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Fig. 3. Effect of nicotine on the expression of costimulatory/coinhibitory molecules on DCs. Expression of HLA-DR(A), CD40(A), CD80(B), CD86(B), PD-L1(C), PD-L2(C), ILT3(D)
and ILT4 (D) on MoDCs or NiDCs stimulated with LPS (10 ng/ml) for 48 h was evaluated by FACS. Left panels: bar graphs are shown as mean values * SD of five independent
experiments. *P < 0.05 when compared with MoDCs stimulated with LPS. MFI: mean fluorescent intensity. Right panels: one representative FACS histogram of MoDCs (thin

line) and NiDCs (thick line) of more than six independent experiments are shown.

tobacco toxicity that alters immune function. Considering the many
components of cigarette smoke, nicotine may not be responsible
for all types of tobacco toxicity. The expression of nicotinic acetyl-
choline receptors, however, indicates that the effects of nicotine
may be transmitted and mediated by a specific cellular signaling
pathway(s) coupled to immunological function. Although 1073 M
nicotine is greater than the pharmacological dose, the concentra-
tion of nicotine in saliva of smokers may reach mM levels in local-
ized areas such as the oral cavity and respiratory tract [14-16]. We
therefore assumed that direct and local exposure of high doses of
nicotine to the inflammatory lesion with bleeding in gingival tissue
initiates monocytes to differentiate into DC in inflamed gingival
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microcirculation. In preliminary experiments, we used 107% to
1072 M nicotine to investigate the effect of nicotine on DC pheno-
typic changes, and found that 107> M nicotine significantly in-
duced DC characteristics. Additionally, we confirmed that 1073 M
nicotine did not impact DC viability. Therefore, we chose 107> M
nicotine to induce differentiation of monocytes into DCs.

We report that in vitro differentiation of DCs from monocytes in
the presence of nicotine yields a subset of DC (NiDCs) characterized
by an altered phenotypic profile and modulated functions. CD1a
is one of five members of the CD1 family and has been used as a
DC biomarker [40]. There is however a significant heterogeneity
in CD1a expression in DCs. Both CD1a (+ or —) DCs have been
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Fig. 4. Expression and activation of PPAR y in MoDCs and NiDCs. (A) Representative RT-PCR analysis of PPAR y mRNA expression. One representative profile of six performed.
(B) Quantitative analyses of PPAR Y mRNA expression by real-time RT-PCR. mRNA levels are expressed as fold change above control mRNA (HPRT). Results are shown as mean
values * SD of five independent experiments. (C) Activation of PPAR y in MoDCs and NiDCs. Nuclear extracts taken at a half-hour were analyzed by the TransAM PPAR 7y assay.
Results are shown as mean values * SD of five independent experiments and are expressed as ratio of ODysg. (D) Expression of the PPAR vy target genes in MoDCs and NiDCs.
Results are shown as mean values + SD of five independent experiments. *P < 0.05 when compared with MoDCs.
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identified in peripheral blood [41]. In addition, recent studies
suggest that the ratio of +/— forms of CD1a DCs differentiated from
monocytes can be altered depending on the culture conditions

*
(A)H 0 (B) o 2 :
g E
$er 15 5 1
gE :
=3, 10 PR
N F 3
o~ e 5
a2 s ke

0
Nicatine (3 (+) () (0
d-tubocurarine (-} {} (+) {+}

Nicotinea SRONSRL]
(OGO RC,!

Fig. 6. Effect of d-tubocurarine, non-selective nAChRs antagonist on Th1 responses
in MoDCs and NiDCs. (A) IL-12 (p40 + p70) production by MoDCs and NiDCs. MaoDCs
and NiDCs pretreated with d-tubocurarine (1 pM) were cultured in the presence of
10 ng/ml LPS for 48 h. Supernatants were then tested for IL-12 (p40+p70)
production by ELISA. (B) Supernatants of restimulated T cells were harvested and
measured for IFN-y level by ELISA. Results are shown as mean values # SD of four
independent experiments. *P < 0.05 when compared with NiDCs without pretreat-
ment of d-tubocurarine.

dtubocurarine

[42-45]. In our study, a significant reduction of CD1a+ expression
is observed in NiDCs when compared with MoDCs. The effect of
nicotine on decreasing CD1a expression is inhibited by pretreatment
of cells with d-tubocurarine, a non-selective nAChR antagonist.
These results indicate that nicotine interaction with nAChRs can
mediate DC differentiation.

As seen in Fig. 1B, LPS-stimulated NiDC secreted lower amounts
of pro-inflammatory cytokines such as IL-12 (p40+p70) and
TNF-o, compared with MoDCs. These data confirm results from
previous studies in which nicotine and cigarette smoke extracts
(CSE) suppressed DC function, impaired antigen-presentation to in-
duce naive T cell proliferation and alter Th1 responses into those
seen in Th2 cells [23,24]. These studies also described that CSE sup-
pressed IL-12 production in activated DCs, and diminished the
effects of costimulatory molecules such as CD40 and CD80. We
observed poor induction of T cell proliferation by NiDCs, eleva-
tion of the coinhibitory molecules PD-L1 and ILT4, and a slight

99



32 M. Yanagita et al./Cellular Immunology 274 (2012) 26~33

upregulation of PD-L2 in LPS-stimulated NiDCs. Furthermore, ILT3
expression was maintained in NiDC after LPS-stimulation, although
expression on LPS-stimulated MoDCs was reduced. Increased
PD-L1 and PD-L2 expression combined with positive costimulatory
molecules such as CD86 induce an immunotolerogenic function in
DCs [46-48]. In addition, high expression of ILT3 and ILT4 on DCs is
associated with immunotolerogenic characteristics [49,50]. The
reduction in priming capacity of NiDCs may result from induction
of inhibitory cell surface receptors.

PPAR 7 has been reported to mediate several DC functions. PPAR
v-activated DCs altered the differentiation of naive CD4 T cells into
Th2 cells [32,51]. In addition, PPAR-y agonists inhibited TLR-med-
iated DC activation by interfering with the NF-xB and MAP kinase
pathway [52]. In a conditional PPAR vy knockout mouse study, PPAR
v-activated DCs induced naive T cell anergy [31]. Other studies
suggest that PPAR vy plays an important role in induction and main-
tenance of natural and induced Treg cells [53,54]. A recent report
described that activation of PPAR v strongly enhanced the expres-
sion of B7H1 (also termed PD-L1) [55]. We show that expression of
PPAR-y gene and PPAR-y target genes are upregulated in NiDCs.
ApoE plays important roles in lipoprotein clearance and homeosta-
sis. ADRP plays a role in lipid body formation and cross-presenta-
tion of phagocytosed antigens to CD8" T cells. FABP4 plays an
important role in the regulation of insulin sensitivity. In addition,
both ApoE and FABP4 deficiency lead to development of atheloscle-
rosis. Among those molecules, ADRP is likely to have a role in DC
antigen presenting function. However, there is no information at
present that these genes are involved in T cell proliferation and dif-
ferentiation. With regard to PPAR-y expression in NiDCs, further
studies are needed to investigate the possible role of nicotine in
induction of Treg cells as our data suggests that nicotine may dif-
ferentiate monocytes into tolerogenic DCs.

The molecular mechanism of elevated PPAR 7y expression in
NiDCs needs to be clarified. Results from recent studies indicate
that «7nAChR is crucial to the regulation of systemic inflammation,
and that nicotine and acetylcholine control inflammatory cytokine
production from endotoxin-stimulated macrophages by inhibiting
NF-kB pathway via a7nAChRs [11,13]. We demonstrate that pre-
treatment of DCs with d-tubocurarine, a non-selective nAChR
antagonist, reversed inhibition of CDla expression, IL-12
production and Th1 responses in the presence of nicotine. One
point that appears to be clear is that nicotine and nicotinic agonists
prevent endotoxin-induced activation of the NF-xB pathway and
induce expression of PPAR vy. Upregulation of PPAR y and downreg-
ulation of NF-xB may synergistically induce the NiDC phenotype
described previously. Blocking nAChRs by antagonist recovered
Th1 response, however, there was no significant difference in
IL-5 and IL-10 production between antagonist-treated NiDCs and
control-NiDCs (data not shown). Presumably, the pathway
inducing Th2 immune responses may be influenced by
endocytosed nicotine, and not only by nicotine acting via nAChRs
signaling.

Cigarette smoking leads to many health problems worldwide by
significantly increasing the risk of diseases such as lung cancer,
cardiovascular disease, COPD, rheumatoid arthritis and periodontal
disease [1-5,56-58]. Smoking-related suppression of immune re-
sponses includes reduction of NK activity [59], and inhibition of
microbicidal activity of macrophages [8,60]. Cigarette smoking
and nicotine, however, may actually reduce severe inflammation
in patients with ulcerative colitis (UC) [61,62]. In an animal study,
conditional deletion of the PPAR y-encoded gene in intestinal epi-
thelial cells or macrophages caused an exacerbation of experimen-
tal colitis [30,53]. In addition, PPAR y expression in the colonic
mucosa is impaired in UC patients [63]. Results from these studies
in addition to results from our study, indicate that nicotine signal-
ing may induce expression and activation of PPAR y.

In conclusion, our study provides new data indicating that nic-
otine reduces inflammatory cytokine production, and suppresses T
cell priming capacity of DC via nAChRs. The suggested mechanism
is nicotinic upregulation of coinhibitory molecules. The effect of
nicotine may be mediated by PPAR 7y expression. These studies
suggest a link between the effects of nicotine on DC function and
smoking-related diseases. Understanding the immuno-modulatory
effects of nicotine will provide new and useful information for the
prevention of smoking-related diseases.
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Adiponectin regulates
functions of gingival
fibroblasts and periodontal
ligament cells

Iwayama T, Yanagita M, Mori K, Sawada K, Ozasa M, Kubota M, Miki K, Kojima
Y, Takedachi M, Kitamura M, Shimabukuro Y, Hashikawa T, Murakami S.
Adiponectin regulates functions of gingival fibroblasts and periodontal ligament cells.
J Periodont Res 2012; 47: 563-571. © 2012 John Wiley & Sons A[S

Background and Objective: Adiponectin is a cytokine constitutively produced by
adipocytes and exhibits multiple biological functions by targeting various cell
types. However, the effects of adiponectin on primary gingival fibroblasts and
periodontal ligament cells are still unexplored. Therefore, we investigated the
effects of adiponectin on gingival fibroblasts and periodontal ligament cells.

Material and Methods: The expression of adiponectin receptors (AdipoR1 and
AdipoR2) on human gingival fibroblasts (HGFs), mouse gingival fibroblasts
(MGFs) and human periodontal ligament (HPDL) cells was examined using
RT-PCR and western blotting. HGFs and MGFs were stimulated with interleukin
(IL)-1B in the presence or absence of adiponectin, and the expression of IL-6 and
IL-8 at both mRNA and protein levels was measured by real-time PCR and
ELISA, respectively. Furthermore, small interfering RNAs (siRNAs) in MGFs
were used to knock down the expression of mouse AdipoR1 and AdipoR2. The
effects of adiponectin on the expression of alkaline phosphatase (ALP) and runt-
related transcription factor 2 (Runx2) genes were evaluated by real-time PCR.
Mineralized nodule formation of adiponectin-treated HPDL cells was revealed by
Alizarin Red staining.

Results: AdipoR1 and AdipoR2 were expressed constitutively in HGFs, MGFs
and HPDL cells. Adiponectin decreased the expression of IL-6 and IL-8 in IL-1p-
stimulated HGFs and MGFs. AdipoR1 siRNA in MGFs revealed that the effect
of adiponectin on reduction of IL-6 expression was potentially mediated via
AdipoR1. Adiponectin-treated HPDL cells promoted the expression of ALP and
Runx2 mRNAs and up-regulated ALP activity. Furthermore, adiponectin
enhanced mineralized nodule formation of HPDL cells.

Conclusion. Our observations demonstrate that adiponectin exerts anti-inflam-
matory effects on HGFs and MGFs, and promotes the activities of osteoblasto-
genesis of HPDL cells. We conclude that adiponectin has potent beneficial
functions to maintain the homeostasis of periodontal health, improve periodontal
lesions, and contribute to wound healing and tissue regeneration.
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biofilm of periodontopathic bacteria,
leading to the destruction of peri-

Periodontal disease is a chronic
inflammatory disease initiated by the
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odontal tissues. Periodontal disease
can be exacerbated by many factors;
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for example, systemic diseases, such as
diabetes, osteoporosis and immunode-
ficiency diseases, have been shown to
result in an increased risk for peri-
odontal disease (1). Interestingly,
recent epidemiologic studies have sug-
gested that obesity is also a risk factor
for periodontitis (2,3). Obesity, which
induces insulin resistance following
systemic chronic inflammation (4), is
one of the leading causes of type 2
diabetes, which is closely associated
with periodontal diseases. Thus, it is
possible that obesity and metabolic
syndrome could be risk factors for the
progression of periodontal diseases;
however, the precise mechanism of
how obesity results in the destruction
of periodontal tissue remains unclear.

Adipokines, secreted by adipose tis-
sue, can influence insulin resistance,
inflammation and the cardiovascular
system (5). Adiponectin — an adipokine
— circulates in high concentrations in
plasma (6). Two adiponectin receptors
(AdipoRs) have been reported to be
expressed on various tissues and cells
(7). Importantly, hypo-adiponectin-
emia has been observed in patients
with type 2 diabetes mellitus, obesity
and coronary artery disease (8,9).
Physiological concentrations of adipo-
nectin suppressed tumor necrosis fac-
tor-a-induced inflammatory responses
in human endothelial cells and macro-
phages (10). Recent studies have
revealed that the concentrations of
adiponectin in serum of patients with
severe periodontitis are lower than
those in serum from healthy subjects
(11,12). Periodontal treatment has also
been shown to increase the levels of
adiponectin in chronic periodontitis
(13). Interestingly, Yamaguchi et al.
(14) reported that the levels of expres-
sion of AdipoRs were decreased in sites
of severe periodontitis. These data
suggest that adiponectin is involved in
the homeostasis of periodontal tissues
and may modulate inflammatory
responses at periodontal lesions.

In recent years, adiponectin and
AdipoRs have been reported to be
expressed in osteoblasts (15,16), sug-
gesting that adiponectin may be
involved not only in anti-inflammatory
functions but also in bone metabolism.
Among periodontal tissues, periodon-

tal ligament (PDL) cells have the
potential to regulate neogenesis of
alveolar bone and cementum and play
important roles in events of wound
healing and regeneration following
periodontal tissue breakdown caused
by progression of periodontal diseases.
Considering the multifunctional role of
adiponectin, adiponectin may affect
the functional characteristics of PDL
cells, which can differentiate into min-
eralized tissue-forming cells such as
osteoblasts and cementoblasts (17).

In this study we investigated the anti-
inflammatory effect of adiponectin on
human gingival fibroblasts (HGFs) and
mouse gingival fibroblasts (MGFs). In
addition, we examined the physiological
effect of adiponectin on cytodifferenti-
ation of human PDL (HPDL) cells. The
results showed that adiponectin sup-
pressed proinflammatory cytokines
induced by interleukin (IL)-1B stimula-
tion, possibly via AdipoR1. Further-
more, adiponectin promoted the
differentiation and mineralization of
HPDL cells.

Material and methods

Reagents

Recombinant human and mouse
IL-1B, adiponectin and normal rabbit
IgG were obtained from R&D Systems
(Minneapolis, MN, USA). Anti-adi-
poR1 IgG was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA,
USA) and Alpha Diagnostic Intl. Inc.
(San Antonio, TX, USA).

Cells

Before participating in this study, all
human subjects provided informed
consent according to a protocol that
was reviewed and approved by the
Institutional Review Board of the
Osaka University Graduate School of
Dentistry. HGFs were obtained from
biopsies of healthy gingiva taken from
healthy volunteers, as previously
described (18). HGFs were used for
experiments at passages 4-10. MGFs
were isolated from healthy gingival
tissue of the first premolar teeth of
BALB/c mice. When the cells that
grew out from the explants reached
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confluence, they were separated by
treatment with 0.53 mm EDTA con-
taining 0.05% trypsin, collected by
centrifugation and cultured on plastic
culture dishes containing standard
medium (standard medium is o-mini-
mal essential medium containing 10%
fetal calf serum) until they reached
confluence. After 12 passages, the
clonal MGF cell line was established
using the limiting-dilution method.
HPDL cells were isolated and main-
tained as described previously (19,20).
For the induction of cytodifferentia-
tion, HPDL cells were cultured in
a-minimal essential medium (¢-MEM)
containing 10% fetal calf serum, 10 mm
B-glycerophosphate and 50 pg/mL of
ascorbic acid [(calcification-inducing
medium (C-Med)]. C-Med was replaced
every 3 d.

RT-PCR

Total RNA was isolated from HGFs,
HPDL cells and MGFs using an RNA-
Bee kit (TEL-TEST, Inc., Friends-
wood, TX, USA) according to the
manufacturer’s instructions. cDNA
was synthesized and amplified using
PCR, as described previously (18).
Oligonucleotide PCR primers specific
for adiponectin and AdipoRs were
synthesized by Clontech (Palo Alto,
CA, USA). The sequences of the
primers are shown in Table 1. Hypo-
xanthine  phosphoribosyltransferase
(HPRT) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) served
as housekeeping genes.

Western blot analysis

HGFs, HPDL cells and MGFs were
lysed in RIPA buffer [25 mm Tris—HCI,
pH 7.6, 150 mMm NaCl, 1% Nonidet
P-40 (NP-40), 1% sodium deoxycho-
late, 0.1% SDS, 10 mM Na3;VO, and
10 pg/mL each of aprotinin and leu-
peptin]. The proteins were separated by
SDS-PAGE and transferred to nitro-
cellulose membranes. The membranes
were incubated with 10% bovine serum
albumin for 1 h and subsequently with
rabbit polyclonal anti-adiponectin Ig
(Alpha Diagnostic International inc.)
or goat polyclonal anti-AdipoR Ig
(Santa Cruz Biotechnology) for 1 h at



Table 1. Primers used for RT-PCR
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Gene Sequence

Human Forward 5-CGA GAT GTG ATG AAG GAG ATG GG-3 304 bp
HPRTI Reverse 5’-GCC TGA CCA AGG AAA GCA AAG TC-3'

Human Forward 5"-CAA ACA GCC CCA AAG TCA AT-3’ 288 bp
Adiponectin Reverse 5’-TCT CAG GTG AGG TGG GAA AC-¥

Human Forward 5"-AAA CTG GCA ACA TCT GGA CC-¥ 300 bp
AdipoRI Reverse 5’-GCT GTG GGG AGC AGT AGA AG-%

Human Forward 5’-ACA GGC AAC ATT TGG ACA CA-3 267 bp
AdipoR2 Reverse 5'-CCA AGG AAC AAA ACT TCC CA-¥

Mouse Forward 5"-AGG TTG TCT CCT GCG ACT TC-3’ 211 bp
GAPDH Reverse 5"-CTT GCT CAG TGT CCT TGC TG-3’

Mouse Forward 5-ATC TGA CGA CAC CAA AAG GG-3' 226 bp
Adiponectin Reverse 5’-TCT CCA GGA GTG CCA TCT CT-¥

Mouse Forward 5-TGC CCT CCT TTC GGG CTT GC-3 529 bp
AdipoRI Reverse 5-GCC TTG ACA AAG CCC TCA GCG ATA G-¥

Mouse Forward 5’-TCT TCC TGT GCC TGG GGA TCT T-3’ 254 bp
AdipoR2 Reverse 5’-CCC GAT ACT GAG GGG TGG CAA A-3’

AdipoRI1, adiponectin receptor 1; AdipoR2, adiponectin receptor 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPRTI, hypo-

xanthine phosphoribosyltransferase-1.

room temperature and appropriate
horseradish peroxidase-conjugated
secondary antibody. Immune com-
plexes were detected using an enhanced
chemiluminescence kit (Thermo Fisher
Scientific, Waltham, MA, USA).

Real-time PCR

HGFs and MGFs were seeded in a six-
well plate at a density of 3 x 10° cells
and 1.2 x 10° cells/well, respectively.
Cells were grown to confluence in
standard medium. Following 18 h of
preincubation in the presence or
absence of adiponectin, cells were
treated with or without 0.1 ng/mL of
IL-1B, then total RNA was isolated and
precipitated. ¢cDNA was synthesized
and mixed with SYBR Green PCR
Master Mix (Applied Biosystems, Fos-
ter City, CA) and gene-specific primers
(Takara Bio, Shiga, Japan). Real-time
PCR was performed using a 7300 Fast
Real-Time PCR System (Applied Bio-
systems). The sequences of the primers
are shown in Table 2. HPRT and
GAPDH served as housekeeping genes.

Measurement of inflammatory
cytokines in culture supernatants

HGFs and MGFs were seeded in a
12-well plate at a density of 1.8 x 10°
and 7.2 x 10° cells, respectively, and
grown to confluence in standard med-
ium. Following 18 h of preincubation

with or without adiponectin, cells were
treated with or without 0.5 ng/mL of
IL-1B. In some experiments, cells were
pretreated for 1 h with anti-adiponectin
Ig. At the end of the incubation periods,
the supernatants were collected and the
levels of IL-6 and IL-8 (HGFs only)
protein were measured using ELISA
kits (R&D Systems) according to the
manufacturer’s instructions.

RNA interference

Small interfering RNA (siRNA) was

used to knock down the expression of
mouse AdipoR1 and AdipoR2. The
AdipoR1 and AdipoR2 siRNAs, and a

Table 2. Primers used for real-time PCR

negative-control  siRNA  (Silencer
Select Negative Control #1 siRNA),
were synthesized by Applied Biosys-
tems. Silencer 1 Negative Control #1
siRNA was designed to have no sig-
nificant sequence similarity to mouse,
rat or human transcript sequences.
MGFs were placed on a six-well cul-
ture dish. Twenty-four hours after
incubation, MGFs, at 40-50% conflu-
ence, were transfected with siRNA
AdipoR1, siRNA AdipoR2 or nega-
tive-control siRNA. The cells were
transfected with 200 pmol of siRNA
and negative-control siRNA using
Lipofectamine 2000 (Invitrogen Corp,
Carlsbad, CA, USA) according to the

Gene Sequence

Human Forward 5-GGC AGT ATA ATC CAA AGA TGG TCA A-3
HPRTI Reverse 5-GTC AAG GGC ATA TCC TAC AAC AAA C-3
Human Forward 5-AAG CCA GAG CTG TGC AGA TGA GTA-3
IL6 Reverse 5-TGT CCT GCA GCC ACT GGT TC-3

Human Forward 5-ACA CTG CGC CAA CAC AGA AAT TA-¥
1L8 Reverse 5“TTT GCT TGA AGT TTC ACT GGC ATC-3
Human Forward 5-GGA CCA TTC CCA CGT CTT CAC-3’

ALP Reverse 5’-CCT TGT AGC CAG GCC CAT TG-3¥

Human Forward 5-CAC TGG CGC TGC AAC AAG A-3’

RUNX2 Reverse 5’-CAT TCC GGA GCT CAG CAG AAT AA-¥
Mouse Forward 5-TGT GTC CGT CGT GGA TCT GA-3’

GAPDH Reverse 5-TTG CTG TTG AAG TCG CAG GAG-3’

Mouse Forward 5-CCA CTT CAC AAG TCG GAG GCT TA-3’

1L6 Reverse 5-GCA AGT GCA TCA TCG TTG TTC ATA C-3’

ALP, alkaline phosphatase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPRTI,
hypoxanthine phosphoribosyltransferase-1; IL6, interleukin-6; /L8, interleukin-8; RUNX2,

runt-related transcription factor 2.
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manufacturer’s instructions. The cells
were then analyzed using real-time
PCR.

Determination of alkaline
phosphatase activity, and staining
with Alizarin Red

Alkaline phosphatase (ALP) activity
was assessed according to the proce-
dure described previously (20,21).
Histochemical analysis of calcified
nodules was performed using the
Alizarin Red staining method (20,22).
The density of calcified nodules in each
well was calculated using the WinRoof
software program (Mitani Corpora-
tion, Fukui, Japan).

Statistical analysis

The results were analyzed for statistical
significance using the Student’s r-test.
Differences were considered significant
at p < 0.05.

Results

Expression of AdipoR1 and AdipoR2,
but not adiponectin, was detected in
HGFs, HPDL cells and MGFs

To examine the expression of adipo-
nectin and its receptors (AdipoR1
and AdipoR2) and mRNA and
protein in HGFs, HPDL cells and
MGFs, we performed RT-PCR
amplification and western blotting. As
shown in Fig. 1A and 1B, mRNA
transcripts and protein for AdipoR1
and AdipoR2, but not for adiponec-
tin, were detected in all cell types
investigated.

Adiponectin reduced the expression
of proinflammatory cytokines in
IL-1B-stimulated HGFs

To the effect of adiponectin on the
expression of proinflammatory cyto-
kines in IL-1B-stimulated HGFs,
HGFs were pretreated with adiponec-
tin for 18 h before 2.5 h of stimulation
with IL-1B, whereupon real-time PCR
was performed. As shown in Fig. 2A,
adiponectin significantly reduced the
expression of IL6 and IL8 mRNAs.
For assessment of IL-6 and IL-8 pro-

A HGF

HPRT ApN Rﬁ R2

AdipoR2

Rat
Liver

HGF

HPDL

HPBL

HPDL MGF

MGF

~ Adipo
GAPDH ApN

R R2

MGF

Fig. 1. Expression of adiponectin (ApN), adiponectin receptor 1 (AdipoR1) and adiponectin
receptor 2 (AdipoR2). (A) Expression of ApN, AdipoR1 and AdipoR2 genes in human gin-
gival fibroblasts (HGFs), human periodontal ligament (HPDL) cells and mouse gingival
fibroblasts (MGFs) was examined by RT-PCR. (B) Expression of AdipoR1 and AdipoR2
proteins in HGFs, HPDL cells and MGFs was detected using western blotting. The data
represent one of three independent experiments. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HPRT, hypoxanthine phosphoribosyltransferase.

duction, adiponectin-pretreated HGFs
were stimulated with 0.5 ng/mL of IL-
1B, harvested after 12 h and then
assayed using ELISA. Adiponectin
also reduced the production of IL-6
protein and IL-8 protein (Fig. 2B).

AdipoR1 knockdown abrogated the
adiponectin-induced reduction of
IL-6 expression in MGFs

To examine the effect of adiponectin
on the expression of IL-6 in IL-1pB-
stimulated MGFs, MGFs were pre-
treated with adiponectin for 18 h
before stimulation with IL-18 for
2.5 h, whereupon real-time PCR was
performed. As shown in Fig. 3A,
adiponectin significantly reduced the
expression of IL6 mRNA. To assess
the production of IL-6 protein, adipo-
nectin-pretreated MGF were stimu-
lated with 0.5 ng/mL of IL-1B,
harvested after 12 h and then assayed
using ELISA. Adiponectin also
reduced the production of IL-6 protein
(Fig. 3B). To elucidate the effect of
adiponectin via AdipoRs, siRNA was
used to block the expression of Adi-
poRI and AdipoR2 mRNAs. As shown
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in Fig. 4A and 4B, real-time PCR
revealed that treatment with siRINA-
AdipoR1 and siRNA-AdipoR2 signif-
icantly reduced the expression of
AdipoR1 and AdipoR2 in MGFs
compared with negative-control siR-
NA (Fig. 4A and 4B). Whereas IL-1p-
induced expression of IL-6 in MGF
treated with negative-control siRNA
was significantly suppressed by adipo-
nectin treatment, these suppressive
effects were attenuated in MGFs treated
with siRNA for AdipoR1 (Fig. 4C). By
contrast, treatment with siRNA for
AdipoR2 did not suppress IL-1p-in-
duced expression of IL-6 by adiponec-
tin (Fig. 4D). These results suggest that
adiponectin reduces IL-6 expression in
MGFs possibly via AdipoR1.

Anti-AdipoR1 Ig attenuated the
adiponectin-induced reduction of
IL-6 expression in HGF

To elucidate the effect of adiponectin
via AdipoR1, HGFs were pretreated
with control antibodies or with two
types of anti-AdipoR1 polyclonal Igs
and then stimulated with IL-1 in the
presence or absence of adiponectin.
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Fig. 2. Adiponectin reduced interleukin (IL)-1B-induced production of IL-6 and IL-8 in
human gingival fibroblasts (HGFs). (A) Expression of /L6 and /L8 genes in HGFs was
examined using real-time PCR. HGFs were pretreated with adiponectin (ApN; 5 pg/mL) for
18 h, stimulated with IL-1B (0.1 ng/mL) for 2.5 h and then total RNA was isolated. (B) The
levels of IL-6 and IL-8 protein in HGF cultured condition medium were measured using
ELISA. HGFs were pretreated with adiponectin (ApN; 10 pg/mL) for 18 h and stimulated
for 12 h with IL-1B (0.5 ng/mL). Data are the mean + standard deviation of triplicate
determinations. *p < 0.05 compared with IL-1B-stimulated HGF without ApN pretreat-
ment. HPRT, hypoxanthine phosphoribosyltransferase.

After 12 h, IL-6 production in the
culture supernatants was assayed using
ELISA. As shown in Fig. 5, anti-Adi-
poR1 Igs significantly attenuated the
suppression of IL-1f-induced IL-6
expression by adiponectin. These results
suggest that adiponectin reduces IL-6
expression in the IL-1B-stimulated
HGFs possibly via AdipoR1.

Adiponectin promoted the
differentiation and mineralization of
HPDL cells

Next, we examined whether or not
adiponectin would promote the differ-
entiation and mineralization of HPDL
cells. As shown in Fig. 6A, ALP
activity in HPDL cells was significantly
enhanced in the presence of adiponec-
tin. Real-time PCR revealed that
adiponectin significantly enhanced the
expression of ALP and runt-related
transcription factor 2 (Runx2; an

important transcription factor
involved in osteoblastic differentiation
and mineralization) (23) genes in
HPDL cells cultured with C-Med
in the presence of adiponectin (Fig. 6B
and 6C) compared with C-Med only.
Subsequently, mineralized nodule for-
mation by HPDL cells on day 18 was
investigated. As shown in Fig. 7A and
7B, adiponectin significantly increased
the intensity of Alizarin Red staining.
These results suggest that adiponectin
promotes the differentiation and min-
eralization of HPDL cells.

Discussion

Adiponectin is an abundant serum
protein, with concentrations in the
order of 3-30 pg/mL (10). In this study,
we demonstrated, for the first time, that
physiological concentrations of adipo-
nectin suppress IL-1p-induced IL-6 and
IL-8 expression in HGFs, and IL-6 in
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Fig. 3. Adiponectin reduced interleukin
(IL)-1pB-induced expression of IL-6 in mouse
gingival fibroblasts (MGFs). (A) Expression
of the IL6 gene in MGF's was examined by
real-time PCR. MGFs were pretreated with
adiponectin  (ApN; 20 pg/mL) for 18 h,
stimulated with IL-1B (0.5 ng/mL) for 2.5 h
and then total RNA was isolated. (B) The
level of IL-6 protein in MGF cultured
condition medium was measured by ELISA.
MGFs were pretreated with adiponectin
(ApN; 20 pg/mL) for 18 h and stimulated
with IL-1B (0.5 ng/mL) for 12 h. Data are
the mean *+ standard deviation of triplicate
determinations. *p < 0.05 compared with
IL-1B-stimulated MGFs without pretreat-
ment of adiponectin. GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase.

MGFs, at mRNA and protein levels,
possibly via AdipoR1 signaling. We
also showed that adiponectin enhances
the differentiation and mineralization of
HPDL cells. Unfortunately, however,
mouse IL-8 has not yet been identified.
As mouse CXCL1 is known to be the
functional homolog of human IL-8, we
examined the expression CXCLI in
preliminary studies (data not shown). In
these studies, we found that adiponectin
significantly reduced the expression of
CXCLI mRNA. However, the expres-
sion of CXCL1 protein was not reduced
by adiponectin (data not shown).
Several previous studies have
reported that adiponectin is the immu-
nomodulatory cytokine for the func-
tion of monocytes, macrophages and
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Fig. 4. Silencing adiponectin receptor 1 (AdipoR1) using small interfering (si)RNA attenuated the suppression of interleukin-6 (JL6) gene
expression in mouse gingival fibroblasts (MGFs) stimulated with IL-1B. (A and B) MGFs transfected with AdipoR1, AdipoR2, or negative-
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the IL6 gene in MGFs was examined using real-time PCR. MGFs transfected with AdipoR1, AdipoR2, or negative-control siRNAs were
cultured for 24 h. The cells were seeded, pretreated with adiponectin (ApN; 20 ug/mL) for 18 h, stimulated with IL-1f (0.5 ng/mL) for 2 h
and then total RNA was isolated. Data are the mean + standard deviation of triplicate determinations. *p < 0.05 compared with IL-1-
stimulated MGFs without ApN pretreatment. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Lipo, lipofectamine 2000.

endothelial cells (10) and exhibits
functional activity through binding to
two AdipoRs. A recent systematic
review concluded that there was a
positive association between periodon-
tal disease and obesity across diverse
populations (3). The plasma adiponec-
tin level in obese individuals was
decreased compared with that in non-
obese individuals (24). Saito et al. (11)
previously reported that serum adipo-
nectin levels in women with periodon-
titis were lower than in those with
healthy gingiva, although this differ-
ence was not significant. Additionally,
Yamaguchi et al. (14) revealed that the
expression levels of AdipoRs in regions
of periodontal disease were lower than
in healthy gingival tissue. In mice with
collagen-induced arthritis, adiponectin
mitigated the severity of diseases (25).
In addition, adiponectin suppressed the
expression of inflammatory cytokines
in stimulated rheumatoid arthritis

synovial fibroblasts (25). We found
that HGFs, HPDL cells and MGFs
expressed AdipoR1 and AdipoR2, but
not adiponectin (Fig. 1). Additionally,
we showed that suppression of Adi-
poR1 expression by its siRNA and
anti-AdipoR1 Ig abrogated the anti-
inflammatory actions of the cells, sug-
gesting that adiponectin promoted
these responses through the action of
AdipoR1, at least in part on gingival
fibroblasts (Figs 4 and 5).

Recent studies have demonstrated
that AdipoRs are also expressed on os-
teoblasts (15,16,26). In the present study
we showed that AdipoR1 and AdipoR2
expressed on HPDL cells and adipo-
nectin enhanced ALP activity, expres-
sion of ALP and Runx2 genes, and
mineralized nodule formation in HPDL
cells (Figs 6 and 7). ALP is an enzyme
marker of osteoblasts and participates
in mineralization (27). Runx2 has been
identified as an important transcription
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factor thatisinvolved in bone formation
and osteoblast differentiation (23).
Thus, enhanced expression of ALP and
Runx2 genes, stimulated by adipo-
nectin, were correlated with the min-
eralization of HPDL cells. In this
study we did not directly examine
the possible involvement of AdipoR1
in differentiation and mineralization
of HPDL cells. However, a recent
study reporting that adiponectin
induced the differentiation and min-
eralization of osteoblastic MC3T3-El
via AdipoR1 (26) suggests that the
adiponectin-AdipoR1 pathway is also
involved in the cytodifferentiation of
HPDL cells. Although the functional
roles of adiponectin in periodontal
tissues have not been fully clarified,
adiponectin should be involved in
maintaining the homeostasis of peri-
odontal tissue.

In this study, we demonstrated two
functional aspects of adiponectin: the
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first was an anti-inflammatory effect on
gingival fibroblasts and the second was
enhancement of cytodifferentiation in
HPDL cells. Although we did not per-
form studies to clarify the signal path-
way initiated following the activation of
AdipoR1, accumulating evidence sug-
gests that adiponectin increases the
activities of sirtuinl (SIRT1) and aden-
osine monophosphate-activated pro-
tein kinase (AMPK; 10). SIRT! is an
NAD " -dependent deacetylase that
interacts with and deacetylates p65 of
nuclear factor-kB and subsequently
inhibits the expression of inflammatory
genes (28). Adiponectin has been shown
to increase the levels of SIRT1 protein
and to suppress lipopolysaccharide
(LPS)-stimulated tumor necrosis factor-
o production in Kupffer cells (29).
AMPK is a heterotrimeric serine kinase
responsive to a variety of cellular stim-
uli. In osteoblastic cells, AMPK is
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Fig. 6. Adiponectin promoted the differentiation of human periodontal ligament (HPDL) cells. (A) HPDL cells were cultured in calcification-
induced medium (C-Med) in the presence or absence of adiponectin (ApN; 10 pg/mL) for the indicated periods of time, then alkaline
phosphatase (ALP) activity during the cytodifferentiation of HPDL cells was measured. Data are the mean + standard deviation of triplicate
determinations. *p < 0.05 compared with HPDL cells cultured in C-Med in the absence of ApN. (B and C) Real-time PCR was performed to
determine the expression of cytodifferentiation- and mineralization-related genes, such as ALP (B) and runt-related transcription factor 2
(RUNX2) (C). HPDL cells were cultured in C-Med in the presence or absence of adiponectin (ApN; 10 pg/mL) for the indicated periods of
time. Data are the mean =+ standard deviation of triplicate determinations. *p < 0.05 compared with HPDL cells cultured in C-Med in the
absence of adiponectin. HPRT, hypoxanthine phosphoribosyltransferase.
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Fig. 7. Adiponectin promoted the mineralization of human periodontal ligament (HPDL)
cells. (A) Mineralized nodule formation in HPDLs was detected by staining the cells with
Alizarin Red after 18 d of culture in calcification-induced medium (C-Med) in the presence or
absence of adiponectin (ApN; 10 pg/mL). (B) The relative expression value of Alizarin Red
staining is shown in (A) and was quantified and normalized to Alizarin Red staining without
C-Med. The data represent one of three independent experiments. *p < 0.05 compared with

C-Med only.

stimulated via AdipoR1 and induces the
production of bone morphogenetic
protein-2, stimulating cells to differen-
tiate into calcified (26,30). Further
studies are necessary to clarify the
involvement of the SIRT1 and AMPK
signaling pathways in the action of
adiponectin on both gingival fibroblasts
and HPDL cells.

In summary, the results of the pres-
ent study suggest that adiponectin may
have a therapeutically beneficial effect
on the control of anti-inflammatory
responses and treatment of periodon-
tal diseases. Topical application of
recombinant adiponectin during peri-
odontal surgery may improve wound
healing and regeneration at the peri-
odontal disease site. Further studies
are still required to demonstrate this
therapeutic effect.

Acknowledgements

This study was supported by Grants-
in-Aid from the Japan Society for the
Promotion of Science (19592386,
20390530, 21592623, 23593057 and
23249086).

References

1. Garcia RI, Henshaw MM, Krall EA.
Relationship between periodontal disease
and systemic health. Periodontol 2000
2001;25:21-36.

11.

. Saito T, Shimazaki Y, Sakamoto M.
Obesity and periodontitis. N Engl J Med
1998;339:482-483.

Chaffee BW, Weston SJ. Association

between chronic periodontal disease and

obesity: a systematic review and meta-

analysis. J Periodontol 2010;81:1708-

1724.

. Kopelman PG. Obesity as a medical
problem. Nature 2000;404:635-643.

. Funahashi T, Nakamura T, Shimomura I
et al. Role of adipocytokines on the
pathogenesis of atherosclerosis in visceral
obesity. Intern Med 1999;38:202-206.

. Scherer PE, Williams S, Fogliano M,
Baldini G, Lodish HF. A novel serum
protein similar to Clq, produced exclu-
sively in adipocytes. J Biol Chem
1995;270:26746-26749.

. Yamauchi T, Kamon J, Ito Y efal
Cloning of adiponectin receptors that
mediate antidiabetic metabolic effects.
Nature 2003;423:762-769.

. Ouchi N, Kihara S, Arita Y er al. Novel
modulator for endothelial adhesion mole-
cules: adipocyte-derived plasma protein
adiponecti.  Circulation  1999;100:2473—
2476.

. Yu JG, Javorschi S, Hevener AL er al.
The effect of thiazolidinediones on plasma
adiponectin levels in normal, obese, and
type 2 diabetic subjects. Diabetes
2002;51:2968-2974.

. Ouchi N, Parker JL, Lugus JJ, Walsh K.

Adipokines in inflammation and meta-

bolic disease. Nat Rev Immunol 2011;11:

85-97.

Saito T, Yamaguchi N, Shimazaki Y ef al.

Serum levels of resistin and adiponectin in

women with periodontitis: the Hisayama

study. J Dent Res 2008;87:319-322.

109

12.

13.

15.

16.

17.

20.

21.

22.

23.

24.

25.

Furugen R, Hayashida H, Yamaguchi N
et al. The relationship between periodon-
tal condition and serum levels of resistin
and adiponectin in elderly Japanese.
J Periodontal Res 2008;43:556-562.
Kardegler L, Buduneli N, Cetinkalp S,
Kinane DF. Adipokines and inflamma-
tory mediators after initial periodontal
treatment in patients with type 2 diabetes
and chronic periodontitis. J Periodontol
2010;81:24-33.

. Yamaguchi N, Hamachi T, Kamio N

et al. Expression levels of adiponectin
receptors and periodontitis. J Periodontal
Res 2010;45:296-300.

Berner HS, Lyngstadaas SP, Spahr A
et al. Adiponectin and its receptors are
expressed in bone-forming cells. Bone
2004;35:842-849.

Oshima K, Nampei A, Matsuda M et al.
Adiponectin increases bone mass by sup-
pressing osteoclast and activating osteo-
blast. Biochem Biophys Res Commun
2005;331:520-526.

Seo BM, Miura M, Gronthos S et al.
Investigation of multipotent postnatal
stem cells from human periodontal liga-
ment. Lancet 2004;364:149-155.

. Murakami S, Hashikawa T, Saho T et al.

Adenosine regulates the IL-1 beta-induced
cellular functions of human gingival
fibroblasts. Int Immunol 2001;13:1533-
1540.

Somerman MJ, Archer SY, Imm GR,
Foster RA. A comparative study of
human periodontal ligament cells and
gingival fibroblasts in vitro. J Dent Res
1988;67:66~70.

Fujihara C, Yamada S, Ozaki N et al.
Role of mechanical stress-induced gluta-
mate signaling-associated molecules in
cytodifferentiation of periodontal liga-
ment cells. J Biol Chem 2010;285:28286—
28297.

Bessey OA, Lowly OH, Brock MJ. A
method for the rapid determination of
alkaline phosphates with five cubic
millimeters of serum. J Biol Chem 1946;
164:321-329.

Dahl LK. A simple and sensitive histo-
chemical method for calcium. Proc Soc
Exp Biol Med 1952;80:474-479.

Yang S, Wei D, Wang D, Phimphilai M,
Krebsbach PH, Franceschi RT. In vitro
and in vivo synergistic interactions
between the Runx2/Cbfal transcription
factor and bone morphogenetic protein-2
in stimulating osteoblast differentiation.
J Bone Miner Res 2003;18:705-715.

Arita Y, Kihara S, Ouchi N et a/. Para-
doxical decrease of an adipose-specific
protein, adiponectin, in obesity. Biochem
Biophys Res Commun 1999;257:79-83.
Lee SW, Kim JH, Park MC, Park YB, Lee
SK. Adiponectin mitigates the severity of
arthritis in mice with collagen-induced



26.

27.

arthritis. Scand J Rheumatol 2008;37:260—
268.

Kanazawa I, Yamaguchi T, Yano S,
Yamauchi M, Yamamoto M, Sugimoto T.
Adiponectin and AMP kinase activator
stimulate proliferation, differentiation, and
mineralization of osteoblastic MC3T3-E1
cells. BMC Cell Biol 2007;8:51.

Majeska RJ, Wuthier RE. Studies on
matrix vesicles isolated from chick epiph-
yseal cartilage. Association of pyrophos-

28.

Adiponectin regulates periodontal condition

phatase and ATPase activities with
alkaline phosphatase. Biochim Biophys
Acta 1975;391:51-60.

Yang SR, Wright J, Bauter M, Seweryniak
K, Kode A, Rahman I. Sirtuin regulates
cigarette smoke-induced proinflammatory
mediator release via RelA/p65 NF-kappaB
in macrophages in vitro and in rat lungs in
vivo: implications for chronic inflamma-
tion and aging. Am J Physiol Lung Cell Mol
Physiol 2007;292:1.567-L576.

110

29.

30.

571

Shen Z, Ajmo JM, Rogers CQ et al. Role
of SIRT! in regulation of LPS- or two
ethanol metabolites-induced TNF-alpha
production in cultured macrophage cell
lines. Am J Physiol Gastrointest Liver
Physiol 2009;296:G1047-G1053.

Huang CY, Lee CY, Chen MY, Tsai HC,
Hsu HC, Tang CH. Adiponectin increases
BMP-2 expression in osteoblasts via Adi-
poR receptor signaling pathway. J Cell
Physiol 2010;224:475-483.



ORIGINAL RESEARCH ARTICLE

CD73-Generated Adenosine
Promotes Osteoblast
Differentiation

MASAHIDE TAKEDACHI,'* HIROYUKI OOHARA,' BRENDA |. SMITH,? MITSUYOSHI IYAMA,'
MARIKO KOBASHI,' KENICHIRO MAEDA,' COURTNEY L. LONG,* MARY B. HUMPHREY,’
BARBARA |. STOECKER,® SATORU TOYOSAWA,? LINDA F. THOMPSON,¢

AND SHINYA MURAKAM!|'*

' Department of Periodontology, Osaka University Graduate School of Dentistry, Osaka, Japan

2Department of Oral Pathology, Osaka University Graduate School of Dentistry, Osaka, Japan

3Department of Nutritional Sciences, Oklahoma State University, Stillwater, Oklahoma

4Department of Microbiology and Immunology, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma
3 Department of Medicine, University of Oklahoma Health Sciences Center, Oklahoma City, Oklahoma

®Department of Immunobiology and Cancer Program, Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma

CD731 isa GPl-anchored cell surface protein with ecto-5'-nucleotidase enzyme activity that plays a crucial role in adenosine production.
While the roles of adenosine receptors {AR) on ostecblasts and osteoclasts have been unveiled to some extent, the roles of CD73 and
CD73-generated adenosine in bone tissue are largely unknown, To address this issue, we first analyzed the bone phenotype of
CD73-deficient («d737 7} mice. The mutant male mice showed osteopenia, with significant decreases of osteoblastic markers. Levels of
osteoclastic markers were, however, comparable to those of wild-type mice. A series of in vitro studies revealed that CD73 deficiency
resulted in impairment in osteoblast differentiation but not in the number of osteoblast progenitors. In addition, over expression of CD73
on MC3T3-El cells resulted in enbanced osteoblastic differentiation. Moreover, MC3T3-E! cealls expressed adenosine Aqgy receptors
{AuaAR) and Agg receprors (AzpAR) and expression of these receprors increased with osteoblastic differentiation. Enhanced expression
of osteocalcin {QC) and bone sialoprotein (BSP) observed in MC3T3-E1 cells over expressing CD73 were suppressed by treatment with
an AypAR antagonist but not with an Ay AR antagonist. Collectively, our results indicate that CD73 generated adenosine positively
regulates osteoblast differentiation via AypAR signaling,

. Cell. Physiol. 227: 26222631, 2012, © 201 | Wiley Periodicals, Inc.

A balanced relationship between bone resorption by
osteoclasts and bone formation by osteoblasts is essential for
bone remodeling which maintains bone integrity. The
extracellular nucleotide ATP can be one of the key mediatorsin
bone metabolism, not only as a phosphate source, but also as a
signaling molecule via P2 receptors. In fact, osteoblasts have
been reported to release ATP into the extracellular
environment constitutively followed by engagement of P2
receptors (Buckley et al., 2003). The release of ATP by
osteoblasts could be facilitated by mechanical stress
(Romanello et al., 2001) and released ATP serves as an
autocrine or paracrine regulator of both osteoblast and
osteoclast function (Grol et al., 2009; Orriss et al.,, 2010).
Meanwhile, it has been reported that P2 receptor signal
transduction is rapidly inactivated by the extracellular
breakdown of ATP to adenosine by the sequential actions of
enzymes including members of the ecto-nucleoside
triphosphate diphosphohydrolase and ecto-nucleotide
pyrophosphatase/phosphodiesterase families, ecto-5'-
nucleotidase (CD73) and alkaline phosphatases (ALPase;
Yegutkin, 2008). Although the role of ATP in bone metabolism
has been revealed to some extent, functions of its metabolite
adenosine are not fully elucidated.

The biological actions of adenosine are mediated
via A}, Asa, Azp, and Az adenosine receptors (AR) that are
ubiquitously expressed seven transmembrane spanning G-
protein-coupled receptors. A|AR and A;AR mediate an
inhibitory effect on adenylyl cyclase via Gi/Go, resulting in
decreasing cAMP levels, whereas, A4 receptors (A;aAR)
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and Ap receptors (AypAR) stimulate adenylyl cyclase via
activation of Gs with a consequent increase of cAMP (Ralevic
and Burnstock, 1998). Recent reports suggested that adenosine
supports osteoclast formation and bone resorption. It was
shown that A AR signaling was required for osteoclastogenesis
in vitro (Kara et al.,, 2010b) and lack of A AR resulted in
increased bone mass in mice (Kara et al., 2010a). In addition,
Evans et al. (2006) demonstrated that AR activation inhibited
osteoprotegerin expression but did not affect receptor
activator of NF-kB ligand expression in human osteoblasts. On
the other hand, several in vitro studies demonstrated the role of
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adenosine in osteoblasts. Engagement of AR on murine
osteoblasts induced mitogenesis (Shimegi, 1998; Fatokun et al.,
2006) and protected them from cell death (Fatokun etal., 2006).
In addition, selective agonists specific for each AR subtype
modulated proliferation and osteogenic differentiation of
human bone marrow stromal cells (Costa et al,, 2010, 201 I).
Although these reports strongly suggest that AR signaling may
play a critical role in osteoblasts, no report provides in vivo
evidence.

AR activation is believed to be regulated by the extracellular
adenosine level which is controlled by the coordinated action of
an equilibrative nucleoside transporter and ecto-nucleotidases.
CD73 is a major enzyme involved in the generation of
extracellular adenosine by the dephosphorylation of adenosine
5’-monophosphate (Thomson et al., 1990). Although
cytoplasmic nucleotidases also make a contribution to
adenosine production, recent studies utilizing cd73™'~ mice
clearly demonstrated that CD73 plays a major role in the
generation of extracellular adenosine in vivo in a number of
physiologically relevant experimental models (Thompson et al.,
2004; Volmer et al., 2006; Eckle et al., 2007; Takedachi et al.,
2008). Interestingly, CD73 expression is regulated by Wnt-3-
catenin signaling (Spychala and Kitajewski, 2004), a known
critical pathway in bone metabolism (Baron et al., 2006; Piters
et al., 2008; Williams and Insogna, 2009). It is also noteworthy
that hypoxia inducible factor-lo (HIF-1a), a transcription
factor reported to be important for bone regeneration and
skeletal development (Wang etal., 2007; Wan et al., 2008), also
regulates CD73 expression (Synnestvedt et al., 2002).
Therefore, we hypothesized that CD73 may be involved in
regulating osteoblast function through modulating nucleotide
metabolism and generating extracellular adenosine that can
activate AR.

To address this hypothesis, we asked whether CD73
functionally regulates bone metabolism in vivo by characterizing
the bone phenotype of cd73™'~ mice. In addition, we
investigated the involvement of CD73 and AR signaling in
osteoblast differentiation in vitro.

Materials and Methods
Mice

¢d73~'~ mice were developed as described (Thompson et al.,
2004) and backcrossed onto the C57BL/6) background for 14
generations. Genotyping was performed by polymerase chain
reaction (PCR) using DNA extracted from toes and primers that
differentiate between the wild-type cd73 allele and the mutated
¢d73 allele containing a neomycin resistance cassette (Thompson
et al,, 2004). All mice were bred and maintained in our animal
facilities under specific pathogen-free (SPF) conditions. All
protocols were approved by the Institutional Animal Care and Use
Committees of the Oklahoma Medical Research Foundation and
Osaka University Graduate School of Dentistry.

Peripheral quantitative computed tomography (pQCT) and
micro-computed tomography (nCT)

In pQCT analyses, femurs were harvested from cd73*"* and

¢d737'~ male and female mice at |3 weeks of age and were fixed
with 10% buffered formalin for 24 h and analyzed using an XCT
Research SA+ instrument (Stratec Medizintechnik GmbH,
Pforzheim, Germany). Voxel size was
0.08 mm x 0.08 mm x 0.46 mm. The contour of the total bone was
determined automatically by the pQCT software algorithm. The
parameters were obtained at 1.2 mm, from the distal growth plate
using threshold values of 690 mg/cm® for the cortical region and
395 mg/cm? for the trabecular region.

In wCT analyses, tibias from |3-week-old cd73*/* and cd73 /'~
male mice were scanned using pCT (wCT40, SCANCO Medical,
Bruttisellen, Switzerland) to assess trabecular bone
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microarchitecture at the proximal tibia metaphysis. Scans of the
proximal tibia metaphysis were performed at a resolution of
2,048 pixels x 2,048 pixels. Analyses of the proximal tibia were
accomplished by placing semiautomated contours beginning

0.03 mm distal to the growth plate and includinga 0.6 mm volume of
interest (VOI) of only secondary spongiosa for trabecular analyses.
All samples were evaluated at a global threshold of 300 in the per
mille unit to segment mineralized from soft tissue. Trabecular
parameters evaluated included bone volume expressed per unit of
total volume (BV/TV; %), trabecular number (TbN; I/mm),
trabecular thickness (TbTh; wm), and trabecular separation
(TbSp; wm).

Histology and immunohistochemistry

For histological ana|y5|s tibias were dissected from |3-week-old
¢d737'* and ¢d73 7'~ male mice and fixed overnight at 4°C in 10%
formalin in PBS, decalcified in 10% EDTA at 4°C for 10 days, and
embedded in paraffin. Sections (4 um) were prepared and stained
with hematoxylin and eosin (H&E). For lmmunohlstochemlstry,
calvaria were collected from 3-day-old cd73*"* and cd737'~ male
mice and fixed overnight at 4°C in 4% paraformaldehyde in PBS,
decalcifiedin 7.5% EDTA at 4°Cfor {4 days, and embedded in OCT
compound (Sakura Finetek Co., Ltd., Tokyo, Japan). Then 7 um
frozen sections were prepared and treated with 2.5%
hyaluronidase (Sigma—Aldrich, St. Louis, MO) in PBSat37°Cfor | h,
followed by inactivation of endogenous peroxidase with

0.3% H,0, in PBS containing 0.3% FBS (Nichirei Biosciences,
Tokyo, Japan). After blocking with 3% BSA in PBS overnightat4°C,
sections were reacted with 5 pg/ml rat anti-mouse CD73 antibody
(TY/23; Yamashita et al., 1998; BD Pharmingen, Franklin Lakes, NJ).
After washing, they were then incubated with biotin-conjugated
anti-rat IgG, treated with the ABC reagents (Vector Laboratories,
Inc., Burlingame, CA), developed with DAB (Dojindo, Kumamoto,
Japan) and counterstained with hematoxylin.

Serum measurements

OQC, tartrate-resistant acid phosphatase isoform 5b (TRAP5b),
C-teminal telopeptide of type | collagen, and phosphate were
measured in mouse sera collected from |3-week-old cd73* and
¢d737'~ male mice after an overnight fast. OC was determined by
sandwich ELISA using the mouse osteocalcin (OC) EIA kit
(Biomedical Technologies Inc., Stoughton, MA). TRAP5b level was
determined by a solid phase immunofixed enzyme activity assay
using the MouseTRAP Assay kit (IDS Ltd., Boldon, UK). C-teminal
telopeptide of type | collagen was measured by RatLaps ELISA kit
(Nordic Bioscience Diagnostics, Herlev, Denmark) using a rabbit
polyclonal antibody raised against a synthetic peptide having a
sequence specific for a part of the C-terminal telopeptide | chain
of rat type | collagen. Serum inorganic phosphate was determined
by the improved Malachite Green method utilizing the malachite
green dye and molybdate provided by the Phosphate assay kit
(BioChain, Hayward, CA).

Reverse transcription (RT)-PCR

Total RNA was extracted from calvarial or femoral bones of 13-
week-old cd73~/~ male mice and wild-type control mice by
TissueLyser Il (Retch, Haan D, Germany) or from in vitro cultured
cells using RNA-Bee (TEL-TEST, Inc., Friendwood, TX) in
accordance with the manufacturer’s instructions. Purified total
RNA was reverse-transcribed using M-MLV (Invitrogen, Carlsbad,
CA) reverse transcriptase with random hexamers. For
semiquantitative analysis, PCR was carried out using AmpliTaq
Gold DNA polymerase (Roche Applied Science, Indianapolis, IN).
The primer sequences used for semiquantitative PCR are
previously described (Van De Wiele et al., 2002). Real-time PCR
analysis was performed using Power SYBR Green PCR Master Mix
and a 7300 Fast Real-Time PCR system (Applied Biosystems, Foster
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City, CA). The primer sequences used for Real-Time PCR are listed
in Table I.

Cell culture and transfection

Primary osteoblasts were isolated from 3-day-old pups by digesting
calvarial bones in PBS containing 0.1% collagenase (Wako Pure
Chemical Industries, Osaka, Japan) and 0.2% dispase (Roche
Applied Science) for 20 min at 37°C. The digestion was sequentially
performed three times and cells isolated from last two digestion
were cultured in o-MEM supplemented with 10% FBS as primary
osteoblasts. MC3T3-El cells were obtained from the Riken Cell
Bank (Tsukuba, Japan). Cells were maintained in a-MEM (Nikken
Biomedical Laboratory, Kyoto, Japan) supplemented with 10% FBS
and 60 p.g/ml kanamycin. To induce differentiation, cells were
cultured in a 24-well plates until they reached confluence and then
switched to mineralization medium (x-MEM supplemented with
10% FBS, 10 mM B-glycerophosphate, and 50 wg/ml ascorbic acid)
which was replaced every 3 days.

To produce stable transfectants, 2 x 10* MC3T3-El cells/well
were plated in a 24-well plates and after 24 h, were transfected with
the pHB Apr-1-neo-cd73 expression vector (Resta et al., 1994)
using Lipofectamine 2000 (Invitrogen) in accordance with the
manufacturer’s protocol. After 24 h, the culture medium was
supplemented with 600 pg/ml geneticin (Invitrogen) to initiate drug
selection. After selection, we then established the stable
transfectant over expressing CD73 (MC/CD73). Cells used in this
study had been passaged 3-5 times.

Colony forming assay

Bone marrow cells were flushed with PBS from femurs and tibias of
I3-week-old cd73*/* and cd73 ™~ mice. One million bone marrow
cells/well were plated in a 6-well plates and cultured in a-MEM
supplemented with 10% FBS for 14 days. The cells were fixed with
methanol and stained with Giemsa (Wako Pure Chemical
Industries). Colonies with >20 cells were counted as fibroblast
colony forming units (CFU-F). To enumerate osteoblast colony
forming units (CFU-OB), bone marrow cells were cultured in
mineralization media for 10 days and fixed with ethanol. Formation
of osteoblast progenitors were detected using an ALPase staining
kit (Sigma—Aldrich) and ALPase positive colonies with >20 cells
were counted. Then Giemsa staining was performed and total
colonies were counted. CFU-OB was calculated as a ratio of
ALPase positive colonies/total colonies.

Flow cytometry analysis

Single cell suspensions of MC/CD73 or control transfectants were
prepared by trypsinization and reacted with 10 pg/ml PE-
conjugated rat anti-CD73 antibody TY/23 (BD Pharmingen) or an
isotype-matched control antibody. Data were collected with a

TABLE I. Nucleotide sequences of primers used for PCR

FACSCalibur (BD Biosciences, San Jose, CA) and analyzed with
CellQuest software.

Proliferation assay

Proliferation of MC/CD73 and control transfectants was measured
using the nonradioactive colorimetric WST-| Cell Proliferation
Assay (Roche Applied Science) according to the manufacturer’s
instructions. This assay is based on the cleavage of a tetrazolium salt
by mitochondrial dehydrogenases to form formazan in viable cells.
Briefly, | x 10* cells were plated in 24-well plates and cultured in o
MEM supplemented with 10% FBS. The number of viable cells was
determined by adding WST-1 reagent and colorimetric evaluation
of OD450/630 by a microplate reader (Bio-Rad, Hercules, CA)
after 30 min incubation.

ALPase activity

After washing twice with PBS, the cells were sonicated in 0.0l M
Tris/HCI (pH 7.4) and then centrifuged for 5 min at 12,000 x g.
Subsequently the supernatant was mixed with 0.5M Tris—HCl
buffer (pH 9.0) containing 0.5 mM p-nitrophenyl phosphate as
substrate, 0.5 mM MgCl,, and 0.006% Triton X-100. Then the
samples were incubated at room temperature for 60 min, and the
reaction was stopped by addition of 0.2 M NaOH. The hydrolysis of
p-nitrophenyl phosphate was monitored as a change in OD410.
ALPase from bovine intestinal mucosa was used as a standard and
one unit of activity was defined as the enzyme activity hydrolyzing
I wmol of p-nitrophenyl phosphate per min at pH 9.8 at 37°C.
Protein concentration was determined by Lowry method and the
results were expressed as mU/ug protein.

Mineralization assay

Histochemical staining of calcified nodules was performed with
alizarin red S. Cell monolayers were washed twice with PBS, and
then fixed with dehydrated ethanol. After fixation, the cell layers
were stained with 1% alizarin red S in 0.1% NH,OH (pH 6.5) for
5 min, then washed with H,O.

cAMP measurement

Cells were washed with serum-free a-MEM and treated with 0.1%
DMSO (as carrier) or 10nM to | uM of the A;aAR antagonist
ZM241385 (Tocris Bioscience, Ellisville, MO) or 10nM to | M of
the A;pAR antagonist MRS1754 (Sigma—Aldrich). After 10 min
incubation, cells were stimulated with 100 uM adenosine (Sigma—
Aldrich) for 5min. Intracellular cAMP was determined by
competition between cAMP of cells and cAMP conjugated to
ALPase detected by rabbit polyclonal antibody to cAMP using a
cyclic AMP complete EIA kit (Assay Designs, Ann Arbor, Mi).
Protein concentration was determined by the Lowry method and
the cAMP results were expressed in pmol/mg protein.

Gene Product size (bp) Primer sequence
Beta actin 171 F 5'-CATCCGTAAAGACCTCTATGCCAAC-3'

R 5'-ATGGAGCCACCGATCCACA-3’
Runt related transcription factor 2 144 F 5'-CACTGGCGGTGCAACAAGA-3

R 5 -TTTCATAACAGCGGAGGCATTTC-3'
Bone sialoprotein 153 F 5-ATGGAGACTGCGATAGTTCCGAAG-3'

R 5-CGTAGCTAGCTGTTACACCCGAGAG-3’
Osteocalcin 178 F 5-AGCAGCTTGGCCCAGACCTA-3’

R 5-TAGCGCCGGAGTCTGTTCACTAC-3
Alkaline phosphatase 159 F 5-ACACCTTGACTGTGGTTACTGCTGA-3

R 5-CCTTGTAGCCAGGCCCGTTA-3'
CD73 (5'-nucleotidase, ecto) 118 F 5-AGTTCGAGGTGTGGACATCGTG-3'

R 5-ATCATCTGCGGTGACTATGAATGG-3
Adenosine A2a receptor 172 F 5'-ATTCGCCATCACCATCAGCA-3'

R 5-ACCCGTCACCAAGCCATTGTA-3
Adenosine A2b receptor 157 F 5-GTCGACCGATATCTGGCCATTC-3'

R

5-TGCTGGTGGCACTGTCTTTACTG-3'
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Statistical analysis

Data were expressed as the mean =+ SE. Statistical analyses were
performed by Student’s t-test. In some experiments, statistical
analyses were performed by one-way ANOVA and specific
differences were identified by the Bonferroni test: P < 0.05 was
considered statistically significant.

Results
CD73 is expressed in periosteal osteoblasts

To determine where CD73 is expressed in bone tissue, frozen
sections of calvaria specimens from 3-day-old cd73** mice
were examined. Incubation with anti-CD73 antibody (TY/23)
demonstrated that periosteum containing osteoblast and
osteoblast precursors expressed CD73 (Fig. |1A). In contrast,
no CD73 expression was observed in the periosteum of
cd73™"~ mice.

¢d73™'~ mice exhibit osteopenia

To examine the skeletal phenotype of 13-week-old cd73~"~
mice, we first evaluated the bone mineral density by pQCT.
Compared to control littermates, male cd73 ™'~ mice had
significantly lower bone mineral content in the trabecular bone
of the femur metaphysis (Table 2). No differences were
observed in the trabecular bone of female cd73~'~ or cortical
bone of either male or female mice at the femur diaphysis.
Histological evaluation of the proximal tibias showed that
¢d73™'~ male mice exhibited small and scattered bone spicules
in the proximal metaphysis area compared with sex-matched
wild-type mice (Fig. IB).

Quantitative analyses of trabecular bone were accomplished
using WCT. Representative three-dimensional images
reconstructed from pCT scans of trabecular bone at the
proximal tibia metaphysis further demonstrated osteopenia in
male cd73 ™'~ mice (Fig. | C). These changes were characterized
by reduced trabecular bone volume, decreased trabecular
number and thickness (Fig. D), and increased trabecular
separation (data not shown) in cd73™'~ mice.

¢d73~'~ mice exhibit decreased bone formation and
osteoblast differentiation in vivo

We then investigated whether osteopenia in male cd73 ™'~ mice
was the result of impaired bone formation or activated bone
resorption. To address this question, we measured biochemical
markers of in vivo bone turnover. As shown in Figure 2A, a
significant decrease in serum OC, a metabolic marker of in vivo
bone formation (Hauschka et al., 1989), was observed in
¢d73™"~ mice. In contrast, levels of the osteoclast marker
TRAP5b (Alatalo et al., 2003) and fragments of type | collagen
(C-terminal telopeptide), the products of bone resorption
(Garnero et al,, 2003), were comparable in the two strains of
mice.

To further substantiate the involvement of impaired
osteoblasts in the phenotype of cd73 ™'~ mice, we investigated
the gene expression of osteoblast markers in calvarial and
femoral bones. Real-time PCR analysis demonstrated
significantly decreased expression of Runx2, ALPase, OC, and
bone sialoprotein (BSP) in calvarial and femoral bones of
¢d73™'~ mice (Fig. 2B,C). These results suggested that the
involvement of CD73 in bone homeostasis was directed to the
osteoblast.

Inorganic phosphate required for osteoblast differentiation
and mineralization (Beck, 2003) is produced when CD73
catalyzes the conversion of adenosine monophosphate to
adenosine. To examine if decreased inorganic phosphate
contributed to the reduction in trabecular bone volume in
¢d73™"~ mice, serum phosphate was determined. As shown in
Figure 2A, serum phosphate in cd73 ™/~ mice was similar to that
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Fig. I. Bone phenotype of ¢cd73~'~ mice. A: CD73 expression on
periosteum. Frozen sections of calvarial bones from cd73*'* and
¢d73™'~ mice at 3 days of age were incubated with anti-CD73
monoclonal antibody (TY/23) and developed with DAB, as described
in the Materials and Methods Section. P, periosteum; C, calvarial
bone; B, brain. Scale bar, 50 um. Representative images of (B) H&E-
stained medial, longitudinal sections of proximal tibias and (C) pCT
reconstruction of the proximal tibial metaphysis of cd73*'* and cd73~
~ mice at |3 weeks of age. Scale bar (B) and (C), | mm. D:
Histomorphometric analysis of trabecular bone volume per tissue
volume (BV/TYV), trabecular number (TbN), and trabecular thickness
(TbTh) of secondary spongiosa in cd73*'* and ¢d73™'~ mice (n=7-8/
each group). Data are expressed as mean =+ SE. °P <0.05 compared
with ¢d73™"" mice.

TABLE 2. Cortical and trabecular bone mineral density at the distal femur
metaphysis and body weights of cd73™~ and cd73*/* male and female mice

Bone mineral density (mg/cm®)

Trabecular bone

Cortical bone

Body weight (g)

Genotype
Male ~ CD73**
CcD737'~
Female CD73%*
cD737-

271.15+23.09
246.13+13.78°
206.23 +23.03
207.39+21.65

1081.48 + 18.77
1070.55 +25.78
1051.62 £ 18.13
1055.03 £ 20.64

2732+ 1.57
27.52+1.48
19.23+2.14
19.43 £0.64

3P < 0.05 compared with cd73""* mice.
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Fig. 2. Decreased osteoblast markersin cd73~'~ mice. A: Serum OC, TRAP5b, C-terminal telopeptides, and inorganic phosphate in cd73*'* and
cd737'~ miceat I3 weeks ofage. Gene expression of Runx2, ALPase, OC,and BSP mRNA in femoral (B) and calvarial (C) bone samplesfrom cd73*/*
and cd73~'~ mice as determined by real-time PCR (n = 6~I3 ineach _group). Results were normalized to -actin mRNA levels in the same samples.
Data are expressed as mean * SE. P <0.05 compared with cd73*'* mice.

in cd73*'* mice, suggesting that CD73 has a minor role in
production of phosphates.

CD73 deficiency impairs osteoblast differentiation in
vitro

Ex vivo studies were performed to identify the role of CD73 in
osteoblasts differentiation and mineralization. Primary
osteoblasts were isolated from calvarial bones of cd73™'* mice
and ¢d73~'~ mice and cultured in mineralization medium to
examine the role of CD73 in osteoblast differentiation. As
shown in Figure 3A, ALPase mRNA expression and activity
were significantly decreased in CD73-deficient osteoblasts

compared to wild-type osteoblasts at 6 days of culture.
Moreover, calcified nodule formation was delayed in cultures
from cd73~'~ mice, suggestive of reduced mineralization
(Fig. 3B).

Because A aAR is reported to play a role in bone marrow-
derived mesenchymal stem cell development (Katebi et al,,
2009), we assessed the number of bone marrow stem cells and
osteoblast progenitors in bone marrow of cd73™'" mice.
Colony forming assays revealed that bone marrow cells
cultured from ¢d73™'~ mice formed similar numbers of
fibroblast colonies and ALPase positive osteoblast colonies
compared to cultures from cd73™"* mice (Fig. 3C). Taken
together, our results suggested that CD73 plays a role in
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Fig. 3.

Impaired differentiation in CD73 deficient osteoblasts. A: ALPase mRNA expression and activity of primary osteoblasts isolated from

cd73”'~ mice. Primary osteoblasts were isolated and cultured in mineralization medium for 6 days. ALPase mRNA expression and ALPase activity
was determined as described in Materials and Methods Section. B: Mineral deposition by osteoblasts isolated from cd73*'* and ¢d73~'~ mice. On
days 9 and 12 of culture in mineralization medium, cells were fixed and stained with alizarin red S. The area of mineralization was measured

photographically. Data are expressed as mean of area + SE. P < 0.05 compared with cd73*'* mice. C: The number of CFU-F and the percentage of
CFU-OB inbone marrow cultures derived from cd73*'* and cd73~'~ mice. CFU-F and CFU-OB assays were performed as described in Materialsand
Methods Section. Representative results from three experiments are shown. [Color figure canbe seen in the online version of this article, available

at http://wileyonlinelibrary.com/journal/jcp]

osteoblast differentiation but not in the development of
osteoblast progenitors.

Osteoblast differentiation is accelerated in MC3T3-El
cells over expressing CD73

To investigate the mechanism by which CD73 promotes
osteoblast differentiation, we established MC3T3-E| cells over
expressing CD73 (MC/CD73) by transfecting with pHB Apr-1-
neo-cd73. Increased expression of CD73in MC/CD73 is shown
in Figure 4A. MC/CD73 cells exhibited normal cell shape
(data not shown) and comparable proliferative ability (Fig. 4B).
To examine the effects of CD73 over expression on
differentiation, we cultured MC/CD73 cells in mineralization
medium and assessed ALPase activity at weekly intervals.
ALPase activity was significantly higher at days 7 and 14
compared with control transfectants (Fig. 4C). However, after

reaching peak activity on day |4, the ALPase activity of the
MC/CD73 cells decreased more rapidly in the late stages of
culture.

We next examined the expression of BSP and OC in
MC/CD73 cells as differentiation markers of mature
osteoblasts. As shown in Figure 4D, mRNA expression of BSP
and OC was significantly higher in MC/CD73 cells compared
with control transfectants, even when cells were cultured in
normal culture medium, suggesting that over expression of
CD73 promoted osteogenic potential. Elevated BSP and OC
gene expression was further enhanced by cultivation in
mineralization medium. Moreover, alizarin red S staining
showed increased calcified nodule formation in MC/CD73
cells after 28 days of culture (Fig. 4E). These observations
support the findings from primary osteoblast cultures that
CD73 has a positive role in osteoblast differentiation and
function.
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Fig. 4. Accelerated osteoblast differentiation in cd73-transfected MC3T3-El cells (MC/CD73). A: CD73 expression on MC/CD73 cells. CD73
expression on control cells is shown with the black line, and that on MC/CD73 cells is shown with the shaded histogram. Staining with an isotype
control mAb is shown with the grey line. B: Proliferation of MC/CD73 and control cells. Cells were cultured in a-MEM supplemented with 10% FBS
and OD450/630 was measured after reaction with WST-1 for 30 min on the indicated days. C: ALPase activities during differentiation in MC/CD73
and control cells. Cells were cultured with mineralization medium and ALPase activities were determined on the indicated daysas described in the
Materialsand MethodsSection. D: BSP and OC mRNA expressioninMC/CD73 and control cells. Cells were cultured with or without mineralization
medium for 14 or 21 days and BSP and OC mRNA levels were determined, respectively, by real-time PCR as described in Materials and Methods
Section. E: Mineral deposition by MC/CD73 and control cells. On day 28 of culture in mineralization medium, cells were fixed and stained with
alizarin red S. The area of mineralization was measured photographically. Data are expressed as mean of area  SE. Representative results from
more than three experiments are shown. *P <0.05 compared with control cells. [Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/jcp]

Adenosine receptor expression increases during
osteoblastic differentiation of MC3T3-El cells

As CD73 is a major enzyme generating extracellular adenosine,
we next evaluated AR expression on MC3T3-El cells. We
performed RT-PCR analysis of each subtype of AR using RNAs
isolated from the MC3T3-E| cells cultured with mineralization
medium. As shown in Figure 5A, expression

of AjxAR and A5pAR were increased during culture in
mineralization medium, and strong expression was observed in
the later stages of osteoblast differentiation. Real-time PCR
analysis confirmed the increase of AaAR and A,zgAR mRNA
expression (Fig. 5B,C). In contrast, A|AR and A;AR mRNA
were not detected throughout the culture by RT-PCR. To
confirm the functional expression of A;aAR and A;AR on
MC3T3-El cells, cells were stimulated with exogenous
adenosine in the presence or absence

of AaAR and AypAR antagonists (ZM241385 and MRS1754,
respectively), and cAMP, the second messenger of both
receptors, was measured. Significant increases of cAMP were
observed by adding 100 uM adenosine to cells that had been
cultured for 2 weeks in mineralization medium. This response
to adenosine was suppressed in a dose-dependent manner by
an AyaAR or AgAR antagonist (Fig. 5D). These results
demonstrated that differentiating osteoblasts express
functional A;aAR and AsAR and that their expression
increases with differentiation.

CD73-generated adenosine stimulates osteoblasts
via A,pAR signaling

Having demonstrated functional AAR and A;gAR on MC3T3-
El cells, we next utilized ZM241385 and MRS1754 to
determine if one or both of these receptors is involved in the
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