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Abstract The P2X7 and Wnt/β-catenin signaling pathways
regulate osteoblast differentiation and are critical for the ana-
bolic responses of bone to mechanical loading. However,
whether these pathways interact to control osteoblast activity
is unknown. The purpose of this study was to investigate the
effects of P2X7 activation on Wnt/β-catenin signaling in os-
teoblasts. Using MC3T3-E1 cells, we found that combined
treatment with Wnt3a and the P2X7 agonist 2′(3′)-O-(4-
benzoylbenzoyl)adenosine 5′-triphosphate (BzATP) elicited
more sustained β-catenin nuclear localization than that in-
duced by Wnt3a alone. Wnt3a-induced increases in β-
catenin transcriptional activity were also potentiated by treat-
ment with BzATP. Consistent with involvement of P2X7, a
high ATP concentration (1 mM) potentiated Wnt3a-induced
β-catenin transcriptional activity, whereas a low concentration
(10 μM) of ATP, adenosine 5′-diphosphate (ADP), or uridine

5′-triphosphate (UTP) failed to elicit a response. The potenti-
ation of β-catenin transcriptional activity elicited by BzATP
was also inhibited by two distinct P2X7 antagonists: A
438079 and A 740003. Furthermore, responses to Wnt3a in
calvarial cells isolated from P2rx7 knockout mice were sig-
nificantly less than in cells from wild-type controls. In
MC3T3-E1 cells, BzATP increased inhibitory phosphoryla-
tion of glycogen synthase kinase 3β (GSK3β), a process that
was blocked by A 438079 and diminished by inhibition of
protein kinase C. Thus, P2X7 signaling may potentiate the
canonical Wnt pathway through GSK3β inhibition. Taken
together, we show that P2X7 activation prolongs and potenti-
ates Wnt/β-catenin signaling. Consequently, cross-talk be-
tween P2X7 and Wnt/β-catenin pathways may modulate os-
teoblast activity in response to mechanical loading.
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Introduction

Mechanical loading stimulates bone formation by osteoblasts
and inhibits bone resorption by osteoclasts, leading to in-
creased bone mass and improved skeletal strength [1]. The
canonical Wnt/β-catenin pathway plays a critical role in oste-
oblast differentiation, bone formation, and in the response of
the skeleton to mechanical loading [2, 3]. Specifically, me-
chanical loading in mice reduces levels of the LRP5/6 antag-
onist sclerostin (SOST) and activates canonical Wnt signaling
to promote bone formation [4, 5]. In osteoblast and osteocyte
culture systems, β-catenin can be activated following fluid
shear stress or tensile strain [6, 7]. At the same time, the ca-
nonical Wnt antagonist dickopff 1 (DKK1) fails to inhibit β-
catenin nuclear localization elicited by tensile strain [8],
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suggesting that mechanisms independent of canonical Wnt
signaling contribute to β-catenin activation in cells of the os-
teoblast lineage.

Extracellular nucleotides, released in response to mechan-
ical stimuli, signal through the P2Y family of G protein-
coupled receptors and the P2X family of ligand-gated cation
channels [9]. Mice in which P2X7 receptor function is
disrupted (knockout) exhibit diminished periosteal bone for-
mation and increased trabecular bone resorption [10] and im-
paired anabolic responses of the skeleton to mechanical load
[11]. In cells of the osteoblast lineage, stimulation of the P2X7
receptor promotes differentiation and matrix mineralization
[12]. Additionally, P2X7 is required to initiate signaling fol-
lowing fluid shear stress in cultures of osteoblast-like and
osteocyte-like cells [11]. In cerebellar granule neurons, stim-
ulation of the P2X7 receptor leads to inhibitory phosphoryla-
tion of glycogen synthase kinase 3β (GSK3β) [13]. However,
it is not known whether P2X7 can inhibit GSK3β in osteo-
blasts and thereby elicit activation of β-catenin.

In the present study, we show that stimulation of P2X7 in
MC3T3-E1 osteoblast-like cells promotes transient β-catenin
nuclear localization with no detectable change in transcriptional
activity. On the other hand, P2X7 activation prolongs β-catenin
nuclear localization and potentiates transcriptional activity elic-
ited by canonical Wnt signaling. Mechanistically, this potentia-
tion is associated with inhibitory phosphorylation of GSK3β
induced by activated P2X7 receptors, suggesting that P2X7
may promote Wnt/β-catenin signaling through GSK3β. Taken
together, these data show that P2X7 activation potentiates Wnt/
β-catenin signaling, a mechanism through which osteoblast ac-
tivity may be modulated in response to mechanically-induced
ATP release.

Materials and methods

Materials and solutions

α-Minimum essential medium (α-MEM), heat-inactivated fetal
bovine serum (FBS), antibiotic solution (10,000U/ml penicillin,
10,000 μg/ml streptomycin, and 25 μg/ml amphotericin B),
trypsin solution, Dulbecco’s phosphate-buffered saline
(DPBS), and Dulbecco’s modified Eagle medium (high glu-
cose) (DMEM) were obtained from GIBCO (Life
Technologies Inc., Burlington, ON, Canada). β-catenin
(L54E2) mouse monoclonal and phospho-GSK3α/β (pSer21/
9) rabbit polyclonal antibodies were from Cell Signaling
Technologies Inc. (Danvers, MA, USA). GSK3α/β mouse
monoclonal, horseradish peroxidase (HRP)-conjugated goat an-
ti-rabbit, and HRP-conjugated goat anti-mouse antibodies were
obtained from Santa Cruz Biotechnology Inc. (Dallas, TX,
USA). Alexa Fluor® 488 goat anti-mouse antibody was from
Molecular Probes (Life Technologies Inc.). Vectashield

mounting medium with 4,6-diamidino-2-phenylindole (DAPI)
was obtained from Vector Laboratories Inc. (Burlingame, CA,
USA). BCA Protein Assay Kit, SuperSignal West Pico
Chemiluminescent Substrate, and Restore PLUS Western Blot
Stripping Buffer were obtained from Pierce (Thermo Fisher
Scientific, Inc., Rockland, IL, USA). Precision Plus ProteinTM

Kaleidoscope Standards and nitrocellulose transfer membranes
were from Bio-Rad Laboratories Inc. (Hercules, CA, USA).
Phospho-GSK3α/β (pTyr279/216) rabbit polyclonal antibody,
NuPAGE® LDS Sample Buffer, 4×, NuPAGE® Sample
Reducing Agent, 10×, NuPAGE® Antioxidant, NuPAGE®
MOPS SDS Running Buffer, 20×, NuPAGE® Transfer Buffer,
20×, and NuPAGE® Bis-Tris Gels, 1.5 mm, 10 well, were ob-
tained from Novex (Life Technologies Inc.). Gel blot paper was
from Whatman (GE Healthcare Life Sciences, Piscataway, NJ,
USA). KODAK® BioMax® light autoradiography film was
obtained from VWR International (Mississauga, ON, Canada).
Mini-Complete Protease Inhibitor tablets, FuGENE 6, and X-
tremeGENE 9 were from Roche Diagnostics (Laval, QC,
Canada). Passive Lysis Buffer, 5×, and Bright-GloTM

Luciferase Assay System were obtained from Promega
(Madison, WI, USA). Bovine albumin (BSA), Fraction V was
from Fisher Scientific (Thermo Fisher Scientific Inc.).
Recombinant mouse Wnt3a was obtained from either R&D
Systems, Inc. (Minneapolis, MN, USA) or Abcam, Inc.
(Cambridge, MA, USA). Normal goat serum, collagenase type
II, Phosphatase Inhibitor Cocktail II, ATP disodium salt, aden-
osine 5′-diphosphate (ADP) disodium salt, uridine 5′-triphos-
phate (UTP) trisodium salt hydrate, and 2′(3′)-O-(4-
benzoylbenzoyl)adenosine 5′-triphosphate (BzATP)
triethylammonium salt were obtained from Sigma-Aldrich (St.
Louis, MO, USA). 3-[[5-(2,3-Dichlorophenyl)-1H-tetrazol-1-
yl]methyl]pyridine hydrochloride (A 438079 HCl) and
N-[1-[[(cyanoamino)(5-quinolinylamino) methylene]amino]-2,
2-dimethylpropyl]-3,4-dimethoxybenzeneacetamide (A
740003) were from Tocris Bioscience (Ellisville, MO, USA).
Phosphatase Inhibitor Cocktail IV, 2-(4-morpholinyl)-8-phenyl-
4H-1-benzopyran-4-one (LY 294002), bisindolylmaleimide I
(Bis I), and bisindolylmaleimide V (Bis V) were from
Calbiochem (EMD Biosciences, San Diego, CA).

RIPA buffer (for protein isolation) consisted of 50 mMTris
pH 7.5, 150 mM NaCl, 1 % Triton X-100, 1 % sodium
deoxycholate, 0.1 % sodium dodecyl sulphate (SDS), and
2 mM EDTA, pH 8.0 supplemented with two Mini-
Complete Protease Inhibitor tablets (Roche Diagnostics),
200 μl Phosphatase Inhibitor Cocktail II (Sigma-Aldrich),
and 400 μl Phosphatase Inhibitor Cocktail IV (Calbiochem)
in 20 ml total volume.

Animals and cell culture

The P2X7 loss-of-function (knockout) mouse was previously
generated by Solle and colleagues [14] and obtained from
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Pfizer. Though P2X7 is present in this mouse model, the pro-
tein is truncated at its C-terminus resulting in little-to-no re-
ceptor function [15]. Wild-type and knockout mouse colonies
were maintained on a mixed genetic background (129/Ola ×
C57BL/6 × DBA/2). All procedures were approved by the
Council on Animal Care at the University of Western
Ontario and in accordance with the guidelines of the
Canadian Council on Animal Care.

Calvarial osteoblasts were isolated from 5- to 7-day-old
mice using sequential collagenase digestion, as previously
described [12]. Freshly isolated osteoblasts were then plated
at 1.0–1.5 × 104 cells/cm2 on Nunc 6-well plates (Thermo
Fisher Scientific, Rochester, NY, USA) and maintained in α-
MEM supplemented with 10 % FBS and 1 % antibiotic solu-
tion (culture medium) at 37 °C and 5 % CO2. When conflu-
ence was reached after 3–5 days, cells were trypsinized and
plated for experiments. The MC3T3-E1 osteoblast-like cell
line (subclone 4) was obtained from the American Type
Culture Collection (Rockville, MD, USA). MC3T3-E1 cells
were subcultured twice weekly and maintained in culture me-
dium at 37 °C and 5 % CO2. These cells endogenously ex-
press P2X7 andWnt signaling components and are responsive
to Wnt3a [16–18].

Immunofluorescence localization of β-catenin

MC3T3-E1 cells were plated at a density of 1.5×104 cells/
cm2 on 12-mm glass coverslips in Falcon 24-well plates in
culture medium. After 2 days, cells were placed in serum-free
medium and incubated overnight. On the day of the experi-
ment, cells were incubated with test substances for the indi-
cated times. Cells were then fixed with paraformaldehyde
(4 %) in sucrose solution (2 %), permeabilized with 0.1 %
Triton X-100 in DPBS for 10 min, and blocked for 1 h with
1 % normal goat serum in DPBS (blocking solution). To de-
tect subcellular localization of β-catenin, cells were first incu-
bated for 1 h with a mouse monoclonal antibody (1:200 in
blocking solution) followed by 2-h incubation with an Alexa
Fluor® 488 goat anti-mouse antibody (1:200 in blocking so-
lution) at room temperature. Stained samples were then sealed
using Vectashield mounting medium with DAPI and visual-
ized by confocal microscopy (model LSM 510; Carl Zeiss
Inc., Jena, Germany) using a Zeiss Plan-Apochromat 40× ob-
jective (1.2 NA) at a slice thickness of 2 μmwith 488-nm Ar+

ion laser excitation and emission wavelengths filtered at 500–
550 nm band pass. To quantify subcellular localization of β-
catenin, the average fluorescence intensity of an area in the
nucleus (FN) and the average fluorescence intensity of an area
of equal size in the cytosol (FC) were determined. Values of
the ratio FN/FC greater than or equal to 1.25 were taken to
indicate nuclear localization of β-catenin protein. Twelve im-
ages were obtained per coverslip for each treatment, and the

FN/FC ratios for all cells within a field were analyzed (∼20–30
cells per field).

Luciferase reporter assay for β-catenin transcriptional
activity

The β-catenin luciferase reporter plasmid (pBARL) was ob-
tained from Dr. Randall Moon (University of Washington,
Seattle, WA, USA). This plasmid consists of 12 TCF response
elements (or β-catenin binding sites) cloned upstream of
Promega’s minP© minimal promoter [19]. MC3T3-E1 cells
and calvarial osteoblasts were transfected in suspension with
the β-catenin luciferase reporter vector using FuGENE 6 or
X-tremeGENE 9 according to manufacturers’ instructions.
Cells were subsequently plated at a density of 3.0 × 104

cells/cm2 on Falcon 48-well plates (or Nunc 48-well plates
for calvarial cells) in culture medium. At 1 day post-transfec-
tion, cells were placed in serum-free medium and incubated
overnight. On the day of the experiment, cells were treated
with test substances and subsequently incubated for 24 h. Cell
lysates were then prepared by incubation with 65μl (or 100 μl
for calvarial cells) of passive lysis buffer, 1× per well at room
temperature for a minimum of 30min with agitation. To assess
luminescence, 15 μl of lysate was combined with 15 μl of
Bright-Glo Luciferase Reagent in a 96-well white plate
(Greiner Bio-One, Monroe, NC, USA). Reactions for each
sample were performed in triplicate. Luminescence was mea-
sured using 2-s integration per well on a LMAX II384 micro-
plate reader (Molecular Devices, Downingtown, PA, USA).

Western blot analysis of GSK3α/β phosphorylation

MC3T3-E1 cells were plated at a density of 1.5×104 cells/
cm2 on Falcon 60-mm dishes in culture medium. After 1 day,
cells were placed in serum-free medium and incubated over-
night. On the day of the experiment, cells were incubated with
test substances for the indicated times. Cellular protein was
then collected by lysing cells on ice in RIPA lysis buffer sup-
plemented with protease and phosphatase inhibitors. Cell ly-
sates were homogenized by sonication at 20 % for 5 s on ice
using a Sonic Dismembrator (Model 500; Fisher Scientific)
followed by sedimentation at 13,000×g for 10 min at 4 °C.
The resulting supernatant was used for Western blot analysis.
Protein concentration was determined with the Pierce BCA
protein assay kit. Equivalent amounts of protein (10–15 μg)
were prepared with NuPAGE® Sample Reducing Agent (1×)
and NuPAGE® LDS Sample Buffer (1×) and resolved on
NuPAGE® Bis-Tris polyacrylamide gels in NuPAGE®
MOPS SDS Running Buffer (1×). Proteins were then trans-
ferred to nitrocellulose membranes by electroblotting at 30 V
for 90 min at 4 °C.

After transfer, membranes were washed for 5 min in Tris-
buffered saline (TBS) with 0.05 % Tween 20 (TBST; washing
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solution) before being blocked for 1 h with 5 % BSA in TBST
(blocking solution) at RT. To detect phospho-GSK3α/β
(pSer21/9 or pTyr279/216) or total GSK3α/β, membranes
were incubated overnight at 4 °C with a phospho-GSK3α/β
(pSer21/9 or pTyr216/279) rabbit polyclonal antibody
(1:1000 in blocking solution) or GSK3α/β mouse monoclo-
nal antibody (1:5000 in blocking solution), respectively.
The next day, membranes were subjected to three 5-min
washes in TBST, incubated with the appropriate second-
ary antibody at a dilution of 1:20,000 in blocking solution
at RT and washed three more times for 5 min each in
TBST. Antibody/protein complexes were visualized by
1, 3, or 5-min incubations of the membrane in
SuperSignal West Pico Chemiluminescent Substrate
followed by exposure using KODAK® BioMax® light
autoradiography film and a KODAK® M35A X-OMAT
processor. Band intensities on immunoblots were quanti-
fied by densitometry using Quantity One v4.5.2 (Bio-Rad
Laboratories Inc.) and normalized to total GSK3α/β sig-
nal (loading control). For repeated probing, membranes
were stripped with Restore PLUS Western Blot Stripping
Buffer for 5–20 min at RT (or 37 °C) followed by one
wash with TBST.

Statistical analyses

Data are shown as means±SEM. Differences between two
groups were assessed using t tests. Differences among three
or more groups were evaluated by one-way analysis of vari-
ance (ANOVA) followed by a Tukey multiple comparisons
test or two-way ANOVA followed by a Bonferroni multiple
comparisons test. Differences were accepted as statistically
significant at p<0.05.

Results

Effect of the P2X7 agonist BzATP on Wnt-induced
β-catenin nuclear localization

In resting cells, β-catenin forms a complex with GSK3β and
other proteins, resulting in its phosphorylation and subsequent
degradation [20]. Upon binding of canonical Wnt ligands to
the Frizzled receptor (Fzd)-lipoprotein receptor-related protein
(LRP) 5/6 co-receptor complex, GSK3β activity is suppressed
and β-catenin translocates to the nucleus to activate target
gene expression [20]. To assess whether P2X7 receptor sig-
naling could influence Wnt-induced nuclear localization ofβ-
catenin, MC3T3-E1 cells were treated with Wnt3a (20 ng/ml)
or its vehicle, and the P2X7 receptor agonist BzATP
(300 μM) or its vehicle. Samples were fixed at various
time points, processed for β-catenin immunofluorescence,
and visualized by confocal microscopy (Fig. 1a). To

quantify β-catenin subcellular localization, average pixel in-
tensity for areas of equal size within the nucleus (FN) and the
cytosol (FC) were determined. Values of FN/FC exceeding
1.25 were taken to indicate nuclear localization (Fig. 1b). In
the absence of agonists, β-catenin localized to cell junctions
and the cytoplasm, with little or no fluorescence in the nucleus
(Fig. 1a, b). Wnt3a alone elicited a gradual increase in the
percentage of osteoblasts with β-catenin nuclear localization,
which peaked at 3 h and slowly returned to baseline by 24 h
(Fig. 1a, b). In contrast, BzATP alone caused transient nuclear
localization in nearly all cells only at 0.5 h after treatment
(Fig. 1a, b). Notably, when cells were treated with Wnt3a
and BzATP in combination, β-catenin nuclear localization
was more rapid and sustained compared to Wnt3a alone
(Fig. 1a, b).

To assess the degree (or intensity) of β-catenin nuclear
localization at each time point, the average value for FN/FC

in a field was determined and plotted. In keeping with obser-
vations made when assessing the percentage of responding
cells, the intensity of β-catenin nuclear localization was sig-
nificantly greater at all time points other than 3 h in cultures
treated with Wnt3a and BzATP compared to Wnt3a alone
(Fig. 1a, c). Thus, stimulation of P2X7 alone promotes brief,
transient β-catenin nuclear localization, whereas activated
P2X7 receptors prolong and increase nuclear localization of
β-catenin elicited by canonical Wnt signaling.

Effect of BzATP on Wnt-induced β-catenin
transcriptional activity

To determine if BzATP affects β-catenin transcriptional activ-
ity elicited by canonical Wnt signaling, MC3T3-E1 cells were
transfected with a β-catenin luciferase reporter and treated
with Wnt3a (20 ng/ml) or its vehicle, and BzATP (300 μM)
or its vehicle. After 24 h, cell lysates were collected and
luminescence was assessed as a measure of β-catenin tran-
scriptional activity (Fig. 2). As expected, Wnt3a alone in-
duced an increase in β-catenin transcriptional activity
(Fig. 2). On the other hand, though BzATP alone did induce
nuclear localization of β-catenin at 0.5 h, it did not increase
β-catenin transcriptional activity in these cells. In keeping
with the analysis of β-catenin subcellular localization, the
combination of Wnt3a and BzATP significantly enhanced tran-
scriptional activity compared to that induced by Wnt3a alone
(Fig. 2).

P2X7 is essential for mediating the effects of nucleotides
on Wnt-induced β-catenin transcriptional activity

Since BzATP can activate other P2 nucleotide receptors in
addition to P2X7 [21], the effects of additional P2 agonists
on Wnt-induced β-catenin transcriptional activity were
assessed. MC3T3-E1 cells transfected with the β-catenin
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luciferase reporter were treated with Wnt3a (20 ng/ml) or its
vehicle and varying concentrations of ATP, ADP, UTP, or their
vehicle (Fig. 3a–c). Whether in the absence or presence of
Wnt3a, neither ADP nor UTP significantly altered β-
catenin transcriptional activity (Fig. 3b, c). A low concen-
tration of ATP (10 μM) also failed to elicit a response
(Fig. 3a). In contrast, a high ATP concentration (1 mM)
significantly potentiated β-catenin transcriptional activity
compared to Wnt3a alone (Fig. 3a), consistent with in-
volvement of the low-affinity P2X7 receptor.

To further confirm the role of P2X7, pharmacological and
genetic approaches were utilized. MC3T3-E1 cells transfected

with the β-catenin luciferase reporter were first treated with
Wnt3a (20 ng/ml) or its vehicle and BzATP (300 μM) or its
vehicle, in the presence or absence of the P2X7 antag-
onists A 438079 (10 μM) or A 740003 (10 μM). A
438079 (Fig. 4a) and A 740003 (Fig. 4b) both inhibited
BzATP-induced potentiation of Wnt3a signaling. Next, chang-
es in Wnt signaling were assessed in osteoblasts isolated from

�Fig. 1 The P2X7 agonist BzATP potentiates β-catenin nuclear localiza-
tion elicited byWnt3a. aMC3T3-E1 osteoblast-like cells were seeded at a
density of 1.5 × 104 cells/cm2 on glass coverslips and cultured for 2 days.
Cells were then placed in serum-free media and incubated overnight. The
next day, cells were treated under serum-free conditions with recombinant
mouseWnt3a (20 ng/ml) or its vehicle (0.2 % BSA; BSA) in the presence
of either BzATP (300 μM) or its vehicle (Vehicle or Veh) and fixed at the
indicated times. To observe changes in subcellular localization of β-ca-
tenin, immunofluorescence was performed using a β-catenin monoclonal
antibody (green) and visualized by confocal microscopy. Data are repre-
sentative images from four independent preparations each performed in
duplicate. Scale bar is 20 μm. b β-catenin nuclear localization was
assessed bymeasuring the average pixel intensity of an area in the nucleus
(FN) and an area of equal size in the cytosol (FC). The proportion of all
cells within 24 fields (12 per coverslip) exhibiting β-catenin nuclear
localization was analyzed for each condition. Values of the ratio FN/FC
greater than or equal to 1.25 were taken as indicating nuclear localization.
The number of cells exhibiting nuclear localization was expressed as a
percentage of the total number of cells for each treatment group. c The
ratio of FN/FC (an indication of the intensity of β-catenin nuclear local-
ization) for all cells analyzed was plotted for each treatment at times
indicated. For both b and c, α indicates a significant effect of BzATP
on Wnt3a-induced β-catenin nuclear localization compared to Wnt3a
alone at the same time point (p < 0.05). Data are means ± SEM (n = 4
independent preparations each performed in duplicate)

Fig. 2 BzATP potentiates β-catenin transcriptional activity elicited by
Wnt3a. MC3T3-E1 osteoblast-like cells were transfected in suspension
with a β-catenin luciferase reporter plasmid, seeded at a density of
3.0 × 104 cells/cm2 in a 48-well plate, and cultured for 1 day. Cells were
then placed in serum-free media and incubated overnight. The next day,
cells were treated under serum-free conditions with recombinant mouse
Wnt3a (20 ng/ml) or its vehicle (0.2 % BSA; BSA) in the presence of
either BzATP (300 μM) or its vehicle (Vehicle). After 24 h, cell lysates
were collected and luminescence was assessed as a measure of β-catenin
transcriptional activity. The luminescence for each treatment was
expressed relative to BSA + Vehicle. No effect on transcriptional activity
was seen for BzATP alone. α indicates a significant effect of treatment on
β-catenin transcriptional activity compared to BSA + Vehicle (p< 0.05).
β indicates significant effect of BzATP onWnt3a-induced β-catenin tran-
scriptional activity (p< 0.05). Data are means ± SEM (n= 17-21 samples
from seven independent preparations)
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wild-type mice and P2rx7 knockout mice. Both wild-type and
knockout calvarial osteoblasts transfected with the β-catenin
reporter displayed significant increases in β-catenin transcrip-
tional activity in response to Wnt3a (20 ng/ml) (Fig. 5).

However, the response to Wnt3a was significantly less in cells
from knockout mice than in cells from wild-type controls
(Fig. 5). Taken together, these findings demonstrate that activat-
ed P2X7 receptors potentiateWnt/β-catenin signaling in cells of
the osteoblast lineage.

Activation of P2X7 increases inhibitory phosphorylation
of GSK3α/β

During canonical Wnt signaling, stabilization of β-catenin is
achieved in part through inhibition of GSK3β [20]. To deter-
mine whether P2X7 couples to inhibition of GSK3β in oste-
oblastic cells, the effects of BzATP on GSK3α/β phosphory-
lation were examined (Fig. 6a, b). Treatment of MC3T3-E1
cells with BzATP (300 μM) led to a significant increase in
inhibitory phosphorylation of both GSK3α and GSK3β at
serines 21 and 9, respectively (Fig. 6a, b). On the other hand,
BzATP had no discernable effect on the phosphorylation of

Fig. 3 P2X7 receptor agonists potentiate β-catenin transcriptional activ-
ity elicited by Wnt3a. MC3T3-E1 osteoblast-like cells transfected with
the β-catenin luciferase reporter plasmid were treated under serum-free
conditions. a Cells were treated with recombinant mouse Wnt3a (20 ng/
ml) or its vehicle (0.2 % BSA; BSA) in the presence of either 10 μMATP
(ATPlow), 1 mM ATP (ATPhigh), or their vehicle (Vehicle). After 24 h, cell
lysates were collected and luminescence was assessed. Luminescence for
each treatment was expressed relative to BSA + Vehicle. b Cells were
treated with recombinant canonical Wnt3a (20 ng/ml) or its vehicle
(0.2 % BSA; BSA) in the presence of either 10 μM ADP (ADPlow),
1 mMADP (ADPhigh) or their vehicle (Vehicle). After 24 h, luminescence
was assessed as described in a. c Cells were treated with recombinant
canonical Wnt3a (20 ng/ml) or its vehicle (0.2 % BSA; BSA) in the
presence of either 10 μM UTP (UTP) or its vehicle (Vehicle). After
24 h, luminescence was assessed as described in a. For a, b, and c, there
was no effect of nucleotide treatment alone on transcriptional activity. α
indicates a significant effect of treatment on β-catenin transcriptional
activity compared to BSA + Vehicle (p< 0.05). β indicates significant
effect of nucleotide on Wnt3a-induced β-catenin transcriptional activity
(p < 0.05). Data are means ± SEM (n = 9-21 samples from three-to-seven
independent experiments)

Fig. 4 P2X7 receptor antagonists block the effects of BzATP onWnt3a-
induced β-catenin transcriptional activity. MC3T3-E1 osteoblast-like
cells transfected with the β-catenin luciferase reporter plasmid were treat-
ed under serum-free conditions. Cells were incubated for 5–10 min in the
absence or presence of the specific P2X7 antagonist A 438079 (10 μM,
panel a) or a second P2X7 antagonist A 740003 (10 μM, panel b). Next,
cells were treated with recombinant mouse Wnt3a (20 ng/ml) or its vehi-
cle (0.2 % BSA; BSA) in the presence of either BzATP (300 μM) or its
vehicle (Vehicle) in the continued presence of antagonist. After 24 h, cell
lysates were collected and luminescence was assessed. Luminescence for
each treatment was expressed relative to Control + BSA + Vehicle. For
both a and b, α indicates a significant effect of treatment on β-catenin
transcriptional activity compared to Control + BSA + Vehicle (p< 0.05).
β indicates significant effect of BzATP onWnt3a-induced β-catenin tran-
scriptional activity (p< 0.05). δ indicates significant effect of the antago-
nist (p < 0.05). Data are means ± SEM (n= 11-21 samples from five-to-
seven independent experiments)
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tyrosine residues 279 (GSK3α) or 216 (GSK3β), both of
which are associated with activation of GSK3 (Fig. 6a).
Consistent with involvement of P2X7, A 438079 (10 μM)
suppressed the inhibitory phosphorylation of GSK3α/β in-
duced by BzATP (Fig. 7a, b). Thus, P2X7 may potentiate
canonical Wnt signaling through inhibition of GSK3β,
though further experiments will be required to investigate this
possibility.

Effects of inhibition of phosphatidylinositol 3-kinase
and protein kinase C on P2X7-induced inhibitory
phosphorylation of GSK3α/β

In cerebellar granule neurons, activation of P2X7 has been
shown to inhibit GSK3β through mechanisms dependent on
protein kinase C (PKC) [13, 22]. Previous work from our lab
has demonstrated that stimulation of P2X7 in osteoblasts ac-
tivates Ca2+ signaling and the phosphatidylinositol 3-kinase
(PI3K) pathway [17, 23]. To investigate the pathways respon-
sible for mediating P2X7-induced inhibitory phosphorylation
of GSK3α/β, MC3T3-E1 cells were treated with BzATP
(300 μM) in the presence or absence of the PI3K inhibitor
LY 294002 (30 μM), the PKC inhibitor Bis I (0.5 μM), or
its inactive analog Bis V (0.5 μM) (Fig. 8). LY 294002
significantly inhibited basal levels of GSK3α/β phosphor-
ylation, but BzATP still induced inhibitory phosphoryla-
tion (Fig. 8a, b). On the other hand, Bis I partially
blocked the inhibitory phosphorylation of GSK3α/β in-
duced by BzATP. In contrast, Bis V had no significant
effect, arguing against the possibility of a nonspecific

action of Bis I (Fig. 8a, c). Taken together, these data
implicate PKC, but not PI3K, in coupling P2X7 activa-
tion to GSK3α/β inhibition.

Discussion

In the present study, we investigated the effects of P2X7 re-
ceptor activation on Wnt/β-catenin signaling in osteoblasts.
We show that activation of P2X7 by exogenous nucleotides
promotes transient β-catenin nuclear localization. Notably,
stimulation of P2X7 prolongs β-catenin nuclear localization
and potentiates transcriptional activation elicited by canonical
Wnt signaling (Fig. 9). This potentiation is associated with
inhibitory phosphorylation of GSK3β induced by P2X7

Fig. 5 Osteoblasts from P2rx7 knockout mice exhibit smaller response
toWnt3a. Calvarial osteoblasts from wild-type and P2rx7 knockout mice
were transfected in suspension with a β-catenin luciferase reporter plas-
mid, seeded at a density of 3.0 × 104 cells/cm2 in a 48-well plate, and
cultured for 1 day. Cells were then placed in serum-free media and incu-
bated overnight. The next day, cells were treated under serum-free con-
ditions with recombinant mouse Wnt3a (20 ng/ml) or its vehicle (0.2 %
BSA; BSA). After 24 h, cell lysates were collected and luminescence was
assessed as a measure of β-catenin transcriptional activity. The lumines-
cence for each treatment was expressed relative to BSA treatment in wild-
type cells. α indicates a significant effect of Wnt3a on β-catenin tran-
scriptional activity compared to BSA treatment (p < 0.05). β indicates
significant effect of genotype (p< 0.05). Data are means ± SEM (n= 18-
21 samples from seven independent experiments)

Fig. 6 BzATP induces inhibitory phosphorylation of GSK3α/β. a
MC3T3-E1 osteoblast-like cells were seeded at a density of 1.5 × 104

cells/cm2 in a 6-well plate and cultured for 1 day. Cells were then placed
in serum-free media and incubated overnight. The next day, cells were
treated under serum-free conditions with vehicle (V) or BzATP (300 μM;
BzATP) for the times indicated, and total protein was harvested. Samples
were subjected to immunoblot analyses using specific pSer21/9 and
pTyr279/216 GSK3α/β antibodies. As a loading control, blots were also
probed for total GSK3α/β. Bands were visualized by the ECL method.
Images are representative blots from three to five independent prepara-
tions. b pSer21/9, pTyr279/216, and total GSK3α/β bands were evaluat-
ed by densitometry. The ratio of pGSK3α/β to total GSK3α/β was de-
termined for serine and tyrosine residues, and results were normalized to
vehicle. Treatment with BzATP had no significant effect on the phosphor-
ylation status of tyrosine 279/216 (quantification not shown). α indicates
a significant difference from 0 min (p < 0.05). Data are means ± SEM
(n = 3–4 independent preparations)
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activation and mediated in part by PKC. Thus, P2X7 receptors
may potentiate Wnt/β-catenin signaling through GSK3β.
Taken together, P2X7-induced potentiation of Wnt/β-catenin
signaling is a novel mechanism through which osteoblast ac-
tivity may be modulated in response to mechanically induced
ATP release in bone.

P2X7 potentiates the Wnt/β-catenin pathway

Various P2 receptors have been shown to modulate signaling
mediated by growth factors and hormones in cells of the osteo-
blast lineage. P2Y2 potentiates c-fos expression elicited by para-
thyroid hormone (PTH)/cAMP signaling [24]. ATP also en-
hances platelet-derived growth factor (PDGF) and insulin-like
growth factor (IGF)-1-induced proliferation of human MG-63
osteoblast-like cells through an unidentified P2 receptor [25]. In

the present study, we provide the first evidence that activation of
P2X7 potentiates Wnt/β-catenin signaling. Stimulation of the
ADP-sensitive P2Y13 receptor has also been shown by others to
promoteβ-catenin nuclear localization in cerebellar granule neu-
rons [26].Given that transcripts forP2Y13 arepresent inMC3T3-
E1 cells and rodent calvarial osteoblasts [27], it is possible that
P2Y13mayalsomodulate canonicalWnt signaling inour system.
However, we found that low concentrations of ATP, UTP, and
ADP did not potentiate β-catenin transcriptional activity in the
presence or absence ofWnt3a. In contrast, both BzATP and high
concentrationsofATPelicitedpotentiation, consistentwithP2X7
alone modulating canonical Wnt signaling in osteoblasts. This
was confirmed using P2X7 receptor antagonists. Interestingly,
Wnt-induced β-catenin transcriptional activity was greater in
wild-type than in knockout cells, suggesting that endogenous
P2X7 activity potentiates Wnt/β-catenin signaling in wild-type
cells.

Many bone anabolic pathways modulate Wnt/β-catenin
signaling to regulate osteoblast proliferation, differentiation,
and function. In the present study, we demonstrated that P2X7
receptors cause rapid increases in β-catenin nuclear localiza-
tion just minutes after treatment. The speed with which β-
catenin is activated suggests that P2X7 regulates the stability
of β-catenin as opposed to its gene expression at early time
points. In this regard, we showed that P2X7 activation in
osteoblast-like cells rapidly inhibits GSK3β in a PKC-
dependent manner in agreement with previous findings in
cerebellar granule neurons [13, 22]. Interestingly, the PTH-
PTH 1 receptor complex has also been shown to facilitate
canonical Wnt signaling through inhibition of GSK3β in
osteoblast-like SaOS-2 cells [28].

In the present study, we assessed changes inβ-catenin subcel-
lular localization by immunolabeling and comparing the fluores-
cence signal in the nucleus relative to that in the cytoplasm. In
addition to a cytoplasmic pool, β-catenin is sequestered at cell-
cell junctions by cadherins, an interaction that stabilizes these ad-
hesions while concomitantly promoting β-catenin inactivation
[29]. Therefore, it is possible that rapidβ-catenin activation could
be elicited by disruption of cellular adhesions. In this regard, acti-
vation of the P2X7 receptor induces cell retraction andmembrane
blebbingincellsoftheosteoblast lineage[17,30,31]. Inthepresent
study, some cellular retraction was seen in BzATP-treated cells,
whichmight promote the liberation ofβ-catenin.However,mem-
brane blebbing was not observed due to the presence of divalent
cations intheculturemedium.Ourprevious live-cell imagingstud-
iesdemonstrated that extensivemembraneblebbingofosteoblasts
is only observedwhen cells are incubated inmediumcontaining a
low concentration of divalent cations [17, 30]. Importantly, as im-
ages were collected in the present study with an optical slice of 2
μm using confocal microscopy, changes in cell shape would not
influencemeasurements of fluorescence intensity.

In addition to its transient effects, stimulation of P2X7
prolonged Wnt3a-induced β-catenin nuclear localization

Fig. 7 A P2X7 antagonist blocks BzATP-induced inhibitory phosphor-
ylation of GSK3α/β. a MC3T3-E1 osteoblast-like cells were incubated
for 20 min in the presence of the P2X7 antagonist A 438079 (10 μM) or
its vehicle (Control). Next, cells were treated with vehicle or BzATP
(300 μM; BzATP) for 5 min in the continued presence of antagonist.
Total protein was subsequently harvested, and samples were subjected
to immunoblot analyses using a specific pSer21/9 GSK3α/β antibody. As
a loading control, blots were also probed for total GSK3α/β. Bands were
visualized by the ECLmethod. Images are representative blots from three
independent preparations. b pSer21/9 and total GSK3α/β bands were
evaluated by densitometry. The ratio of pGSK3α/β to total GSK3α/β
was determined, and results were normalized to Control + Vehicle. α
indicates a significant difference from Control + Vehicle (p < 0.05). β
indicates a significant effect of the antagonist (p < 0.05). Data are
means ± SEM (n= 3 independent preparations)
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compared to Wnt3a alone for up to 24 h post-treatment. As
nucleotides are rapidly degraded once released into the extracel-
lular milieu [32, 33], it is likely that the prolonged potentiation
of canonical Wnt signaling is due at least in part to changes in
expression of secondary factors or pathway components. One
possibility is that activation of P2X7 receptors leads to alter-
ations in the expression of Wnt pathway components. In this
regard, PTH signaling has been shown to decrease expression of
Wnt antagonists such as SOST and DKK1 [34, 35].
Additionally, BMP-2 has been shown to stimulate β-catenin
transcriptional activity leading to increased expression of Wnt
ligands and their receptors in differentiating cultures of calvarial
osteoblasts [36]. Previously, we demonstrated that prolonged
Ca2+/NFATc1 signaling downstream of P2X7 leads to expres-
sion of cyclooxygenase-2 (COX-2) [23]. Interestingly, NFATc1
has been shown to function downstream of strontium ranelate

in vitro to elicit expression of canonical Wnt3a [37]. A second
possibility is that Wnt signaling might suppress expression of
cell surface ectonucleotidases to prolong ATP signaling. Taken
together, whereas transient activation of β-catenin downstream
of P2X7 is likely due to modulation of β-catenin stability or
localization, prolonged potentiation may be mediated by longer
term changes in the expression of canonical Wnt pathway com-
ponents or mediators of extracellular nucleotide metabolism.

Prolonged nuclear occupancy of β-catenin is required
for transcriptional activity

In the present study, we found that, although BzATP alone
induces transient nuclear localization of β-catenin, it fails to
increase β-catenin transcriptional activity. In contrast,
prolonged β-catenin nuclear localization elicited by Wnt3a

Fig. 8 Effects of PI3K and PKC inhibitors on BzATP-induced inhibitory
phosphorylation of GSK3α/β. Changes in inhibitory phosphorylation of
GSK3α/β were monitored in MC3T3-E1 cells as described in the legend
to Figure 6. Cells were incubated for 20 min in the presence or absence of
the PI3K inhibitor LY 294002 (30 μM; LY), its vehicle (DMSO), the PKC
inhibitor bisindolylmaleimide I (0.5 μM; Bis I), its inactive analogue
bisindolylmaleimide V (0.5 μM; Bis V), or their vehicle (DMSO). Next,
cells were treated with vehicle (Veh) or BzATP (300 μM; BzATP) for
5 min, and total protein was subsequently harvested. Samples were

subjected to Western blot analyses using a specific pSer21/9 GSK3α/β
antibody. As a loading control, blots were also probed for total GSK3α/β.
Bands were visualized by the ECL method. a Immunoblot representative
of three independent preparations. b, c pSer21/9 and total GSK3α/β
bands were evaluated by densitometry. The ratio of pGSK3α/β to total
GSK3α/βwas determined, and results were normalized to Veh +DMSO.
α indicates a significant difference from Veh + DMSO (p< 0.05). β indi-
cates a significant effect of the inhibitor (p < 0.05). Data are means ± SEM
(n = 3 independent preparations)
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alone, or more so by a combination ofWnt3a and BzATP, was
associated with enhanced transcriptional activity. These obser-
vations are consistent with our previous findings, in which we
demonstrated that prolonged but not transient Ca2+/NFATc1
signaling in osteoblasts resulted in increased expression of
NFAT target genes [23]. Taken together, these findings high-
light the positive association between duration of nuclear oc-
cupancy by a transcription factor (such as NFATor β-catenin)
and expression of its target genes.

P2X7 promotes inhibitory phosphorylation of GSK3β

One mechanism through which anabolic factors such as
PTH modulate β-catenin activity is by inhibiting
GSK3β through cAMP/PKA and PI3K/AKT signaling
[38]. In the present study, we found that activation of
P2X7 receptors leads to inhibitory phosphorylation of
GSK3β, mediated in part through PKC. These findings
are consistent with observations in cultures of cerebellar
granule neurons, in which activation of P2X7 inhibits
GSK3β in a manner dependent upon PKC signaling
[13]. Moreover, in osteoclasts, P2X7 couples to activa-
tion of various Ca2+-sensitive PKC isoforms including
PKCα and PKCβ [39]. We have shown previously that
activation of P2X7 in osteoblast-like cells couples to
PI3K/AKT signaling [17], a pathway associated with
GSK3β inhibition [38]. However, we found that PI3K
plays a role in regulating basal but not P2X7-stimulated
phosphorylation of GSK3β.

Physiological roles of P2X7-induced potentiation
of canonical Wnt signaling in osteoblasts

Homozygous deletion of either P2X7 or canonical Wnt
signaling components in mice reduces anabolic re-
sponses of the skeleton to mechanical load [11, 40,
41]. The cross talk identified between these two path-
ways in the present study may help to explain how each
increases osteoblast differentiation and bone formation
during mechanotransduction. Experimental evidence
suggests that ATP acts upstream of LRP5-dependent sig-
naling as an initial transducer of mechanical stimuli in
cells of the osteoblast lineage [40]. Thus, ATP signaling
through P2X7 may be required to sensitize quiescent
cells to mechanical stimuli to permit activation of the
Wnt/β-catenin pathway. In this regard, microstrain in-
creases expression of Wnt/β-catenin target genes in
MC3T3-E1 osteoblast-like cells, an effect that can be
potentiated by pretreatment with Wnt ligand [42].
Given that ATP is released from these cultures in re-
sponse to mechanical stimuli [11, 40], this potentiation
may in fact be mediated by signaling through P2X7.
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Fig. 9 Possible mechanism for cross talk between P2X7 nucleotide
receptor and canonical Wnt signaling pathways in cells of the osteoblast
lineage. The P2X7 and Wnt/β-catenin pathways regulate osteoblast dif-
ferentiation and are critical for anabolic responses of the skeleton to me-
chanical load. Activation of canonical Wnt signaling by Wnt3a alone
elicits a sustained increase in β-catenin nuclear localization and transcrip-
tional activity (left panel). Activation of P2X7 receptor signaling causes
inhibitory phosphorylation of GSK3β and promotes transient nuclear
localization of β-catenin but fails to elicit changes in β-catenin

transcriptional activity (middle panel). Notably, stimulation of P2X7 re-
ceptors in the presence of Wnt3a leads to a dramatic potentiation of β-
catenin nuclear localization and transcriptional activity compared to
Wnt3a alone (right panel). Mechanistically, this potentiation may be me-
diated in part through mutual inhibition of GSKβ. Taken together, this
study provides the first evidence of cross talk between the P2X7 andWnt/
β-catenin pathways, a novel mechanism through which osteoblast activ-
ity may bemodulated in response tomechanically-inducedATP release in
bone
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