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a b s t r a c t

Mechanical stimuli such as fluid shear and cyclic tension force induced extracellular adenosine
triphosphate (ATP) release in osteoblasts. In particular, cyclic tension force-induced ATP enhances bone
formation through P2X7 activation. Proline-rich tyrosine kinase 2 (PYK2) mediate osteoblasts differen-
tiation is induced by mechanical stimuli. Furthermore, activation of PYK2 also was a response to integrin
by mechanical stimuli. Extracellular matrix protein (ECMP)s, which are important factors for bone for-
mation are expressed by osteoblasts. However, the effect of the interaction of 2’(3)-Ο-(4-Benzoylbenzoyl)
adenosine-5’-triphosphate (BzATP), which is the agonist of the mechanosensitive receptor P2X7, with
PYK2 on ECMP production is poorly understood. Thus, our purpose was to investigate the effects of PYK2
on BzATP-induced ECMP production in osteoblasts.

BzATP increased phospho-PYK2 protein expression on days 3 and 7 of culture. Furthermore, the PYK2
inhibitor PF431394 inhibited the stimulatory effect of BzATP on the expression of type I collagen, bone
sialoprotein and osteocalcin expression. PF431396 did not inhibit the stimulatory effect of BzATP on
osteopontin (OPN) mRNA expression.

These results suggest that mechanical stimuli activate P2X7 might induce ECMPs expression through
PYK2 except in the case of OPN expression. Altogether, mechanical stimuli-induced ECMPs production
might be implicated by extracellular ATP secretion or integrin via PYK2 activation.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

The homeostasis of skeletal bone is regulated by hormones,
cytokines, and external factors such as mechanical stimuli. Me-
chanical stress is also a major factor affecting the amount and
strength of the bone tissue required to maintain the bone mass in
adults [1]. Furthermore, mechanical stimuli can be used to improve
clinical treatment for conditions like bone fracture and orthodontic
tooth movement.
y, Nihon University School of

Tanabe).
Adenosine triphosphate (ATP) one of the nucleotides, is released
by mechanical stimulation or inflammation that is mediated by
autocrine/paracrine on osteoclasts and osteoblasts, which partici-
pate in bone remodeling [2]. ATP is promoted by pressure, stretch,
and flow shear, as well as osmotic stress in various cell types [2,3].
ATP is a major of the regulator of osteoblasts response to me-
chanical stimuli [1,4]. Extracellular ATP is promoted by many of
physiological responses through the activation of ATP-binding
purinergic (P2) receptors such as P2Y family of G protein-coupled
receptors and the P2X family of ligand-gated cation channels [5].
P2X3, P2X4, P2X5 and P2X7 are expressed in MC3T3-E1 cells [6],
but P2X4 is not implicated in promoting bone formation by extra-
cellular nucleotides [7]. However, the P2X7 receptor is expressed in
response to fluid shearing stress, performed caused by mediate
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Table 1
PCR primers used in the experiments.

Target Primers GenBank Acc.

Col I 50-TGGGCGCGGCTGGTATGAGTTC-30

50-ACCCTGCTACGACAACGTGCC-30
NM_007743.2

BSP 50-AATTCTGACCCTCGTAGCCTTCATA-30

50-GAGCCTCGTGGCGACACTTA-30
NM_008318.3

OPN 50-TACGACCATGAGATTGGCAGTGA-30

50-TATAGGATCTGGGTGCAGGCTGTAA-30
NM_009263.3

OCN 50-AAGCAGGAGGGCAATAAGGT-30

50-ACCCTGCTACGACAACGTGCC-30
NM_007541.2

GAPDH 50-AAATGGTGAAGGTCGGTGTG-30

50-TGAAGGGGTCGTTGATGG-30
NM_008084.2

Col I, Type I collagen; BSP, bone sialoprotein; OPN; osteopontin, OCN, osteocalcin;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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pore formation in mouse calvarial cells. P2X7�/� mice also
demonstrated decreased osteogenesis in response to mechanical
loading in long bones; however, the deficiency of P2X7 did not
affect the length of mouse long bones [8,9]. 20(3)-O-(4-
Benzoylbenzoyl) adenosine-50-triphosphate (BzATP) is a specific
antagonist of P2X7. Panupinthu et al., have been reported that
BzATP induced bone formation through the production of lyso-
phosphatidic acid and prostaglandin E2 in mouse calvarial osteo-
blasts [10]. Our previous studies showed that mechanical stimuli
induced the expression of extracellular matrix proteins (ECMPs)
expression and osteogenesis through P2X7 activation in MC3T3-E1
cells in vitro [11,12]. These reports indicate that the P2X7 specific
agonist BzATP, which is induced by mechanical stimuli might be a
critical factor in osteogenesis.

Proline-rich tyrosine kinase 2 (PYK2) belongs to focal adhesion
kinase subfamily of non-receptor tyrosine kinases. PYK2 is a large
multidomain protein that contains an N-terminal FERM domain, a
central catalytic domain, and a C-terminal segment that includes
dual proline rich (Pr) subdomains and a focal adhesion targeting
region [13,14]. PYK2 is related to a variety of proteins including
p130CAS [15], Src [16], Cbl [17], integrins [16], gelsolin [18], and
paxillin [19]. Integrins are activated by mechanical strain-induced
ERK [20]. Integrins also mediated cell attachment through the
activation of many intracellular signaling pathways; tyrosine
phosphorylation cascades, calcium influx, inositol lipid turnover,
and mitogen-activated protein kinase (MAPK) [21]. A previous
study showed that the mechanical stimuli of tension force activate
PYK2 implicating an intracellular Ca2þ dependence in osteoblasts
[22]. However, the interaction of P2X7 agonist BzATP with PYK2 on
the expression of ECMPs are elusive. Thus, our purpose was to
investigate the effects of PYK2 on BzATP-induced ECMPs
production.

2. Material and methods

2.1. Cell culture

The MC3T3-E1 mouse calvarial cell line obtained from Riken Bio
Resource Center (Tsukuba, Japan) was used as osteoblast-like cells.
Cells were maintained at 37 �C in a humidified atmosphere of 95%
air and 5% CO2 in a-minimal essential medium (MEM; Gibco BRL,
Rockville, MD, USA), containing 10% (v/v) heat-inactivated fetal
bovine serum (HyClone Laboratories, Logan, UT, USA) and 1% (v/v)
penicillinestreptomycin solution (Sigma-Aldrich, St. Louis, MO,
USA). Cells were treated with 100 mM 20(3)-O-(4-Benzoylbenzoyl)
adenosine-50-triphosphate (BzATP) (Sigma-Aldrich) or left un-
treated. The medium was replaced every 3 days.

2.2. Real-time polymerase chain reaction (real-time PCR)

Cells were seeded on 6-well plates and cultured for up to 14
days. Total RNAwas isolated on days 3, 7, and 14 of culture using the
RNeasy Mini Kit (QIAGEN, Valencia, CA, USA), and the RNA con-
centration was measured by Nano Drop 1000 (ND-1000; Thermo
Fisher Scientific, Wilmington, DE, USA). Complementary DNA
(cDNA) was synthesized from 0.5 mg of DNase-treated total RNA
using the PrimeScript RT reagent kit (Takara Bio, Shiga, Japan), and
the resultant cDNA was analyzed by real-time PCR using the SYBR
Green kit (Takara Bio). The primer sequences are shown in Table 1.
The PCR assays were performed with a Smart Cycler II instrument
(Cepheid, Sunnyvale, CA, USA) and analyzed using Smart Cycler
software. The cycling conditions included 35 cycles at 95 �C for 5 s
and 60 �C for 20 s. All real-time PCR experiments were performed in
triplicate, and the specificity of the amplified products was verified
by melting curve analysis. The calculated values of the target gene
expression were normalized to the level of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which was used as an inter-
nal control [23].

2.3. Western blotting

Cells were cultured in serum-free medium after BzATP treat-
ment and harvested 24 h later. The total protein concentrations in
cell lysates were quantified, and 20 mg of protein from each sample
was resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes. The membrane was then treated with
blocking reagent (1% (v/v) BSA) in Tris-buffered saline (TBS) (10mM
Tris, 145 mM NaCl, pH 7.4) for 18 h at 4 �C, washed in Tween 20-
containing Tris-buffered saline (TBS) (10 mM Tris, 145 mM NaCl,
pH 7.4) (TBS-Tween), and incubated with rabbit polyclonal IgG
antibodies or mouse monoclonal IgG antibody, specific for PYK2,
phospho-PYK2 (Cell Signaling technology, MA, USA), type I collagen
(Col I), bone sialoprotein (BSP), osteocalcin (OCN), and b-actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:200 or
1:1000 in blocking reagent (1% (v/v) BSA) for 1 h at room temper-
ature. b-actin was used as an internal standard. Membranes were
then washed in TBS-Tween and incubated with HRP-conjugated
secondary antibodies diluted 1:5000 in 1% blocking agent for
2 h at room temperature. Immunoreactive proteins were visualized
using Image J, provided by the NIH.

2.4. Statistical analysis

Data represent the results of three independent experiments
with samples that were prepared in triplicate. Each value repre-
sents the mean ± standard error (SEM). Differences between
groups were evaluated with the one-way analysis of variance
(ANOVA), followed by Tukey's multiple comparisons test or two-
way ANOVA with Bonferroni's multiple comparisons test. Differ-
ences were considered statistically significant at P < 0.05.

3. Results

3.1. BzATP affects phospho-PYK2 protein expressions

To clarify the effect of PYK2 on BzATP in osteoblasts, we deter-
mined the protein expression of phospho-PYK2 (p-PYK2) on 3 and
7 days of culture. BzATP increased p-PYK2 compared to untreated
control both 3 and 7 days of culture (Fig. 1).

3.2. Effects of PYK2 on BzATP-induced ECMPs mRNA expression

We investigated the effects of PYK2 on the BzATP-induced
mRNA expression of ECMPs. BzATP increased mRNA levels of Col I



Fig. 1. Cells were stimulated with BzATP (100 mM) or left without stimulation (Un-
treated) and the protein expression of p-PYK2 (a), b-actin (b), was determined on days
3 and 7 of culture using Western Blot, histograms show the intensity of western
blotting bands under each condition. Data are expressed as the mean ± SEM of three
independent experiments performed in triplicate; **p < 0.01, vs. Untreated.

G. Torigoe et al. / Biochemical and Biophysical Research Communications 494 (2017) 663e667 665
by day 3 and 7 of culture (by 2.0 and 1.68-fold, respectively)
compared to untreated control (Fig. 2a). mRNA expression of BSP
was increased by BzATP on days 3, 7 and 14 of culture (by 1.5, 1.7
and 3.8-fold, respectively) compared to untreated control (Fig. 2b).
OPN mRNA level was increased by BzATP on day 7 of culture (by
1.42-fold) compared to untreated control (Fig. 2c). OCNmRNA level
Fig. 2. Cells were stimulated with BzATP (100 mM) and/or PYK2 inhibitor PF431396 (5 mM) o
(c) and OCN (d) was determined on days 3, 7 and 14 of culture using real-time PCR. Data
triplicate; **p < 0.01, ***p < 0.001, vs. Untreated, þþp < 0.01, þþþp < 0.001, vs BzATP.
was also increased by BzATP on days 7 and 14 of culture (by 5.57
and 6-fold, respectively) compared to untreated control (Fig. 2d).
PYK2 inhibitor PF431396 blocked stimulatory effect of BzATP on
mRNA expression of Col I on days 3 and 7 (by 0.66 and 0.53-fold,
respectively), BSP on day 3 (by 0.85-fold) and OCN on day 7 (by
0.08-fold). However, OPN did not have the significantly stimulatory
effect of PF431396 (Fig. 2aed).
3.3. Effects of PYK2 on BzATP-induced ECMPs protein expression

We next determined the effects of PYK2 on BzATP-induced
ECMPs protein expression. BzATP-induced Col I and BSP protein
expression was inhibited by PF431396 on day 3 (by 0.58 and 0.86-
fold, respectively) (Fig. 3a and b). The protein expression of OCN
which induced BzATP was also inhibited by PF431396 on day 7 (by
0.38-fold, respectively) (Fig. 3c). We did not determine OPN protein
expression because the mRNA level of OPN was unaffected by PYK2
inhibition because of PF431396 (Fig. 1c).

The protein levels of the ECMPs also exhibited the similar effects
as mRNA levels (Fig. 3).
4. Discussion

BzATP is a specific agonist of P2X7 that induces the opening of
P2X7 channels, by causing the elevation of intracellular Ca2þ and
depolarization of the plasma membrane [24]. P2X7 receptor is a
nonselective cation channel permeable to Naþ, Kþ and Ca2þ. Pre-
vious studies demonstrated that BzATP or a high concentration of
ATP increases cytosolic Ca2þ concentration through P2X7 activation
[10,25]. Functional P2X7 receptors can be expressed in osteoblasts
both in situ and in vitro [10]. In previous studies, P2X7�/� mice had
reduced osteogenesis in load-bearing bones, which suggests that
r left without stimulation (Untreated) and the gene expression of Col I (a), BSP (b), OPN
are expressed as the mean ± SEM of three independent experiments performed in



Fig. 3. Cells were stimulated with BzATP (100 mM) and/or PYK2 inhibitor PF431396 (5 mM) or left without stimulation (Untreated) and the protein expression of Col I (a), BSP (b),
OPN (c) and OCN (d) was determined on days 3, 7 and 14 of culture using Western Blot; histograms show the intensity of western blotting bands under each condition. Data are
expressed as the mean ± SEM of three independent experiments performed in triplicate; *p < 0.05,**p < 0.01, ***p < 0.001, vs. Untreated, þþp < 0.01, þþþp < 0.001, vs BzATP.
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the activation of P2X7 is responsive to mechanical stress in the
skeletal bone [8,9]. However, Orriss et al., reported that the acti-
vation of P2X7 receptor reduced bone formation in primary rat
osteoblasts [7]. These findings indicate an opposite effect on bone
formation because of P2X7, but this study only investigated this
effect in rat primary osteoblasts.

Mechanical stimuli which include pressure, stretch, fluid shear
and osmotic stress induces extracellular ATP release in various cell
types such as osteoblasts [2,3]. Extracellular ATP release is also
stimulated via both constitutive and inductive mechanisms [26]. It
has been demonstrated that the secretion of extracellular ATP
promotes osteogenesis in rodent calvarial cells in vitro [10,27]. Our
previous studies demonstrated that cyclic tension force and low-
intensity pulsed ultrasound induced extracellular ATP release,
which enhanced bone formation through P2X7 in MC3T3-E1 cells
[11,12].

Antisense depletion of PYK2 [28], which is not the expression of a
kinase inactive kinase mutant [29] inhibited osteoclastogenesis that
indicates that the catalytic activity of PYK2 may be dispensable. A
mechanical transducer of integrin was mediated by PYK2-Ca2þ

pathway in osteoblasts [20]. Moreover, periodic mechanical stress
induces chondrocyte proliferation and matrix synthesis via the
Calmodulin-dependent kinase II (CaMKII)-PYK2 pathway [30]. CaM-
KII is a multifunctional serine/threonine kinase and has been
confirmed to be a critical regulator of Ca2þ in various signaling
pathways including the nuclear factor of activated T-cells (NFAT) c1
pathway. These findings indicate that both PYK2 and CaMKII are
involved in the Ca2þ-dependent pathway. Moreover, Grol et al., have
been reported that BzATP induced Ca2þ-NFATc1 activation, and
Panupinthu et al. have also indicated that BzATP increases gene
expression of ECMPs in osteoblasts [10,25]. Thus, we investigated the
effects of PYK2 on BzATP-induced ECMPs expression. As a result, we
observed that BzATP increased p-PYK2 on days 3 and 7 of culture.
Furthermore, the PYK2 inhibitor PF431396 inhibited the stimulatory
effect of BzATP on the expression of type I collagen (Col I), bone sia-
loprotein (BSP) and osteocalcin (OCN) expression (Figs. 2 and 3).

Col I acts as a scaffold for the nucleation of hydroxyapatite
crystals through the calcification process, and therefore is a major
protein constituent of ECM in bone tissue. BSP, OPN, and OCN are
non-collagenous matrix proteins that have important roles in the
organization of the collagenmatrix [31]. In addition, BSP have a role
of a nucleation center for the hydroxyapatite formation in the
mineralized nodule formation in bone [32]. OCN has small g-car-
boxyglutamate protein, that is selectively expressed by osteoblasts
[33]. OCN is also the most abundant non-collagenous bone matrix
protein [34] and is a major marker of differentiated osteoblasts. The
functions of OPN are diverse and directly related to bone formation
and remodeling, as with fundamental roles in host defense and
tissue repair [35]. A previous study reported that mechanical
stimuli induce OPN mRNA expression in osteoblasts, whereas PYK2
did not mediate this expression [36]. In our present study, BzATP
induced gene expression of OPN, whereas PF431396 did not affect
OPN mRNA levels, which is consistent with the results of previous
study. BzATP-induced OPN might be regulated by another signal
molecule such as focal adhesion kinase (FAK), as described in a
previous report [36]. Taken together, these our results suggest that
mechanical stimuli-induced ECMPs production might be linked to
extracellular ATP secretion and/or integrin via PYK2 activation.
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In summary, the P2X7 specific agonist of BzATP enhanced p-
PYK2. PYK2 inhibitor of PF431396 blocked the stimulatory effect of
BzATP on ECMPs production. These results showed that the acti-
vation of P2X7 by mechanical stimuli might induce ECMPs
expression, except in case of OPN.
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