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Abstract

Bone development and homeostasis require the interplay between several cell types, including
mesenchymal osteoblasts and osteocytes, as well as hematopoietic osteoclasts. Recent evidence
suggests that cell proliferation, differentiation and apoptosis of both mesenchymal and
hematopoietic stem cells, which are fundamental for tissue regeneration and treatment of
degenerative diseases, is controlled by P2 receptors (i.e., P2X and P2Y receptors). Both types of
P2 receptors are versatile transducers of diverse signals activated by extracellular nucleotides like
ATP that are released in response to tissue injury, infection or shear stress. The P2X family of
receptors has been shown to mediate multiple signaling events including the influx of calcium,
activation of mitogen activated protein kinases (MAPKS) and induction of AP-1 family members
known to regulate bone development. Support for the significance of P2X5 in regulating bone
development and homeostasis has been provided by several studies focusing on animal models and
single nucleotide polymorphisms. P2 receptors are functionally expressed in both bone forming
osteoblasts and bone resorbing osteoclasts, while recent findings also suggest that these receptors
translate mechanical stimuli in osteocytes. Their ability to respond to external nucleotide analogs
renders these cell surface proteins excellent targets for skeletal regenerative therapies. This
overview summarizes mechanisms by which nucleotide receptors control skeletal cells and
contribute to bone tissue development remodeling and repair.
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Introduction

Extracellular nucleotides can induce cellular responses by acting as ligands for cell surface
receptors (nucleotide receptors). Current studies suggest that these receptors have the ability
to modulate differentiation of stem cells, thus providing new avenues by which stem cells
can be manipulated for tissue regenerative strategies. Recent studies on pluripotent
embryonic stem cells and adult somatic stem cells have focused on the molecular
mechanisms that permit retention of an uncommitted phenotype, as well as potential medical
applications arising from their ability to morph into specialized cell types. Adult stem cells
have emerged as viable therapeutic tools for strategies to repair bone and cartilage tissues in
age-related skeletal degenerative diseases (e.g., osteoporosis and osteoarthritis), but also
have clinical utility in non-skeletal tissues.

Multipotent adult stem cells, including mesenchymal stem cells (MSCs) and hematopoietic
stem cells (HSCs), are reproducibly harvested from bone marrow, skin, adipose tissue, or
blood. Because MSCs give rise to bone-forming osteoblasts and HSCs give rise to
macrophages which fuse to form osteoclasts that absorb bone (Owen, 1978; Marie and
Fromigue, 2006), these two cell types together are particularly relevant for bone remodeling
and degenerative bone diseases. Because human neural stem cells are difficult to access,
MSCs and HSCs provide alternative sources for transplantable autologous neurons or glia
for treatment of neural diseases such as Alzheimer’s, Parkinson’s, and multiple sclerosis
(Mezey et al., 2003; Joannides et al., 2004; Ortiz-Gonzalez et al., 2004; Kokai et al., 2005;
Toma et al., 2005). MSCs are also considered for treatment of cardiovascular diseases and
can be induced to differentiate into cardiomyocytes (Makino et al., 1999; Amado et al.,
2005) and to create biological pacemakers (Tomita et al., 2007). During development, MSCs
give rise to multiple tissues such as bone, cartilage, muscle, ligament, tendon, adipose, and
stroma. Many studies have examined the mechanisms by which MSCs and HSCs
differentiate into other cell types and tissues (Pittenger et al., 1999; Dudakovic et al., 2014;
Eirin et al., 2014; Dudakovic et al., 2015), which is critical for the development of new
regenerative therapies. A significant amount of research is being conducted to provide more
complete signaling maps for how MSCs and HSCs differentiate into different bone cell
types. This review provides a summary of the role of nucleotide receptors in controlling
growth and differentiation of MSCs and HSCs.

Nucleotide Receptor Overview

A potential mechanism of manipulating stem cell differentiation is to activate or inhibit P2
receptors by modulating the levels of extracellular nucleotides or nucleotide analogs. There
are ample opportunities for intervening in P2 receptor mediated signaling events because
extracellular nucleotides are released in response to tissue injury, infection, shear stress and
cell death (Lenertz et al., 2011). There are fifteen P2 receptors, including seven in the P2X
family of cation channels (P2X;_7) and eight in the P2Y family of G protein-coupled
receptors (P2Yq, P2Y,, P2Y 4, P2Yg, P2Y11_14). The P2 receptor class responds to
extracellular ATP, ADP, UTP, UDP and UDP-glucose (North, 2002; von Kugelgen, 2006).
These receptors have gained considerable interest since their discovery, and many groups are
investigating their potential use as therapeutic targets and/or biomarkers for an array of
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diseases. P2Y receptors have been heavily investigated in the context of thrombosis and
heart disease, and P2X receptors have been studied in the context of inflammatory and
psychological disorders and in bone homeostasis. This is an exciting time in the nucleotide
receptor field as there is growing interest in the potential translational possibilities of
exploiting the P2X and P2Y receptors (Lenertz et al., 2011; Barn and Steinhubl, 2012;
Kennedy et al., 2013).

The P2X family of receptors consists of double membrane-spanning proteins with a large
extracellular region containing the ATP binding domain. These receptors can homo- or
hetero-oligomerize to form cation channels that mediate multiple downstream signaling
events. P2X7, which is expressed in numerous cell types including immune, neuronal and
bone cells, is activated by millimolar concentrations of extracellular ATP. Upon ligand
binding, P2X7 facilitates the influx of Ca?* and Na* and the efflux of K*. This can lead to
diverse responses including activation of MAPKSs and gene transcription, activation of the
inflammasome, as well as the subsequent processing and release of the important
inflammatory cytokine IL-1pB, or sometimes activation of caspases and apoptosis (Lenertz et
al., 2011). Specifically, ATP stimulation of P2X7 can lead to the induction and/or activation
of the activating protein-1 (AP-1) transcription factors, JunB, c-Fos, FosB and AFosB
(Gavala et al., 2010). The AP-1 transcription factors, in addition to runt-related transcription
factor 2 (Runx2/Cbfal), distal-less homeobox 5 (DIx5), mouse segment homeobox 2 (Msx2)
and Osterix (Osx), play critical roles in osteoclast and osteoblast formation (Wagner, 2010)
(Fig. 1). The roles of P2X7 in bone development and homeostasis are also evident from
animal models and single nucleotide polymorphism (SNP) association studies (Lenertz et
al., 2011; Rumney et al., 2012), as we will discuss in further detail below.

Function of Nucleotide Receptors in Mesenchymal and Hematopoietic Stem

Cells

A number of recent studies indicate that extracellular ATP and P2 receptors regulate self-
renewal and cell fate of HSCs and MSCs (Coppi et al., 2007; Yoon et al., 2007; Casati et al.,
2011; Zippel et al., 2012). P2X receptors have been found in HSCs and MSCs, and P2X
expression is modulated as cells phenotypically commit to a specific lineage (Zippel et al.,
2012). In one HSC study, P2X,, P2X3 and P2X5 mRNA levels were found to be low or
undetectable, while P2X1, P2X, and P2X7 mRNAs were detectable (Casati et al., 2011). Yet,
other studies presented data suggesting that all P2X receptors, as well as P2Y 1 and P2Y,
MRNAs are expressed in HSCs (Lemoli et al., 2004). In a study by Zippel and co-workers,
MRNAs for P2X3, P2X4, P2X5, P2Xg and P2X5 and all of the P2Y receptors were found in
human MSCs, while the levels of P2Y 4 and P2Y 1> mRNAs differed between adipose tissue-
derived MSCs and ecto-mesenchymal dental follicle cells (Zippel et al., 2012). Adult
hematopoietic cells have high levels of P2X; and P2X7 mRNAs but significantly less P2X4
and P2Xs. Interestingly, expression of P2Xq, P2X5 and P2X7 in these cells appears to be
regulated by ATP. In the presence of extracellular ATP, P2X; and P2X7 appear to be down-
regulated, while P2Xs is up-regulated (Yoon et al., 2007). These findings are indicative of
feedback regulation within P2X related pathways.
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The relative levels of P2X and P2Y mRNAs and proteins detected before and after
differentiation depend on the stem cell source and whether the cells were stimulated towards
an adipogenic or osteogenic lineage. For example, upon adipogenic differentiation from
adipose tissue-derived MSCs, P2Xg and P2Y 17 protein are up-regulated while P2Y 4 and
P2Y 14 are down-regulated. In contrast, P2Xg mRNA and protein levels decrease in adipose
tissue-derived MSCs that are differentiated into the osteogenic lineage. Thus, variable
expression of P2Xg may be critical for early commitment and differentiation of MSCs
(Zippel et al., 2012). Because many of the studies examining P2 receptors in MSCs and
HSCs have focused primarily on mRNA levels, more work will be required to fully
characterize how cell surface expression of these proteins changes during differentiation into
committed cell types.

The role for ATP and P2 receptors in stem cell proliferation and apoptosis is exemplified by
the observation that suramin (a nonselective P2X and P2Y receptor antagonist) has cytostatic
effects by affecting cell proliferation and apoptosis of HSCs, although these effects are
concentration dependent (Yoon et al., 2007). Stimulation of P2 receptors can also increase
proliferation of HSCs after treatment with physiologically relevant concentrations of ATP
and UTP (Lemoli et al., 2004), or promote HSC differentiation into the myeloid lineage
(Barbosa et al., 2011a). Results from future studies may yield a more comprehensive
understanding of the biological roles of specific P2X and P2Y family members in stem cell
differentiation and further definition of specific downstream targets of these receptors.

Signaling Pathways and Transcriptional Targets of Nucleotide Receptors in

Mesenchymal Stem Cells

Interactions of extracellular ATP with nucleotide receptors influence cell proliferation and
differentiation of MSCs by controlling the activities of important kinase-dependent signaling
pathways and transcription factors. Osteoblast differentiation requires several transcription
factors in addition to Runx2 such as DIx5, Msx2, and Osx. Each of these gene regulatory
proteins responds to different extracellular cues required for bone formation including
several components of the Wnt signaling pathway (Ducy et al., 1997; Bendall and Abate-
Shen, 2000; Nakashima et al., 2002; Robledo et al., 2002; Glass et al., 2005). Differentiation
of both osteoblasts and osteoclasts is controlled by paracrine factors, and osteoclastogenesis
is at least in part controlled by osteoblasts. Therefore, perturbation of cytokine, hormonal,
and mechanical signals that operate on either osteoclasts or osteoblasts may lead to skeletal
issues (Martin, 2004). Osteoclastogenesis is stimulated by receptor activator for nuclear
factor-xB ligand (RANK-L) (Franzoso et al., 1997) (Takahashi et al., 1988) and attenuated
by osteoprotegerin (OPG), which is a decoy receptor (Yasuda et al., 1998a; American
Society for and Mineral Research President’s Committee on, 2000), and both proteins are
produced by osteoblasts. Similarly, hematopoietic lineage cells may control osteoblast
activity, as is indicated by studies showing that monocytes stimulate MSC differentiation
into osteoblasts (Nicolaidou et al., 2012).

One central regulatory node in proliferation, differentiation and migration of MSCs is the
MAPK signaling pathway. MAPK signaling is directly or indirectly linked to a number of
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cytokines including tumor necrosis factor-a (TNF-a), hepatocyte growth factor and insulin-
like growth factor-1 (IGF-1) that control MSCs (Sitcheran et al., 2003; Forte et al., 2006;
Doorn et al., 2013), as well as a large number of downstream effectors of these and other
signaling ligands [e.g., high mobility group box 1 (HMGBL1) (Meng et al., 2008), and
Protein Kinase A (PKA)] (Hwang et al., 2008). Importantly, the MAPK signaling pathway
has been linked to osteoblast differentiation (Xiao et al., 2000; Franceschi et al., 2003),
because this pathway controls critical gene regulatory factors like Runx2 and peroxisome
proliferator activated receptor gamma (PPARy), which support formation of osteoblasts and
adipocytes, respectively (Ducy et al., 1997; Rosen et al., 1999).

Several studies support a role for the P2X7 receptor and MAPK signaling in osteogenic
differentiation of human MSCs. Treatment with an inhibitor of P2X; (KN-62, which also
blocks Ca2*/calmodulin-dependent kinase type I1), or a non-selective P2 antagonist
(PPADS) suppresses p38/MAPK dependent osteogenic differentiation of MSCs in response
to shockwaves and ATP treatment (Sun et al., 2013a). Furthermore, extracellular ATP
prevents serum deprivation-induced apoptosis of human MSCs through MAPK-related
signaling pathways (Berlier et al., 2015). The P2X7 antagonist A438079 blocks expression
of Runx2 in MC3T3-E1 osteoblastic cells subjected to tension force (Kariya et al., 2015).
Studies by Ciciarello and colleagues showed that Runx2 mRNA levels are lower in ATP-
differentiated human bone marrow-derived MSCs (BM-hMSCs) treated with inhibitors
against the ecto-NTPDase CD39 and the ecto-5"-nucleotidase CD73. This finding indicates
that Runx2 expression may be regulated by the ATP breakdown product adenosine instead of
ATP. The authors of this report also suggested that the P2Y family members P2Y1 and P2Y4
are involved in adipogenic differentiation of BM-hMSCs (Ciciarello et al., 2013a). Other
studies have revealed a role for the P2X, receptor in chondrocytic lineage commitment. For
example, the P2X, inhibitor 5-BDBD attenuates differentiation of MSCs into the
chondrocyte lineage, while inhibitors for other P2 family members do not have
chondrogenic effects (Kwon, 2012). Furthermore, extracellular ATP and P2X, are involved
in chondrogenic differentiation of chicken high density mesenchymal cell cultures (Fodor et
al., 2009). While there is increasing evidence for the importance of P2X and P2Y receptors
in MSC differentiation, additional studies will be required to fully elucidate the
contributions of each receptor family member to cell fate determination in the mesenchymal
lineage.

Downstream Molecular Targets of Nucleotide Receptors in Hematopoietic
Stem Cells

Extracellular nucleotides such as ATP also activate P2 nucleotide receptors that control
differentiation of multipotent HSCs into various blood cell types, including monocytic, B
and T cells (Spangrude et al., 1988). P2 receptors ultimately impinge on the activities of
different classes of lineage-specific hematopoietic transcription factors (Wontakal et al.,
2012) that are also controlled by cytokines. In the macrophage lineage, RANK-L and OPG
play an integral role in osteoclastogenesis (Yasuda et al., 1998a; Yasuda et al., 1998b). HSC
self-renewal and differentiation towards the lymphoid lineage (Wang et al., 2012) is
controlled by the ATF-like basic leucine zipper transcription factor, BATF and Whnt signaling
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(e.9., Wnt-3a)(Fleming et al., 2008; Luis et al., 2009). Furthermore, P2 receptors regulate
hematopoietic progenitor cell function together with a number of cytokines, including stem
cell factor (SCF), granulocyte macrophage-colony stimulating factor (GM-CSF), and
interleukins 1, 3, 6 and 11 (Burgess and Metcalf, 1980; Migliaccio et al., 1991; Albella et
al., 1999). Several studies have provided evidence of the role of nucleotide ligands in
proliferation, differentiation, and death of hematopoietic progenitor cells (Lemoli et al.,
2004; Yoon et al., 2007; Barbosa et al., 2011a). Treatment of hematopoietic cells from
mouse bone marrow with high concentrations of ATP (>5 mM) reduces proliferation (Yoon
et al., 2007), while lower concentrations (<1 pM ATP) increase proliferation (Lemoli et al.,
2004). These findings are consistent with the concept that the concentration of ATP dictates
onset of apoptosis or cell survival (Lenertz et al., 2011), and these findings have potential
ramifications for the therapeutic use of HSCs in bone marrow transplants (Weissman, 2000).

Calcium Oscillations, Mesenchymal and Hematopoietic Stem Cells

P2X receptors also are involved in regulating the ability of cells to recycle intracellular
concentrations of calcium, a process that is important for stem cell differentiation (Tonelli et
al., 2012). Intracellular calcium oscillations are known to occur during a number of
processes including embryogenesis and the associated signals are implicated in cell
differentiation (Tonelli et al., 2012). These autocrine and paracrine functions involve the
calcium-dependent transcription factor nuclear factor of activated T cells (NFAT), which is
known to be induced by extracellular nucleotides, at least in microglia, human MSCs and
osteoblasts (Shiratori et al., 2010; Glaser et al., 2013; Grol et al., 2013). NFAT activation is
critical for gene regulation because it is activated during differentiation of thymocytes and
may have an integral role in hematopoietic cell growth and differentiation (Adachi et al.,
2000).

Elevated concentrations of ATP in the extracellular space represent a potent signal for cells.
ATP not only plays a role in stem cell proliferation, differentiation and apoptosis but it is
also involved in ion fluxes through the release of ATP and subsequent autocrine or paracrine
activity (Casati et al., 2011; Arslan et al., 2013; Cao et al., 2013; Ciciarello et al., 2013a; Sun
et al., 2013b). ATP is stored in vesicles associated with the membrane that undergo
exocytosis triggered by an increase in the concentration of cytosolic Ca?* (Trueta and De-
Miguel, 2012). This extracellular ATP can then bind to P2X receptors, causing an influx of
Ca?* and important cell signaling responses that activate gene transcription (Lenertz et al.,
2011). Thus, stimulation of P2X receptors increases the intracellular calcium concentration,
and self-regulation through P2 receptors allows cells to modify intracellular concentrations
of calcium and downstream events (Abbracchio and Verderio, 2006). For example, human
MSCs exposed to 10 pM ATP display decreased proliferation, while application of the
unselective P2 antagonist pyridoxalphosphate-6-azophenyl-2”,4"-disulfonate (PPADS) or
the P2Y1 antagonist 2”-deoxy-N6-methyladenosine 3,5 -bisphosphate (MRS 2179)
increase cell number.

Two types of responses to extracellular ATP appear to be present in human MSCs. The first
is an outward current followed by an inward current of lesser magnitude; this response is
most pronounced at the end of stimulation (5 min). This ion current is mediated by calcium-
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dependent potassium channels which become activated following activation of P2Y1
receptors. The second is an inward current that reaches a maximal magnitude within 3 min
upon which cell becomes desensitized to this signal. This event is mediated by a yet to be
specified P2X receptor with a defined time course of action that permits the influx of non-
specific cations that depolarize the cell. Both currents can be present in cells with the
outward current overshadowing the inward current (Coppi et al., 2007).

During hematopoiesis, purinergic signals regulate numerous cell functions like pro-
inflammatory activity, chemotaxis or platelet aggregation. Recent findings suggest that
purinergic signaling may affect hematopoietic stem cells by directly binding P2Rs on
HPSCs or by targeting cells that are part of the HSC niche (such as MSCs). Upon insults
inducing cellular stress, cells can release nucleotides into the extracellular environment and
take part in the different steps of inflammatory responses (e.g., acting as a danger signal and
alerting the immune system). Subsequently, nucleotides can bind to P2 receptors exposed on
the cell membrane of target cells and induce granulocyte and macrophage chemotactic
attraction toward the inflammatory focus, as well as activation of antigen-presenting cells
inducing the activation of the innate and the adaptive immune system (Rossi et al., 2012).
Interestingly, purinergic stimulation of human mesenchymal stem cells potentiates their
chemotactic response to the chemokine CXCL12, a key factor that hematopoietic stem cells
in the bone marrow niche, as well as increases the homing capacity and production of pro-
inflammatory cytokines. MSCs are resistant to the cytotoxic effects of ATP. ATP-stimulated
MSCs undergo cell proliferation and ATP induces cell migration by potentiating the
chemotactic response of MSCs to the chemokine CXCL12, and increases their spontaneous
migration (Ferrari et al., 2011). Riddle and colleagues found that treating BMSCs with ATP,
but not other nucleotides, increases cellular proliferation and that extracellular ATP is a
prerequisite for fluid flow-induced increases in intracellular calcium concentration,
activation of calcineurin, the nuclear translocation of NFATc1, and cellular proliferation
(Riddle et al., 2007). Furthermore, purinergic signals were also shown to induce cell death
and cell differentiation in hematopoietic stem cells. The findings collected over the past
decade suggest that purinergic signaling may promote the expansion of hematopoietic
progenitors at the expense of more immature HSC subsets (Barbosa et al., 2011b) (Rossi et
al., 2012).

P2 Receptors and Bone

Nucleotide receptors play important roles in the functions of both osteoclasts and
osteoblasts. In vitro cultures of osteoblasts and osteoclasts support a role of ATP and
nucleotide receptors in their development from, respectively, MSCs and HSCs. P2 knockout
animals display skeletal deformities, and genetic studies have found correlations between P2
polymorphisms and increased risk of osteoporosis. P2 receptors and bone have been the
focus of a few recent comprehensive reviews (Orriss et al., 2011; Wesselius et al., 2011;
Rumney et al., 2012), thus only a small subset of the work about nucleotide receptors and
bone development will be highlighted here.

The significance of P2 receptors in skeletal development has been illustrated through the use
of knockout animals. Multiple studies have shown that P2X7, P2Y, P2Y,, P2Yg and P2Y 13
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knockout mice exhibit skeletal abnormalities (Ke et al., 2003; Li et al., 2005; Orriss et al.,
2011; Syberg et al., 2012). For example, Ke and colleagues observed that both male and
female P2X7 knockout mice have narrower femurs that are otherwise similar in length
compared to littermate controls (Ke et al., 2003). In a later study by a different group, it was
also found that wild-type and P2X7 knockout mice have similar femur lengths. In addition,
the ulnas in both male and female knockout mice are less responsive to mechanical loading
than their wild-type counterparts (Li et al., 2005).

In both of these P2X; knockout studies, mice generated by Pfizer were used. The Pfizer
knockout was created by inserting the neomycin resistance gene after amino acid 505
located in the C-terminal tail of P2X7 (Solle et al., 2001). The strain of mice used to create
these knockouts has a naturally-occurring SNP at amino acid 451. Cells derived from mice
with the P451L polymorphism have reduced P2X5 function (Adriouch et al., 2002). Syberg
et al. generated a P2X7 knockout mouse using animals with Proline at amino acid 451 and
found that the skeletal abnormalities found in the knockout mice in comparison to their
littermate controls are more striking than those observed in mice with the P451L
polymorphism (Syberg et al., 2012). Therefore, it appears that P2X7 plays an even larger
role in bone formation than was previously thought. Furthermore, it was very recently shown
that P2X7 functions as a receptor for the novel paracrine coupling factor Serum Amyloid A3
(Saa3), which is highly expressed by osteocytes and controls bone homeostasis. Saa3 binds
to P2X5 inducing a pathway which leads to the up-regulation of Mmp13, an important
extracellular matrix remodeling enzyme in bone (Thaler et al., 2013; Thaler et al., 2014).

Associations between P2X polymorphisms and osteoporaosis risk have also been
investigated. A study by Wesselius and colleagues examined three non-synonymous P2X,
polymorphisms in a Dutch cohort of over 900 patients who had a bone fracture. The Y315C
polymorphism was associated with an increased risk of osteoporosis and lower lumbar spine
bone mineral density (BMD) values (Wesselius et al., 2013c). This same research group also
investigated any associations between P2Y, and P2X7 polymorphisms and osteoporosis risk.
There appears to be an association between the P2Y 5 L46P polymorphism and increased
BMD in the hip, lumbar spine and femoral neck (Wesselius et al., 2013b). This study also
found an association between two P2X7 loss-of-function polymorphisms, E496A and
G150R, with decreased hip BMD values but increased BMD values in the lumbar spine in
patients with the P2X7 A348T gain-of-function variant (Wesselius et al., 2013a). In a
different study involving post-menopausal women who were examined ten years after
obtaining a baseline BMD value, the P2X; R307Q and 1568N loss-of-function
polymorphisms were associated with increased bone loss while the Q460R polymorphism
was considered protective from bone loss (Jorgensen et al., 2012b). The P2X; E496A
polymorphism strongly inhibits osteoclast apoptosis in vitro (Ohlendorff et al., 2007) which
could explain the decreased hip BMD values in patients carrying this polymorphism
(Wesselius et al., 2013a). In a further study, it was demonstrated that the P2X5 receptor plays
an essential role in osteoclast formation. Macrophage-colony stimulating factor (M-CSF)
and RANK-L -stimulated fusion of human monocytes is fully prevented after functional
repression of P2X7 (Pellegatti et al., 2011).
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In addition to the P2X7 investigations, the association between the use of the P2Y 1, inhibitor
clopidogrel (Plavix), a platelet aggregation inhibitor that is used to prevent coronary heart
disease, and fracture risk was investigated in a study involving over 75,000 people who took
this drug. In this study, individuals who took clopidogrel for more than one year had an
increased risk of fracture while patients who took the drug for less than one year had a lower
risk of developing a fracture compared to those who had never taken the drug (Jorgensen et
al., 2012a). The reason for the time-dependent differences in results is not yet known, but
this large study demonstrates that P2Y 1, is likely an important mediator of normal bone
maintenance. Collectively, these studies support the idea that P2 single nucleotide
polymorphisms may be useful biomarkers for assessing a patient’s risk of developing
osteoporosis and/or a fracture.

A P2 receptor that gained more attention recently is P2Y13. Interestingly, P2Y 13 knockout
mice show an age-dependent bone phenotype that is governed by changes in phosphate
metabolism and hormone levels. While young P2Y ;3 knockout mice have more trabecular
bone, more osteoblasts, fewer osteoclasts, and thicker growth plates, mature P2Y 13 knockout
mice show the opposite bone phenotype including less trabecular bone and lower osteoblast
and osteoclast numbers. This age-dependent phenotype was correlated with serum fibroblast
growth factor-23 (FGF-23) and phosphorus levels that were higher in young knockout mice
but remained unchanged in mature mice (Wang et al., 2014). Additionally, P2Y 13 was shown
to be a physiological determinant of MSCs differentiation as P2Y ;3 knockout-MSCs show a
decreased osteogenic, but an increased adipogenic differentiation potential (Biver et al.,
2013). A similar role was also suggested for the P2Y and P2Y 4 receptors. It was
demonstrated that in MSCs, ATP stimulates adipogenesis via its triphosphate form by the
engagement of P2Y 1 and P2Y 4, while osteogenic differentiation is induced by the
nucleoside adenosine, resulting from ATP degradation induced by CD39 and CD73
ectonucleotidases expressed on the MSC membrane (Ciciarello et al., 2013b).

Osteocytes, which are thought to be major mechanosensors in bone, respond to mechanical
stimuli by exhibiting unique calcium (Ca?*) oscillations to fluid shear. Such Ca%*
oscillations are significantly reduced by P2 nucleotide receptor inhibition. This finding
provides direct evidence that osteocytes respond to in situ mechanical loading by Ca?*
oscillations, which are dependent on the P2 receptors (Jing et al., 2014). Known roles of
P2X and P2Y receptors in bone development and homeostasis are summarized in Table 1.

Conclusions

Proper bone development and homeostasis rely on numerous biochemical and cellular
interactions in and between undifferentiated stem cells, bone forming and bone resorbing
cells. Alterations in these complex processes can lead to the development of several
degenerative diseases like osteoporosis or osteoarthritis. Therefore, understanding the nature
of MSCs and HSCs is of primary importance as these stem cells, which retain a certain
degree of plasticity, can easily be harvested from bone marrow, skin, adipose tissue, or blood
and may thus allow defining new approaches and new medical applications in regenerative
medicine.
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The increased research focus on P2 receptors during the last years has elucidated
associations between nucleotide signaling and a growing number of musculoskeletal
disorders. P2 receptors were shown to regulate cell proliferation, differentiation and
apoptosis in HSCs as well as in MSCs and as such they play a central role in bone
development and homeostasis. Indeed, various P2 receptor polymorphisms, as well as
diverse P2 receptor knock out mice models, have been associated with alterations in bone
development and/or homeostasis by deregulation of the the functional deregulation between
osteoblasts, osteoclast and osteocytes. Strategies aiming to target modulation of P2 receptor
function may represent a promising possibility for future therapies.
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Abbreviation list
AP-1

BATF

BMD
DIx5
FGF-23
GATA-1
GM-CSF
HSCs
IGF-1
KLF1
M-CSF
MRS 2179
MSCs
Msx2

NFAT

OPG

Osx

activating protein-1

transcription factor basic leucine zipper transcription
factor, ATF-like

bone mineral density

distal-less homeobox 5

fibroblast growth factor-23

GATA-binding factor 1/erythroid transcription factor
granulocyte macrophage-colony stimulating factor
hematopoietic stem cells

insulin-like growth factor-1

Kruppel-like factor 1

Macrophage-colony stimulating factor
2’-deoxy-/Nf-methyladenosine 3,5’ -bisphosphate
mesenchymal stem cells

mouse segment homeobox 2
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calcium-dependent transcription factor nuclear factor of

activated T cells
osteoprotegerin

Osterix
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P2X, P2Y Purinergic receptors

PPADS pyridoxalphosphate-6-azophenyl-2”,4"-disulfonate
PPARYy peroxisome proliferator activated receptor gamma
RANK-L receptor activator of nuclear factor kappa-B ligand
Runx2/Cbfal runt-related transcription factor 2

Scl Stem cell leukemia

SNP single nucleotide polymorphism

TNF-a tumor necrosis factor-a
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Extracellular ATP hydrolysis UTP

Fig. 1.
P2X and P2Y receptor family members stimulate multiple downstream events and contribute

to cell differentiation and apoptosis. It has been proposed that these receptors are therapeutic
targets for an array of diseases. Please see recent review articles for a comprehensive
examination of these signaling networks (ldzko et al., 2011; Burnstock et al., 2013)
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P2X and P2Y receptors and their roles in bone development and homeostasis
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Receptor | Nucleotide binding | G-protein coupling | skeletal development related functions, phenotypes References

P2Xy ATP negative regulation of bone mineralization [83]

P2X; ATP

P2Xs ATP expressed in human MSCs [56]

P2X, ATP SNP associates with an increased risk for osteoporosis [72]

P2Xs ATP expressed in human MSCs and osteoblasts [56]

P2Xs ATP upregulated in adipocytes, low expressed in osteoblasts [56]

P2X7 ATP Important role in bone development and homeostasis [63, 70, 71, 74-77]

P2Y, ADP Gyt decreased bone mass in P2Y1-/- mice [84]

P2Y, ATP, ADP Gg1 increased bone mass in P2Y2-/- mice [84]

AP uTp Gjand Gyy

P2Ys UDP Gg1 decreased bone resorption in P2Y6-/- mice [85]

P2Y 1 ATP Gs and Ggy11

P2Y, ADP G Important mediator of normal bone maintenance [86, 87]
decreased bone formation and bone resorption in P2Y13-/-

P2Y13 ADP Gi mice [84]

P2Y14 UDP-glucose G;
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