried out using progenitors isolated from IVD samples (see the 

experimental protocol described in the methodology section). In order to obtain the most informative 

results from the endogenous degenerated microenvironment, we chose to preserve the whole cell 

population deriving from the biopsy without performing cell sorting. As demonstrated in a previous 

paper [Penolazzi et al., 2018], IVD cells cultured in vitro show different morphological and 

phenotypic characteristics during different passages. In particular, as shown in figure 20, during cell 

expansion it is possible to observe a decrease of expression of typical chondrogenic markers, 

including collagen type II alpha 1 chain (Col2A1), SRY-box 9 (SOX9) and aggrecan (ACAN), 

suggesting that the cells underwent de-differentiation process. Although disc cell phenotype still 

remains to be defined in detail, it is in fact accepted that IVD cells exhibit a chondrocyte-like 

phenotype.  

 

 

 

 

 

 

 

 

 

 

 

 
FIGURE 20: IVD cell characterization in passage 0 (P0) and passage 2 (P2). Representative optical photomicrographs 

of collagen type II alpha 1 chain (Col2A1), SRY-box 9 (SOX9) and aggrecan (ACAN) immunostaining performed in P0 

and P2 cells are reported. Protein expression levels were quantified by densitometric analysis of immunocytochemical 

pictures using ImageJ software and expressed as means of pixels per one hundred cells ±SD. Scale bars: 20 µm. 

 

 

We then verified whether P2X7R and NLRP3 expression profile we found in the histological samples 

was also maintained by the IVD cells isolated from the same tissue sample. This was the case: as 

shown by immunocytochemical detection (Figure 21a,b), P0 cells from IVD tissues with mild (PF 

III) and high (PF IV-V) Pfirrmann grades expressed P2X7R and NLRP3 at higher level than P0 cells 

from IVD tissues with low Pfirrmann grade (I-II). Furthemore, the same analysis conducted in IVD 

P2 cells revealed that the expression of P2X7R and NLRP3 increased, on average, with de-

differentiation process (Figure 21c,d) supporting that in this context i.) cell de-differentiation 

resembles tissue degeneration, and ii.) the role of P2X7R and NLRP3 in IVDD deserves to be 

investigated. 
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FIGURE 21: P2X7R and NLRP3 protein expression. Immunocytochemistry was performed in passage 0 (P0) IVD 

cells with different Pfirrmann grades for (a) P2X7R. Data were analyzed by ANOVA followed by Tukey’s test, p<0.05 

*Pfirrmann I-II versus Pfirrmann III and Pfirrmann IV-V; #Pfirrmann III versus Pfirrmann IV-V. (Pfirrmann I-II, n = 3; 

Pfirrmann III, n = 6; Pfirrmann IV-V, n = 4) and (b) NLRP3. Data were analyzed by ANOVA followed by Tukey’s test, 

p<0.05 $Pfirrmann IV-V versus Pfirrmann I-II and III. Immunocytochemistry for (c) P2X7R and (d) NLRP3 was 

performed in P0 and P2 IVD cells. Representative optical photomicrographs and densitometric quantification of the 

P2X7R and NLRP3 protein level are reported (both as average and for each IVD sample). For P2X7R, sample’s number 

(64: PF I-II; 67, 74, 65 and 71: PF III; 69, 75 and 73: PF IV-V; P0 and P2 group, n = 8); for NLRP3 samples’ number (58 

and 71: PF III; 75: PF IV-V, n = 3). Data were analyzed by Student’s t- test, p<0.05. Densitometric analysis was performed 

by using ImageJ software and expressed as means of pixels per one hundred cells. Scale bars: 20 µm 

 

 

We also investigated at mRNA level the expression of P2X7R in order to distinguish the expression 

of the two functional splice variants, P2X7RA and P2X7RB. This analysis confirm what found at 

protein level: P2X7R mRNA levels were significantly higher in P2 cells than in P0 cells, namely they 

increased during de-differentiation process (Figure 22a). As regards the two isoforms, the full length 

P2X7RA is the predominant one with respect to the truncated isoform P2X7RB. Both mRNA 

isoforms, in particular P2X7RA, increased during de-differentiation process (Figure 22b). 
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FIGURE 22: Expression of mRNA P2X7R in intervertebral disc (IVD) cells. mRNA expression was analyzed in IVD 

cells during de‐differentiation process from passage 0 (P0) to passage 2 (P2) by Real Time-PCR. (a) P2X7R mRNA levels  

were normalized by using the house keeping GAPDH as endogenous control. Data are expressed as fold change relative 

to passage 0 (P0) cells and presented as mean± SD. Data were analyzed by Student’s t- test,  p<0.05. *Significantly 

different from P0 (n=10) (b) P2X7RA and P2X7RB mRNA isoforms were expressed as fold change relative to P2X7RA 

in P0 cells and presented as mean± SD. Data were analyzed by Student’s t- test,  p<0.05. *Significantly different from 

P2X7RA in P0 cells (n=7). 
 

 

In a next step P2X7R functionality was tested. It is in fact very important that the P2X7R is able to 

open the channel and/or pore in the membrane. At this purpose, P2 IVD cells were stimulated with 

the P2X7R semi-selective agonist BzATP. Notably, we found that IVD cells are differently 

responsive. Some IVD samples are responsive to BzATP stimulation with increasing in the 

cytoplasmic Ca2+ followed by a sustained plateau (suggestive of a prolonged influx from the 

extracellular space through the P2X7R channel, Figure 23a). Other IVD samples are unresponsive or 

poorly responsive to BzATP stimulation (Figure 23b). This result suggests that in some cases the 

P2X7R is not functional or is not exposed on the plasma membrane. 

Likewise, we were unable to detect responses suggestive of large pore opening in all samples 

analyzed (e.g. ethidium bromide uptake, Figure 23c). 

As regards P2X7R cellular localization, a preliminary analysis performed on some IVD samples 

revealed a weak cytoplasmic localization (Figure 23d).  

 



 

60 

 

FIGURE 23: P2X7R functionality in intervertebral disc (IVD) cells. Representative trace of IVD cells (passage 2- 

P2) that (a) respond to 500 µM BzATP stimulation (n=1) and (b) representative trace evaluated in IVD cells that did not 

respond to 500 µM BzATP or poorly respond to BzATP (n=3). (c) Representative trace showing 500 μM BzATP-induced 

ethidium bromide uptake (n=4). (d) Immunofluorescence was performed in P0 IVD cells labeling with anti-P2X7R.  

 

 

4.4.3 IL-1β release by IVD cells 

Another interesting issue is the inflammation that occurs in the IVDD and the role that P2X7R may 

have in supporting this phenomenon. Among pro-inflammatory cytokines, IL-1β plays a key role in 

mediating disc degeneration [Johnson et al., 2015]. It has been previously described that IL-1β release 

during inflammation occurs by the P2X7R-NLRP3 dependent mechanism [Adinolfi et al., 2018]. In 

this scenario, a possible relation between this inflammatory cytokine and P2X7R-NLRP3 signaling 

in IVD cells deserves to be studied as an interesting target pathway for innovative IVDD therapies. 

With this in mind, we quantified the IL-1β release by IVD cells after treatment with LPS 

(inflammation inductor, mimicking the IVD microenvironment) and BzATP (P2X7R agonist). The 

results revealed that the stimulation with LPS and BzATP slightly increased IL-1β release compared 

to non-treated cells or LPS alone treated cells (Figure 24). This suggests that, although the level of 

IL-1β release in all samples is very low, it is necessary the presence of both molecules for stimulating 

the cells, demonstrating that the P2X7R is probably involved in this process. 
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FIGURE 24: IL-1β release in intervertebral disc (IVD) cells. IL-1β release in presence of 1 µg/mL lipopolysaccharide 

(LPS) for a total of 25 h. One hour before the end of treatment, the cells were exposed to 500 µM BzATP. Data are 

reported for each IVD sample (a) and as average±SD (b). Data were evaluated by ANOVA followed by Tukey test, p 

<0.05, (n=4). IL-1β release in presence of 10 µg/mL LPS for a total of 25 h. One hour before the end of treatment, the 

cells were exposed to 500 µM BzATP. Data are reported for each IVD sample (c) and as average±SD (d). Sample’s 

number was also reported (56 and 13: PF I-II; 57 and 71: PF III; 55: PF IV-V). Data were analyzed by ANOVA followed 

by Tukey test, p <0.05, (n=5).  

 

 

4.4.4 Growth kinetics in IVD cells in presence of P2X7R antagonist and agonists 

Some events as increased cell death seem to be involved in IVDD [Ding et al., 2013]. Considering 

that the P2X7R supports cell proliferation [Di Virgilio et al., 2017], we verified whether the treatment 

with P2RX7 agents alters IVD cells growth. In all samples analyzed, we observed that there was no 

difference in cell proliferation when the cells were treated with 5 µM A740003 compared to DMSO 

or control or BzATP 100 µM (Figure 25a). These results indicate that P2X7R in IVD cells does not 

influence in vitro cell proliferation. On the other hand, the presence of 1 mM ATP induced a growth 

advantage compared to control or BzATP, suggesting that a metabolite of ATP, probably adenosine, 

may be involved in the proliferation of IVD cells (Figure 25b).  
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FIGURE 25: Effect of P2X7R agonist and antagonist in intervertebral disc (IVD) cell proliferation. The IVD cells 

were treated three times (0 h, 48 h and 96 h) with agonist or antagonist of P2X7R for a total of 168 h. At 0 h, 72 h, 96 h 

and 168 h cells were rinsed, stained with crystal violet and cell proliferation analyzed by optical density as reported in 

material and methods paragraphs. (a) The IVD cell proliferation after treatment with antagonist of P2X7R (5 µM 

A740003), or vehicle control (dimethyl sulfoxide- DMSO). The results were expressed as the percentage of cells in 

relation to control. Data were analyzed by ANOVA followed by Tukey test, p <0.05, (n=4). (b) The IVD cell proliferation 

after treatment with agonist of P2X7R (100 µM BzATP; or 1 mM ATP). The results were expressed as the percentage of 

cells compared to control. Data were analyzed by ANOVA followed by Tukey test, p <0.05, (n=3). *ATP 1 mM versus 

control 72 h, 96 h, 168 h; ATP 1 mM 72 h; BzATP 100 µM 168 h. (A.U. arbitrary unit). 

 

 

ATP is constantly released from IVD cells [Fernando et al., 2011; Salvatierra et al., 2011]. 

Extracellular ATP can be rapidly hydrolyzed in ADP and AMP by E-NTPDase1/CD39 enzymes, 

whereas ecto-5’nucleotidase/CD73 hydrolyzes AMP in adenosine [Zimmermann et al., 2012]. We 

are also interested in investigating this aspect. Preliminary experiments were performed evaluating at 

mRNA level the expression of E-NTPdase1/CD39 and ecto-5’nucleotidase/CD73. As shown in figure 

26, IVD cells expressed more ecto-5’nucleotidase/CD73 than E-NTPDase1/CD39, without 

significant changes during the de-differentiation process.  
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FIGURE 26: mRNA expression of E-NTPdase1/CD39 and ecto-5’nucleotidase/CD73 were evaluated during de‐
differentiation process from passage 0 (P0) to passage 2 (P2) in IVD cells by Real Time-PCR. Data are expressed as fold 

change relative to CD39 in P0 cells and presented as mean ±SD (n=5). Data were analyzed by ANOVA followed by 

Tukey test, p<0.05. 
 

 

4.5 DISCUSSION 

IVD degeneration is triggered by ageing, mechanical stress, traumatic injury, infection and 

inflammation, but the exact mechanisms are still not clear, despite intense investigation [Shapiro and 

Risbud, 2014; Richardson et al., 2014; Penolazzi et al., 2019]. Several pro-inflammatory cytokines 

and inflammatory mediators are present in degenerated IVD microenvironment [Shamji et al., 2010; 

Penolazzi et al., 2019]. The knowledge of specific key regulators that support the degenerative 

process is very important [Penolazzi et al., 2019]. With this in mind, we focused here on this aspect 

and conducted preliminary experiments on a potential correlation between P2X7R and NLRP3 

inflammasome in human IVDD in order to understand how P2X7R and NLRP3 may impact on the 

discogenic phenotype. The data of this chapter are very promising, and allow us to hypothesize that 

the blocking P2X7R by specific antagonists may prevent the degeneration of IVD. It is worth 

mentioning that working with a human experimental model such as IVD from surgical biopsy 

inevitably comes with some limitations such as those listed below:  

i) in the immunohistological analysis, due to the scarcity of biological material and poor tissue 

cellularity, it is difficult to obtain 10 fields for each sample section. Moreover, patients with 

Pfirrmann I-II are numerically lower than the Pfirrmann III-V, as they are rarely operated;  

ii) Italian legislation does not allow the use of anatomical parts from cadaver; thus, it is not 

possible to have healthy IVD control group; 

iii) the IVD cell number obtained from tissue is very low and it makes impossible to perform 

many experiments on the same sample; 
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iv) the experiment for cytosolic free calcium concentration measurements requires a high number 

of cells, therefore this analysis was realized only on a few samples. 

Despite the weakness above described, this study may help to better understand the pathogenesis of 

IVD degeneration. P2X7R is the P2 receptor most consistently associated with inflammation, and one 

of the most potent inducers of NLRP3 inflammasome activation and IL-1β maturation and release 

[Adinolfi et al., 2018; Giuliani et al., 2017]. During inflammation, a release of ATP, the major 

activator of P2X7R, is a critical event involved in the modulation of the immune response in several 

joint diseases as osteoarthritis and rheumatoid arthritis [Zeng et al., 2019; Staunton et al., 2013; Chang 

et al., 2015; Caporali et al., 2008; Teixeira et al., 2017]. As previous mentioned, IL-1β appears to be 

strongly related to IVD degeneration modulating matrix metalloproteinase family, increasing the 

degradation of extracellular matrix, and perpetuating the inflammation [Baptista et al., 2020; Johnson 

et al., 2015; Chen et al., 2015]. In our study, we observed that the expression of P2X7R and NLRP3 

increased during IVD degeneration. Thus, P2X7R- and NLRP3-dependent intracellular signalling 

pathways might be relevant to IVDD.  

Finally, we also investigated the effect of P2X7R antagonist and agonist on cell proliferation. Our 

results indicate that BzATP was unable to open pores in the plasma membranes and to alter cell 

duplication. On the other hand, the natural P2X7R agonist induces a growth advantage in relation to 

BzATP, suggesting that a metabolite of ATP is involved in the cell proliferation of IVD cells. 

Moreover, we verified that the IVD cells expressed the E-NTPDase1/CD39 and ecto-

5’nucleotidase/CD73 [Robson et al., 2006; Zimmermann et al., 2012]. Therefore, it is possible to 

hypothesize that ATP and ADP breakdown by E-NTPDase1/CD39, and AMP breakdown in 

adenosine by the ecto-5’nuceotidase/CD73 activity promote a complete enzymatic cascade.  

In light of these, data of present study are promising in the definition of new molecules useful as 

potential intradiscal injectable therapeutics. The scenario of biological treatment approaches for 

degenerated disc repair is widely expanding, and the use of specific molecules that aim to revert/to 

block the inflammation present in degenerated IVD microenvironment combinated with adequate 

delivery systems into a degenerating disc appears promising [Penolazzi et al., 2018; Clouet et al., 

2019]. 

The results obtained by us open the way for further investigations on the role of the purinergic system, 

mainly P2X7R, in intervertebral disc microenvironment. In this regard, future planning is aimed at: 

i) the analysis of IL-1β expression in IVD tissues; 

ii) the increase of sample number for P2X7R and NLRP3 immunohistochemical analysis; 

iii) the improvement of the protocol of the exposure to LPS and P2X7R agonists in IVD cells; 

iv) the analysis of the ectonucleotidases enzymes activity; 
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v) the analysis of pro-inflammatory cytokines such as IL-6 and TNF-, and anti-inflammatory 

cytokines such as IL-10 and TGF-β after cell exposure to P2X7R agonist or antagonist; 

vi) the improvement of knowledge through experimental systems that more closely reproduce the 

complexity of IVD microenvironment, using, for example, 3D systems in hypoxic condition. 

In conclusion, for the first time, we demonstrated that P2X7R and its downstream target (NLRP3 

inflammasome) are involved in pathogenesis of IVD degeneration and are more expressed in IVD 

tissues with mild and high Pfirrmann grades than in IVD tissues with low grade. 
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