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1. ABSTRACT

G protein signaling is comprised of G protein
coupled receptors (GPCRs) that detect ligands or sense
cations, heterotrimeric G proteins, and downstream
effectors and regulators. G protein signaling plays
important roles in bone development, remodeling, and
disease. In human cases, mutations of certain GPCRs and G
proteins impair bone development and metabolism,
resulting in bone diseases. This review focuses on the
functions of G proteins and GPCRs in osteoblasts and
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osteoclasts, their signaling pathways, and their gene
mutations in mouse models and human diseases. We have
discussed the roles of all four types of G proteins (i.e. Gs,
Gq/11, Gi/o, and G12/13) and assessed the roles of the
GPCRs, such as type 1 Parathyroid hormone receptor
(PTHIR), calcitonin receptor, cation sensing receptor
(CaSR), relaxin family peptides, cannabinoid receptor,
frizzleds, and proton sensing receptor in normal bone
formation and remodeling. The roles of regulators of G
protein signaling (RGS) and GTPase-activating proteins
(GAP) in G-protein signaling pathways are also reviewed.
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Lastly, we give perspective for the research of G protein
signaling in bone development and disease.

2. INTRODUCTION

Bone  modeling/development and  bone
remodeling/turnover are the two most important
physiological processes that establish and maintain the
normal morphology of bone. Bone development occurs
during the fetal stage by two courses: intramembranous
ossification and endochondral ossification. The former
mainly occurs in formation of flat bones such as the skull,
while the latter takes place on long bones, such as the
limbs. Intramembranous ossification begins with the
condensation of mesenchymal cells and ossification occurs
by direct bone matrix deposition-forming plates (1).
Undifferentiated mesenchymal cells differentiate into
osteoprogenitor cells, which further differentiate into
mature osteoblasts (1). These osteoblasts then either
undergo apoptosis or are embedded in the matrix,
becoming osteocytes. Endochondral ossification also
begins with mesenchymal condensation, but relies on the
growth of a chondrocyte center/cartilaginous template (2).
Firstly, condensed mesenchymal cells differentiate into
colll chondrocytes at center and coll perichondrial
osteoblasts at periphery. Then, the colll chondrocyte center
differentiates and forms the cartilaginous template, with
colll proliferating chondrocytes at the two ends (named
epiphyseal plates), and colX proliferating chondrocytes at
the center (named primary ossification center).
Proliferating chondrocytes then supply cells to hypertrophic
chondrocytes, which grow towards the distal end of the
epiphyseal plate to lengthen the bone. Finally, hypertrophic
chondrocytes undergo apoptosis and are replaced by
osteoblasts. Neovascularization also takes place in primary
ossification center at this stage.

Bone remodeling occurs throughout the whole
life. The process is initiated by the recruitment of osteoclast
precursors to bone, where they mature into resorptive
osteoclasts (3). The differentiated osteoclasts generate a
resorption lacunae (‘pit’), which is then replaced by
osteoblasts that deposit new bone in the cavity (3).
Osteoclasts, the principal bone-resorbing cells, are
multinuclear giant cells developed from hematopoietic stem
cells and belonged to monocyte/macrophage family (4).
Mature osteoclasts polarize to form ruffled membrane
juxtaposed to bone, and secretes protons and specific
enzymes like CathepsinK to degrade the bone (5).
Osteoblasts, developed from mesenchymal stem cells, are
responsible for bone formation by synthesis and secretion
of most proteins of the bone extracellular matrix (6).
Imbalance between bone formation and bone resorption
leads to bone diseases such as osteoporosis and
osteopetrosis.

Heterotrimeric G proteins are molecular switches
of intracellular signaling, which is ‘on’ when binding to
GTP (guanosine triphosphate) and off when binding to
GDP (guanosine diphosphate). G proteins are ‘turned on’
by seven-time-transmembrane G-protein-coupled receptors
(GPCRs) in response to extracellular stimuli (7). It has been
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proven that Heterotrimeric G proteins act as mediators of
proliferation, differentiation and apoptosis in multiple cell
types. G protein signaling has also been reported to be
involved in cancer and embryonic development (7). It has
been found that certain mutations in G protein subunits and
GPCRs are responsible for human bone diseases,
highlighting the role of G protein signaling in bone
development. Mouse models with deficiency in G proteins
or GPCRs also reveal the role of G protein signaling in
bone development (Table. 1). GPCRs have been the
molecular targets for nearly half of the therapeutic drugs
that are prescribed worldwide (8). Accordingly, drugs
targeting GPCRs in bone, such as PTH/PTHrP (Parathyroid
hormone/parathyroid hormone related protein) and
calcitonin, have also been used widely in treating bone
diseases, like osteoporosis.

3. G PROTEINS IN BONE

G proteins are composed of three non-identical
subunits, Ga (33-35kDa), GB (~35kDa) and Gy (~15kDa)
(37). In humans, there are 21 Ga subunits encoded by 16
genes, 6 G subunits encoded by 5 genes, and 12 Gy
subunits (38). Ga subunits are typically divided into four
subgroups, Gas, Gai/o (including Gail, Goai2, Gai3,
GoaoA,B, Goz), Gaq (including Gog, Gall, Gal4, 16) and
Gal3 (including Gal2, Gal3) (39). The structures of the
Go subunit reveal a conserved protein fold composed of a
GTPase domain and a helical domain (38). The GTPase
domain contains three flexible loops that undergo
conformational changes when switching binding of GTP
and GDP (38).

G proteins switch between active and inactive
isoforms, binding to GTP or GDP. GDP bound Ga
complexed with Gfy is the inactive state. Agonist-activated
GPCRs act as GEF (guanine nucleotide exchange factor) to
catalyze the exchange of GDP for GTP on the Go subunit.
After binding with GTP, Ga dissociates from Gfy and
activates downstream effectors, including AC (adenylate
cyclase), PLC (phospholipase C), and RhoGEF (Rho
guanine-nucleotide exchange factors), to turn on different
signaling pathways (7, 40, 41). The signaling is turned off
by GTPase domain on Ga protein. This interference
catalyzes the hydrolysis of GTP to GDP and the
recombination of heterotrimeric G protein (7, 40, 41)
(Figure 1). Other proteins, such as RGS (regulator of G
protein signaling) (42), GRK (G protein coupled receptor
kinase) (43), arrestins (43), NHERF (Nat+/H+ exchange
regulatory factor) (44, 45) are involved in termination and
regulation of the signaling (refer to “regulation of G protein
signaling”) (Figure 1).

Specific  inhibitors or activators,
constitutive active mutant or dominant negative mutant
isoforms, and knockout or knockin mouse models provide
useful approaches to understanding the function and
mechanism of G protein signaling. For example, Pertussis
toxin specifically inhibiting Goi/o subunits (46) and cholera
toxin specifically activating Gas subunits (47), are applied
to study Gai/o and Gas signaling, respectively. Recently,
the RASSL system (receptors activated solely by synthetic
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Table 1. Mouse models with skeletal defects

Gene Model Phenotype Ref
Bone Bone Chondrocyte BMD Cortical Trabecular others
resorption formation | differentiation | change | thickness thickness
Gs/ Gas | Gst/- Nd Nd Nd nd Nd Nd Resistant to ()]
/GNAS PTH
Gsflox/rennin- Nd Nd l l Nd Nd Ectopic (10)
cre ossification
Gsflox/coll-cre | | | Nd nd 1 | (11)
Coll-Rs 1 1 Nd 1 Nd Nd (12)
Gsflox/Col2al- | Nd Nd 1 nd Nd Nd Short  stature, (13)
cre lethal
Gq/ Goq | Coll-Q209LGq | — l Nd l T i (14)
/GNAQ (constitutive
active)
Gi Coll-Rol l l Nd nd — | Reduced bone | (15)
mineralization
PTH/PTHrP PTH-/- | l — nd 1 i (16)
PTHrP-/- ! 1 1 nd 1 1 High (16)
mineralization
PTH-/-PTHrP- | | 1 1 nd 1 1 (16)
/- (17)
Knock in | | l Proliferation l 1 1 Increase (18)
PTHrP (1-84) (down) apoptosis
PTHIR DMPI- B B Nd B Nd Nd (19)
caPTHIR
CALCR/CTR CTR+/- — 1 Nd 1 — i (20)
CT/CGRP CT/CGRP-/- — — Nd — Nd Nd Over response (21-23)
to PTH
CGRP CGRP-/- — l Nd nd Nd Nd 24)
(25)
amylin Amylin-/- 1 — Nd | | | (26)
CaSR CaSR-/- 1 1 1 | Nd Nd Hypercalcemia, 27)
decreased
mineralization
GPRC6A GPRC6A-/- 1 l Nd l Nd Nd Impaired (28)
mineralization
CB2 CB2-/- T 1 Nd | — | (29)
Gpr55 GPR55-/- | 1 Nd T — 1 (30)
Rxfp2 Rxfp2-/- l l Nd l Nd Volume (up) | Induced (31,
mineralization 32)
RGS10 RGS10-/- 1 T Nd l Nd Nd (33,
34)
GPR30/GPER1 GPR30-/- Nd Nd Growth  plate | — — — (35,
closure 36)

This list summarizes mouse models deficient in G proteins, G protein coupled receptors, and G signaling regulators important in
bone development. 1, promotion; |, inhibition; —, not changed; nd, not detected

ligands) was developed to examine the function of a
specific G protein signal in vivo. RASSL is an engineered
receptor coupled to a certain G protein which responds
specifically to synthetic agonists (12, 15).

3.1. Gay/Gs/GNAS signaling

3.1.1. Human diseases

Ga/Gs/GNAS, encoded by a complex imprinted
gene, is one of the first G proteins to be identified and
expressed universally (48). Imprinted genes refer to a
group of genes that undergo epigenetic modification
(such as DNA methylation and histone acetylation) in
either paternal or maternal allele, in order to achieve
monoallelic expression. GNAS mutations lead to a
number of human diseases. MAS (McCune-Albright
syndrome) is caused by the spontaneous activation of a
GNAS mutant: the substitution of Arg201 with either
Cys or His (48-50). The classical triad of MAS includes
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polyostotic fibrous dysplasia (FD), skin hyperpigmentation
(cafe-au-lait spots), and endocrine dysfunction, frequently
seen in females as precocious puberty (50). Goy
activating mutations are also found in patients with non-
MAS FD (51), marked by unmineralized osteoids with
a nonlamellar structure, reduced mineral content in
mineralized bone  within FD lesions, and
hyperparathyroidism (52), which indicates the role of
Goas in bone mineralization. Conversely, Goas—
inactivating  mutations cause AHO (Albright
hereditary osteodystrophy), a disease characterized by
obesity, short stature, and subcutaneous ossifications
(53, 54). Gs-inactivating mutations are also related to
non-AHO  heterotropic  ossifications, such as
progressive osseous heteroplasia (POH), due to Cbfal
misexpression (55, 56). The relationship between
GNAS mutation and human disease strongly indicates
the anabolic role of GNAS in bone formation and
mineralization.
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apoptosis proliferation

Figure 1. G protein signaling in osteoblasts. A. G protein switches between GTP-binding active isoform, and GDP-binding
inactive isoform to control intracellular signaling pathways. G protein is a heterometric complex comprised of a, B, and y
subunits. G protein is activated by GPCR (G protein coupled receptor) in response to external stimuli, which acts as a guanine
exchange factor (GEF). Ga has internal GTPase activity, which can be enhanced by RGS (regulator of G protein signaling).
Internalization of GPCR is regulated by the beta-arrestin-GRK (G protein receptor kinase) system, is dependent on agonist
interaction and NHERF (Na/H exchange regulatory factor), and independent of agonist interaction. B. there are four groups of G
proteins transducing different signaling pathways in osteoblasts: Gai, Gas, Gaq, Ga12/13. G protein signaling controls the
differentiation,  proliferation, apoptosis, and function of osteoblasts. BSP, bone sialoprotein;, MCP-1,
monocytechemoattractonprotein-1; MKP-1, mitogen-activated kinase protein-1; AC, adenylate cyclase; PLC, phospholipase C;
PLD, phospholipase D; DAG, diacylglycerol; PDE, cyclic nucleotide phosphodiesterases; SRE, serum responsive element; ER,
endoplasmic reticulum

3.1.2. Mouse models parathyroid hormone). The development of the mice model

Patients with AHO display variable inheritance with AHO—mice with heterozygous Gs deficiency—
and tissue specific resistance to multiple hormones, explains this phenomenon (9). Firstly, the homozygote
including PTH (57). The resistance to PTH is termed genotype is embryonically lethal, suggesting that AHO
Pseudohypoparathyroidism (PHP, lack of response to patients should be heterozygous. Secondly, as opposed to
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maternal (m-/+) inheritance, paternal (+/p-) inheritance of
Gs nullifies the disease phenotype, demonstrating that
GNAS is mainly expressed from the maternal allele
Considering GNAS is an imprinted gene, it should be
imprinted in the paternal allele. Thirdly, PHP of maternal
(m-/+) inheritance exhibits a tissue specific manner,
indicating that GNAS should be imprinted in a tissue-
dependent manner.

Patients with AHO are also characterized by
short stature. This may be caused by impaired long bone
development, otherwise known as endochondral bone
development. Skeletal malformations of mice with human
rennin (hren) promoter-Cre driven Gs deficiency further
support the roles of Gs in endochondral bone development.
These mice are fertile and viable, but exhibit a shortened
skeleton, fused extremity of bone, and ectopic ossification
of subcutis and skin (10). As aforementioned, chondrocyte
differentiation is an important stage of endochondral bone

development.  Accordingly, chondrocyte-specific Gs
deficiency (Gsflox/Cal2al-Cre) in mice is lethal and results
in severe epiphyseal growth plate defects, shortening of the
proliferative  zone, and accelerated hypertrophic
differentiation (13).

To study the role of Gs in bone remodeling,
conditional knock-out and knock-in models in osteoblast
were developed. Mice with collagenla (colla) promoter-
Cre driven osteoblast-specific Gas deficiency (BGsKO),
developed by Sakamoto A. et al. (2005) (11), exhibit
reduced bone turnover, thickened cortical bone, and
narrowed bone marrow cavity. Based on the RASSL
system and using coll promoter, Edward C. Hsiao et al.
(2008) (12) expressed an engineered Gos-coupled receptor
(Rsl) in mice osteoblasts. Rsl, a constitutively active
GPCR specifically coupled to Gs, is generated by
introducing the D100A mutation into the human 5HT4b
receptor. Rsl expression results in significantly elevated
bone volume, cellularity, areal bone mineral density,
osteoblast gene markers, and serum bone turnover markers.
The BGsKO together with the Rsl mice model
demonstrates that Gs not only promotes osteoblast
differentiation, but that it is also essential to bone
resorption through osteoblasts.

3.1.3. Signaling pathway and molecular mechanism.

In osteoblasts and other cells, activated Gs
activate AC (adenylate cyclase), which then catalyzes the
production of cAMP (cyclic adenosine monophosphate)
from ATP (adenosine triphosphate). cAMP binds to the
regulatory subunit PKA (protein kinase A) and releases the
catalytic subunits, so as to activate PKA (Figure 1). PKA
phosphorylates nearby effectors, including Raf, to induce
MAPK signaling, and CREB (cAMP-response element

binding protein) to mediate transcription (41). In
osteoblasts PKA also activates cyclic nucleotide
phosphodiesterases (PDEs) to terminate cAMP-PKA

signaling, which catalyze cAMP hydrolysis to the inactive
form 5' AMP (58).

People diagnosed with AHO suffer from the
resistance  to  multiple-hormones, including PTH
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(parathyroid hormone) (54), demonstrating the role of Gs in
PTH signaling. In vivo and in vitro studies confirm that Gs-
cAMP is coupled to PTH/PTHrP signaling and accounts for
most physiological function of PTH (59). Gs is also
coupled to other bone-related hormones besides PTH, like
IGF-1 (insulin-like growth factor) (60), PGE-2
(Prostaglandin E2) (61), and calcitonin (62).

As mentioned above, Gs promotes bone formation
in vivo. Congruently, Gs promotes osteoblast differentiation
and proliferation in vitro. Transcription factors, including
CREB (63), Runx2 (Runt-related transcription factor2) (64), c-
fos (63) and CCAAT enhancer-binding protein delta (C/EBPJ)
(61), were shown to be induced by Gs-cAMP signaling in
osteoblast. CREB stimulates expression of clock genes, which
mediate the antiproliferative function by inhibiting G1 cyclin
expression, and activator protein 1 (AP1) genes, which
stimulate proliferation of osteoblasts (65). Runx2, a master
switch for inducing osteoblast differentiation, has been
reviewed (6), C/EBPS activate osteocalcin expression and
synergize with Runx2 to promote osteoblast-specific
expression (66). c-fos, an AP factor, is best known as a key
regulator in osteoclastogenesis, but it is also a cofactor of
Runx2 (67). Gs-cAMP signaling also induces transforming
growth factor-beta type III receptor (TGFBRIII) expression
(61) and pathogenic phosphaturic factor FGF-23 (fibroblast
growth factor-23) expression in FD (fibrous dysplasia) lesions
(68). TGFp is a critical cytokine promoting bone remodeling.
FGF-23 is a newly identified member of FGF family, and is
supposed to be involved in phosphate homeostasis (69).

Reduced bone marrow cavity in BGsKO mice
and enhanced bone remodeling in Rsl mice support that

Gs-cAMP  signaling in osteoblasts also promotes
osteoclastogenesis. IL-6 (interleukin-6), an
osteoclastogenesis cytokine, is expressed in fibrous

dysplasia lesions in the bone of MAS patients, as well as in
Gs activating mutant transfected MC3T3-E1 cells (70). It is
also proposed to be the major factor contributing to
osteoclast differentiation and function in MAS patients. In
addition, osteoclastogenesis cytokine RANKL (receptor
activator nuclear factor kappa B ligand) is upregulated (71),
and  osteoclastogenesis  inhibiting  factor = OPG
(osteoprotegerin) is downregulated in osteoblasts regulated
by hormones through cAMP-PKA activity (72).

Recent studies show that HSPC (Hematopoietic
stem and progenitor cells) renewal and engraftment of bone
marrow is also regulated by Gs (73-75). Gs-activating-
mutant HSPCs are diminished with age, shown by
detection of mutated CFU-Fs (colony-forming unit-
fibroblast) from FD lesions (73). HSPC derived from Gs
deficient mice demonstrates reduced homing to, and
enhanced mobilization from bone marrow (74, 75).
Understanding the mechanism may shed light on HSPC
transplantation.

3.2. G 411/Gogyq signaling

Gag/11 is responsible for PLC[Iphospholipase
ClJsignaling in osteoblasts. In the canonical pathway (41),
Gag/11 activates PLC, which then catalyzes the production
of IP3 (inositol 1,4,5-triphosphate) and DAG
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(diacylglycerol) from PIP2 (phosphatidylinositol 4,5-
bisphosphate). Afterwards, IP3 activates (Ca2+)i influx and
CaMKII (Ca2+/calmodulin-activated protein kinase II).
Accordingly, Gq is responsible for calcium mobilization in
osteoblasts, in most situation. For example, CGPR
(calcitonin gene-related peptide) (62) and Calcitrol (76)
induces IP3 formation and calcium mobilization in
osteoblasts which are insensitive to PTX, implying the
involvement of Gq.

The increased calcium concentration mediates
PKC (protein kinase C) activation. Then PKC
phosphorylates nearby effectors to induce downstream
signaling (41). (Figure 1) Gy released by Gi is also able
to activate PLCB-PKC signaling. However, Gfy-activated
PLCP and Gg-activated PLCP can be distinguished by Gi
specific inhibitor PTX (pertussis toxin) (77, 78), and Gq
inhibitor Galpha (q)- (305-359) minigene (79).

3.2.1. Gy; and osteoblast proliferation

PKC is able to activate mitogenic signaling,
promoting cell proliferation. Accordingly, in vitro assay
shows that Gg,,-PKC signaling preferentially promotes
osteoblast proliferation. Extracellular calcium ((Ca2+)e)
mainly promotes osteoclast proliferation through cation
sensing receptor, including calcium-sensing receptor
(CasR) and GPRC6A (G protein coupled receptor, family
C, group 6, member A). Examination of the kinetics of the
CasR-mediated increase in Ins (1,4,5)P3 and (Ca®")i
indicates the involvement of Gq signaling (80). Expression
of dominant negative Galpha (q)- (305-359) minigene
inhibits GPRC6A activation, indicating that GPRC6A is
coupled to Gq signaling (81). Another extracellular cation,
strontium, stimulates osteoblast proliferation, but is
dependent on Gg-mediated SRE (serum response element)
activation (82). PTH is coupled to Gs, Gq, and Gi (83). As
determined by (3H) thymidine and bromodeoxyuridine
incorporation and augmented osteogenic colonies, PTH
increases osteogenic proliferation through PKC-induced
MAPK signaling, showing that Gag;; may be involved in
the process (84). Other extracellular regulators of bone,
including LPA (lipoproteinA) and PGF2a (prostaglandin
F2a), are also coupled to Gq for mitogenic signaling to
promote osteoblast proliferation (85).

3.2.2. Gy/; and osteoblast differentiation

The regulation of osteoblast differentiation by
Gg11 is a controversial matter. The hormones coupled to
Gq, as mentioned above, more or less promote osteoblast
differentiation (80) (81). However, this may be attributed to
the increased number of preosteoblasts mitigated by Gq and
the osteogenic function of other G proteins. Other
observations contradict the anabolic role of Gq in
osteoblast differentiation. Transgenic mice transfected with
constitutively activated Go, in osteoblast exhibit severe
osteopenia, including reduced length of long bone, thinner
cortices, fewer trabeculae, reduced osteoblast number, and
lowered BMD (bone marrow densityl] (14). In vitro
cultured osteoblasts from the transgenic mice show
impaired differentiation, which is confirmed by ALP
(alkaline phosphatase) activity detection, alizarin red
staining, and marker gene assay. The impaired phenotype
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can be partially rescued by adding PKC inhibitor
bisindolymaleimide (GF109203X) (14). PMT (Pasteurella
multocida toxin), a mitogen and intracellular acting toxin,
stimulates growth signaling and inhibits osteoblast
differentiation, by targeting Rho and Gq. PMT targets Gq
for phosphorylation, which facilitates its activation by
GPCR and leads to activation of PLC and PKC (86, 87).
Verified by Gq (305-359) minigene, Gq is also involved in
mFZ1 inhibition of wnt3a/catenin pathway, thus causing
the inhibition of osteoblastogenesis (79).

3.3. Gi signaling: Gi and Gi bound Gpy

After activation, Gi and Gy (i) is split apart. Gai
antagonizes the function of Gs by inhibiting AC activity.
GPy (i) activates PLCP and induces signaling similar to Gq

(41). (Figure 1)

3.3.1. Gi and osteoblastogenesis, in vitro and in vivo

In many cases, Gi is a positive regulator in
osteoblast differentiation, proliferation, and survival. Gi
influences osteoblast differentiation which is induced by
CXCR4 (CXC chemokine receptor 4) (88), melatonin (89),
and CNP (C-type natriuretic peptide) (90). Also, Gi
stimulates osteoblast proliferation and survival, which is
induced by LPA (lysophophatidic acid) (91), 1,25
(OH)2D3 (77, 78), and epinephrine (92). GBy-PLCB-DAG-
PKC-raf-ras-MAPK (93) signaling and downstream ERK
(93, 94) activation has been implicated in Gi-regulated
osteoblastogenesis and proliferation. Additionally, caspase
cascade  induced by  GPy-PLCB-DAG-PKC-PI3K
(phosphatidylinositol ~ 3-kinase)-Akt  (serine/threonine
kinase) signaling has been denoted in Gi-regulated anti-
apoptosis (77, 78). Gi is also responsible for PTX-sensitive
calcium mobilization in osteoblasts through GBy-PLCp-
IP3-calcium influx (80).

Inconsistent with what is observed in vitro, in
vivo studies show that hyperactivition of Gai/o inhibits
osteoblastogenesis through inhibiting Gos-AC signaling. J.
Peng et. al. (2008) (15) expressed a Gi-coupled RASSL
receptor Rol in osteoblasts by mating Rol transgenic mice
with colla transgenic mice. Rol specifically activates Gi
and is activated by doxycycline. Expression of Rol from
conception results in neonatal lethality because of reduced
bone mineralization. Expression of Rol at late
embryogenesis results in a severe trabecular bone deficit.
The expression of Rol for 8 weeks after mice are 4-weeks
old results in reduction of trabecular bone volume, rates of
fraction, rates of bone formation, and rates of mineral
apposition. One may wonder why this discrepancy exists
between the in vitro assays and the in vivo experimentation.
It is possibly due to the stimulatory role played by Gpy
subunits and the inhibitory role played by Gi subunit. If
activated normally, the inhibition of Gi is antagonized by
Gs subunits. However, if Gi stands alone in an abnormal
state, the inhibitory role of Gi is much more significant
than the stimulatory role of GBy subunits.

3.3.22. Gi is coupled
biomolecular stimuli

Gi responds to a wide range of stimuli besides
hormones and cytokines, including cation concentration,

to receptor sensing non-
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ultrasound, mechanical loading, and mechanical stretch in
bone, for which most receptors have not been identified
(95). A group of Cation sensing receptors signal in
response to extracellular cations, including calcium (80,
81), strontium (81), Aluminin (96, 97), zinc (98) and
lanthanum (99). As mentioned in Gq signaling, calcium
sensing receptor GPRC6A and CasR in osteoblasts
transduce signaling both through Gs and Gq. Aluminin had
strong inhibitory actions on PTH-dependent cAMP
production by ROS cells, while PTX treatment prevents the
inhibitory effect of Aluminin (97). PTX completely blocks
the chemotactic response of osteoblasts to Zn, which is
released from bone-resorptive sites and plays an important
role in the recruitment of osteoblasts and bone renewal
(98). La3+ treatment enhanced osteoblast differentiation in
vitro, whose function is dependent on Gi and ERK
activation as evidenced by the inhibitory effect of the PTX
and ERK inhibitor U0126 (99). Ultrasound treatment,
especially Pulsed Signal Therapy, is administered to treat
arthritis and repetitive stress injuries, to relieve pain and
inflammation, and to speed healing. Ultrasound promotes
osteogenic transcription, including Cbfa/Runx2 and
osteocalcin expression through Gi signaling and ERK
activation (94). Mechanical loading of bone, including
interstitial fluid flow leads to bone remodeling and PGE2
(prostaglandin2) production. The latter is confirmed at least
partially by Gi regulation, in a pathway involved in PLA2
(100, 101). However, the frequency of stretch regulates the
release of nitric oxide in bone, while PTX reverses this
high frequency-inhibited release (102).

3.4. G12/13 signaling

In the canonical pathway, Goal2 and Gol3
activate Rho proteins through RhoGEF (Rho guanine-
nucleotide exchange factors) (Figure 1), which either
mediates gene expression through the MEKK-MEK-JNK
pathway or regulates cytoskeleton organization (41). To
date, there is little study of G12/13 in bone, and their
relationship to osteoclasts, osteoblasts, and bone is
unknown. It was reported that Ga12/13 is involved in PTH-
mediated PLD (phospholipase D)-regulating phospholipid
hydrolysis through RhoA activation, and is theorized to
play a role in cell shape changes and cell survival (103).
PLD generated Diacylglycerol (DAG) contributes to PKC
membrane translocation in response to PTH. In this study,
exoenzyme C3 (an inhibitor of Rho family small G
proteins), dominant-negative RhoA, and pcDNA-G12 and
pcDNA-G13 minigene vectors inhibit PTH-mediated PLD
activation (103). Constitutively active G12 and G13 and
dominant-negative RhoA promote TH-mediated PLD
activation (103).

3.5. G proteins in osteoclasts

Though the significance of heterotrimeric G
proteins has been indicated in many cell types, our
knowledge about their function in osteoclasts is rather
limited, unclear, and controversial.

Gs and Gi are both coupled to Calcitonin receptor
(CTR) in osteoclasts, but functions in different procedures.
Calcitonin (CT) inhibits osteoclastic bone resorption and
disrupts actin ring formation, but increases TRAP (tartrate-
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resistance acidic phosphatase) secretion (104-106). While
Gs activator (cholera toxin) or PKA activator (forskolin)
mimic all the three conditions (105, 106), Gi inhibitor PTX
inhibits bone resorption significantly but doesn’t influence
TRAP secretion or actin ring formation (105, 106). CT
induces down-regulation and de-sensitization of CTR in
osteoclasts, which is regulated by cAMP-PKA pathway but
not by the PKC activity (107).

Gi is also involved in avf3 integrin production,
and CCR1 (chemokine receptorl) and FSH (Follicle-
Stimulating Hormone) function in osteoclasts. ovp3
integrin is essential for activation of osteoclast function.
avB3  integrin  expression in  human leukemic
preosteoclastic cell line (FLG 29.1 cells) induced by
extracellular matrix protein fibronectin (FN) is sensitive to
PTX (108). CCR1 is a chemokine receptor gene that acts
downstream of NFAT2 and is induced by RANKL in
RAW264.7 or bone marrow cells. CCR1 promotes
osteoclast progenitor migration and osteoclastogenesis,
which is blocked by PTX (109). FSH has been long known
as primary stimulus for estrogen production, acting on
FSHR (FSH receptor) in ovarian. However, a recent study
shows that FSHR is also expressed in osteoclasts, and FSH
directly promotes osteoclast maturation and function (110).
Gi2a is coupled to FSHR to activate MEK/Erk, Nf-kB, and
Akt in osteoclast (110). This study provides explanation for
hypogonadal bone loss caused by high circulating FSH.

Gs-cAMP-PKA signaling may be involved in
mediating the activity of CatK (cathepsin K) in osteoclasts.
CatK is the major cysteine protease produced and secreted
by osteoclasts to degrade the extracellular matrix. The
cAMP antagonist, Rp-cAMP, and the protein kinase A
(PKA) inhibitors KT5720 and H89 (111) prevent
intracellular maturation of CatK.

4. G PROTEIN COUPLED RECEPTORS AND
LIGANDS IN BONE

Heterotrimeric G proteins are activated by a
group of seven-transmembrane receptors named G protein
coupled receptors (GPCRs). All GPCRs have seven
transmembrane-spanning ahelices, an extracellular N
terminus, an intracellular C terminus and three interhelical
loops on each side of the membrane (112). GPCRs can be
divided three groups, A, B, and C (113). Some GPCRs
have specificity for certain G proteins. For example, group
A GPCR preferentially activates Gs proteins, and SHT1B
serotonin receptor specifically activates Gi proteins (114).
The GPCRs present in bone discussed in this review have
been summarized in Table 2.

4.1. PTH/PTHrP and PTHI1R in bone

4.1.1. Physiological role of PTH/PTHrP in bone
Parathyroid hormone (PTH) is an 84-
amino-acid straight-chain calcitropic peptide known to be
released from the parathyroid glands in response to a
hypocalcemic stimulus (115). PTHrP (parathyroid hormone
related peptide) is a genetically-related peptide that shares
homology with PTH within the amino-terminal domain,
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Table 2. GPCRs (G protein coupled receptor) in bone

GPCR Ligands Location Heterotrimeric Role
G protein (s)
PTHIR PTH/PTHrP Osteoblast Gs, Gq, Gi, | Normal chondrocyte development in growth plate, calcium
G12/13 homeostasis (up), mineralization (down), bone resorption
(up), bone formation (up)
Calcium sensing receptor Cations osteoblast, Gq, Gi Normal chondrocyte development in growth plate, calcium
osteoclast homeostasis (down), mineralization (up), bone resorption
(up), bone formation (up)
Calcitonin receptor calcitonin Osteoclast Gs, Gq, Gi Protects from PTH-induced hypercalcemia and bone loss,
protect from ovariectomy-induced bone loss
Calcitonin gene-related peptide | CGRP Osteoblast Promotes bone formation, inhibits osteoclastogenesis (only in
receptor (calcitonin gene- vitro)
related peptide)
Cannabinoid receptor type 1 Cannabinoids osteoclast, Promotes osteoclastogenesis, inhibits osteoblastogenesis
including Central  neural through inhibiting B2AR ligand release from nerve terminals
AM251 system
Cannabinoid receptor type 2 Cannabinoids osteoclast, Inhibits osteoclast formation and function, protect from
including HU308 | osteoblast ovariectomy-induced bone loss
SNPs is associated with post-menopausal osteoporosis
GPRS5 Cannabinoids osteoclast, promotes osteoclast function
including O- | osteoblast
1602, LPI
Relaxin family peptidel Relaxin Osteoclast Tumorigenesis
Relaxin family peptide2 ILSR3  (insulin | Osteoblast Gs bone remodeling and mineralization
like factor 3)
OGR1/GPR68 Proton Osteoclast Gq, Gi Proton sensing; tumorigenesis
GPR30/GPERI1 estrogen osteoblast, Growth plate closure
osteoclast,
osteocyte,
Chondrocyte

which is the domain required for binding of PTH/PTHrP to
its corresponding receptor PTHIR (115, 116). PTHIR
(type 1 PTH/PTHrP receptor), is expressed in PTH/PTHrP
target cells such as osteoblasts and renal tubular cells.
These receptors belong to the Secretin family of B-type 7-
TM GPCR which consists of 15 members and an
extracellular domain for peptide hormone binding (113).
Calcitonin and calcitonin-like receptors and growth-
hormone-releasing hormone receptor (GHRHR) are also
members of the secretin family (113). It has long been
known that the recessive loss-of-function mutation of
PTHIR is associated with Blomstrand
osteochondrodysplasia (BOCD), a lethal form of short-
limbed dwarfism (117). And three PTH1R mutations were
reported recently as the cause of a human disease PFE
(primary failure of tooth eruption), which is associated with
several syndromes primarily affecting skeletal development
(118).

4.1.1.1. Calcium homeostasis

PTH/PTHrP is well known as a hormonal
regulator of calcium homeostasis. Both PTH and PTHrP
lead to an increase in serum calcium, mainly through
calcium resorption from the kidney and paracellular regions
(116, 119). PTH expression is downregulated with
increased serum calcium in the parathyroid, forming a
negative feedback loop. However, since PTHrP is
expressed universally, how it is regulated by serum calcium
is uncertain (discussed in the part of cation sensing
receptor). Enlargement of the parathyroid glands is also
observed in the PTH-ablated mice, a finding that is
consistent with fetal hypocalcemia. PTHrP—/— mice have
reduced capacity to maintain normal placental calcium
transport and therefore develop hypocalcemia (16). Knock-
in mice expressed with a phosphorylation deficient PTHIR,
which can not be internalized, have dramatically
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exaggerated cAMP and calcemic responses to PTH
administration (120). Though the serum calcium level is
normal, the PTH levels in the experimental mice are only
one third of the PTH levels in the control mice (120). All
these observations are consistent with the role of
PTH/PTHTrP in calcium homeostasis and the causal increase
in serum calcium.

4.1.1.2. Anabolic and catabolic regulator of bone
formation

PTH/PTHrP is also a hormonal regulator of bone
formation, expressing opposing effects. These effects are
anabolic and catabolic. On one hand, the binding of PTH to
osteoblasts results in upregulated expression of the receptor
activator nuclear factor kappa B ligand (RANKL), and
reduced expression of soluble decoy receptor of RANKL
called osteoprotegerin (OPG). This combined upregulation
and decreased expression enhances osteoclastic osteolysis
and mobilization of calcium from the skeleton (121, 122).
On the other hand, PTH (1-84), PTH (1-32) and PTHrP (1-
36) augment bone marrow density if administered
intermittently (123, 124). PTH is widely used as an
anabolic agent for osteoporosis (125), signifying the
anabolic role of PTH in bone development. Moreover,
PTH/PTHrP has been implicated in the commitment of

mesenchymal cells to osteoblasts (126-128),
osteoblastogenesis (129, 130), osteoblast proliferation,
osteoblast/osteocyte apoptosis (131, 132), and bone

mineralization (133).

Since PTH/PTHrP has both anabolic and
catabolic effects in bone development, the ultimate
influence relies on which effect is predominant. Various
mouse models have been generated, depicting the
significant  psychological role of the endogenous
PTH/PTHrP-PTHIR  system.  Firstly, PTH/PTHrP,
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especially PTHrP, is essential to chondrocyte
differentiation since endochondral ossification and body
size are influenced in PTHrP/PTH deficient mice. PTH-/-
mice exhibit shorter metatarsal bones, long bones, and
smaller vertebral bodies compared with control mice (16).
PTHrP-/- mice exhibit short-limbed dwarfism and a much
smaller whole skeleton, significantly shortened long bone.
They also display evidence of a reduced proliferating
chondrocyte zone compared to the hypotrophic zone, as
well as an increased chondrocyte apoptosis, even compared
to PTH-/- mice (16). PTH-/- and PTHrP-/- mice suffer from
more serious skeletal malformation (16). Knock-in mice
expressed with a mutant PTHIR, which only induces AC
signaling but not PKC signaling, display defects in ossification
of the tail, digital, and metatarsal bones due to delayed
chondrocyte hypertrophy, that is, impaired chondrocyte
differentiation, with increased proliferation (17). Secondly,
PTH and PTHrP deficiency impairs both bone formation and
bone resorption, while it increases mineralization. PTH-/-,
PTHrP-/-, and double knockout mice all have thickened
cortical bone due to decreased bone resorption They also have
a reduction in the number of osteoblasts and an increase in
osteoblast apoptosis (16). However, as observed in PTHrP-/-
mice, there is an excessive degree of mineralization as
delineated by staining with alizarin red S (133). Thirdly, PTH
signaling cooperates with Wnt signaling to enhance bone
remodeling. Expressing constitutively active PTHIR
(caPTH1R) in osteocytes, which is driven by osteocyte specific
promoter DMP1, leads to a remarkable and progressive
increase in bone mass in the appendicular and axial skeleton
and to an increase of both osteoclast and osteoblast perimeters,
compared to wild-type littermates (19). Further study shows
that the DMP1-caPTHIR osteocytes overexpress Sost and
Sclerostin, which are ligands for Wnt signaling that contribute
to increased bone mass, but not to bone resorption. Increased
bone resorption may be attributed to enhanced secretion of
osteoclastogenic cytokines by caPTHIR osteocytes. Lastly, the
mouse model shows that PTHrP is more than a secreted
hormone. It also contains a NLS (nuclear location sequence).
Knockin of PTHrP (1-84), which is a mutant capable of
inducing PTHIR signaling, but lacking its NLS domain,
results in skeletal growth retardation and premature
osteoporosis due to the evident repression of proliferation and
increase in  the apoptosis of chondrocytes and
osteocytes/osteoblasts (18). In conclusion, PTH and PTHrP are
essential to chondrocyte survival and proliferation,
osteoblastogenesis, and bone resorption.

4.1.2. Signaling pathway and molecular -effectors
regulated by PTH/PTHrP in osteoblasts

PTH/PTHrP couples to all four Ga subunits in
osteoblast/osteocyte: Gi/o, Gq/11, G12/13 (83, 134) and Gs
(83). In most cases, PTH activates the Gs subunit, leading
to the AC-cAMP-PKA signaling pathway (135), or it
activates Gq/11 subunits, leading to PLC-IP3/DAG-PKC

signaling pathway (136). PTH also induces DAG
production by PLD (phospholipase D)-regulating
phospholipid  hydrolysis, signaled through G12/13-

RhoGEF-RhoA activation (103, 134).

PTHIR in response to PTH/PTHrP stimulates a
wide range of molecules (Table 3). According to both in
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vitro and in vivo studies, the psychological roles of PTHIR
can be summarized as follows: (1) regulates mesenchymal
commitment, (2) promotes osteoblast differentiation, (3)
regulates osteoblast proliferation, (4) downregulates
osteoblast mineralization, (5) inhibits osteoblast apoptosis,
and (6) promotes osteoclast differentiation through
osteoblasts. (Figure 2) The identification of effectors in
PTH/PTHrP signaling provides molecular mechanisms to
explain its psychological functions.

Mesenchymal commitment to osteoblasts rather
than to adipocytes is promoted by PTHrP/PTH, through
different signaling pathways. PTHrP coupled with BMP-2
(bone morphogenic protein-2), enhances osteoblastogenesis
and inhibits adipogenesis dependent PKC activity (126).
Intermittent treatment, rather than continuous treatment,
with PTH also inhibits adipocyte differentiation and favors
osteoblast differentiation, and it is predominantly
dependent on PKA signaling (137). PTH/PTHrP promotes
osteoblast differentiation through activation of key
transcription factors of osteoblasts including ATF-4
(cAMP-dependent transcription factor) (138), Runx2 (129),
CREB (139) and AP-1 (140), and induces mature
osteoblast formation including indicators such as collagen [
(141), osteocalcin (142), osteonectin (143) and BSP (bone
sialoprotein) (144). Recently, EphrinB2 is also found to be
upregulated by PTH in  osteoblasts.  Usually
EphB4/EphrinB2 are found on two adjacent cells
(osteoblasts and osteoclasts) and transduce a two-way
signaling pathway. This new finding shows that
ephrinB2/EphB4 signaling within the osteoblast lineage has
a paracrine role in osteoblast differentiation (145, 146).
PTH/PTHrP promotes proliferation of early osteoblasts, but
inhibits proliferation of mature osteoblasts by regulating
the activity and expression of cyclin D1 (132, 147, 148) in
a mechanism that involves both CREB and AP-1 (149).
Cyclin D1 is a positive regulator of progression through the
G1 phase of the cell cycle. The expressions of Cyclin D1,
Cyclin D1 kinase, activator CDK (cyclin dependent kinase)
4 and 6, and CDK inhibitor p27, p21, and pl6 are all
regulated by PTH (132, 147, 148, 150). PTH/PTHrP
upregulates MGP (matrix gla protein) (151), a negative
regulator of mineralization, and down regulates osteonectin
(143), a positive regulator of mineralization. PTH inhibits
osteoblast/osteocyte apoptosis through activation of anti-
apoptosis proteins like Bcl-2, Bel-x1, and Bad, and through
the inhibition of proapoptosis Bcl-2 family members (131,
152). Crosstalk between PTH and Wnt signaling also
contributes to the inhibition of apoptosis (19, 153).

As mentioned carlier, PTH/PTHrP promotes
osteoclastogenesis and bone resorption through osteoblasts.
PTH up-regulates RANKL expression and inhibits OPG
expression in osteoblasts. PTH/PTHrP also promotes the
secretion of other osteoclastogenic cytokines, like IL6
(154-156) and MCP-1 (monocyte chemoattractant protein-
1) (157). IL6 is an inflammatory-related protein which
promotes osteoclast formation. MCP-1 is a chemoattractant
protein that recruits osteoclast precursors to bone resorption
sites to facilitate its maturation and fusion. /n vivo, growth
factors FGF-2 (fibroblast growth factor-2) (158, 159), IGF-
1 (160, 161), and TGF-B (162, 163) involved in bone
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Table 3. Molecules regulated by PTHrP/PTH-PTHIR signaling in bone

Classification Protein name Function Mechanism Refe
Growth factors, FGF-2 required for anabolic effect of PTH, essential for PTH-mediated Bcl- | Released from bone (158, 159)
Hormones 2/Bax, Runx2 and CREB activation in osteoblast and | matrix by activated
osteoclastogenesis, in vivo osteoclasts, or induces
IGF-1 Required for anabolic effect of PTH, confirmed in vivo (IGF-1 receptor | the  expression  of (160, 161)
null mice) and in vitro ligands or receptors, or
BMPs PTH plus BMPs induces bone development by MSCs (mesenchymal | crosstalk between | (164)
stem cells) signaling pathways
TGF-B Bone remodeling; regulates PTHrP expression through AP1 (162, 163)
Wnt Bone remodeling, anti-apoptotic targeting GSK-3B (19, 153,
(166), B-catenin®, | 165, 166)
LRPS5 ligands (19)
Transcription ATF4 Fundamental to anabolic effect of PTH, convinced by ATF-/- mice; (138)
factors osterix expression
Runx2/Cbfal Osteoblast specific transcription factor PKA-dependent (129)
activation, expression
upregulated by CREB
CREB cAMP response element binding proteins Gs-PKA signaling (139)
AP1 (fos, JunB) Gq-PKC signaling (140)
Targeted EphrinB2 Communication between osteoblast and osteoclast (146, 167)
molecules with osteocalcin Osteoblast indicator PKA-, PKC-dependent (142)
upregulated BSP carly marker of osteoblast CREB (144)
expression CDK1 Cell cycle, cyclin D1 kinase and activator (early osteoblastic cell) (132)
Cyclin D1 G1 Cell cycle (early osteoblastic cell) CREB-, AP-1 (132)
dependent
pl6, P21 Cell cycle (148) (147)
p27Kipl Cell cycle PKA-dependent (150)
MKP-1 ERK1/2 inactivation, cyclin DI downregulation, growth arrest of | PKA-, PKC-dependent (147, 168)
osteoblast
Bcl-2, Bel-xl Anti-apoptosis (131)
MGP a known inhibitor of mineralization (151)
Bad Anti-apoptosis PI3K-Akt-Bad (152)
phsosphorylation/activ
ation
IL-6 Osteoclastogenic cytokine interleukin-6 PKCB-, MAPK- (154-156)
dependent
RANKL promotes osteoclastogenesis (141, 169)
MCP-1 able to recruit osteoclast monocyte precursors and facilitate the | cAMP-dependent (157)
RANKL-induced osteoclastogenesis and fusion
Targeted osteonectin matricellular calcium-binding glycoprotein, major noncollagenous (143)
molecules with constituent of bone, positive factor in the mineralization process
downregulated | OPG Inhibits osteoclastogenesis (72, 141,
expression 169)
CDK4,6,1,2 Cell cycle, cyclin D1 kinase and activator (148) (150)
Cyclin D1 Gl Cell cycle. MAPK-, PKA- (147, 148)
JunB-dependent
Bax, PUMA Pro-apoptosis (131
p27Kipl Cell cycle (early osteoblastic cell) (132)

emodeling is released from the bone extracellular matrix by
osteoclast activation in response to PTH/PTHrP and act on
osteoblasts, in turn, so as to form a positive feedback loop.

4.2. Calcium sensing receptor (CaSR/CaR)

CaR (calcium sensing receptor/CaSR) has 1078
amino acids and belongs to C type GPCR. Although Ca2+
is the physiological ligand for the CaR, it can also sense
and respond to other divalent and polyvalent cations,
including ionized magnesium (Mg2+), beryllium (Be2+),
barium (Ba2+), strontium (Sr2+), lanthanum (La3+), and
gadolinium (Gd3+). The CaR is expressed in organs
controlling (Ca2+)e homeostasis, including thyroid C-cells,
kidney, osteoclasts, osteoblasts, osteocytes, chondrocytes,
etc. (170, 171).

CaR gene mutations are related with a number of
human diseases. Loss-of-function mutations of the CaR
cause familial hypocalciuric hypercalcemia (FHH, formerly
known as familial benign hypercalcemia) and neonatal
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revere hyperparathyroidism (NSHPT). FHH shows mild-to-
moderate hypercalcemia, while NSHPT displays life-
threatening hypercalcemia and under-mineralized skeleton
with subperiosteal bone resorption (172). Conversely, the
rare genetic hypocalcemic disorder autosomal dominant
hypocalcemia (ADH) is caused by activating the gain-of-
function mutation in CaR. Patients with ADH reveal low to
normal PTH levels and related hypercalciuria despite
hypocalcemia, while phenotypically, the skeleton is still
defined (173). These symptoms indicate CaR plays a role
opposing to PTH: increasing bone mineralization and
decreasing serum calcium.

In addition to hyperparathyroidism,
hypercalcemia, dwarfism, increased mineralized bone
formation, and increased bone resorption, CaR-/- mice also
display serious rickets, as evidenced by a widened zone of
hypertrophic  chondrocytes, impaired growth plate
calcification, disorderly deposition of minerals, excessive
osteoid accumulation, and prolonged mineralization lag
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Figure 2. Role of PTH/PTHrP in bone remodeling. PTH/PTHrP controls the commitment of MCS (mesenchymal stem cells).
PTH also controls differentiation, proliferation, apoptosis, and mineralization of osteoblasts/osteocytes. Additionally, PTH
promotes osteoclastogenesis through osteoblasts, which in turn influences osteoblastogenesis. Effectors written in a specific color
correspond to a specific aspect of PTH/PTHrP function and are marked by an arrow. CDK, cyclinD1 kinase; BSP, bone
sialoprotein; MKP1, Mitogen-Activated Protein Kinase Phosphatase 1; MGP, matrix Gla protein; MCP-1,
monocytechemoattractonprotein-1.

time in metaphyseal bone (27). CaR in the parathyroid be attenuated by overexpressing dominant negative CaR
gland inhibits PTH expression, which in turn regulates (179, 181). Unlike calcium, which has a maximal effect
bone remodeling. Thus, the direct role of CaR in bone can after a 5 minute exposure, strontium induces a delayed
not be fully illuminated by CaR deficient mice. Using the signaling in addition an immediate reflection, indicating an
osteocalcin promoter, Dvorak et al (174) created a involvement of autocrine growth factor release by
transgenic mouse with constitutively active CaR targeted to strontium (181). High extracellular calcium concentration
osteoblasts. RANKL was upregulated in osteoblasts (3 to 5 mM) and the CaSR agonist neomycin inhibits 1,25
cultured from mutant calvaria and femora, and (OH)2D3- or human parathyroid hormone (hPTH) (1-34)-
histomorphometry confirmed an increase in osteoclasts. It induced osteoclast-like cell (Ocl) formation from osteoclast
is supposed that locally activated CaR upregulates the precursor cells derived from spleen cells (182). Calcium
expression of PTHrP (175), which in turn promotes the induces mature osteoclast apoptosis, dependent on PLC
bone formation and RANKL expression in osteoclasts to activation and Nfkf nuclear translocation (183, 184). Like
enhance bone resorption. calcium, strontium is also shown to promote osteoclast
apoptosis through CaR, dependent on PKCB2 signaling and
In vitro assay indicates that activated calcium independent of IP3 action (185). However, MC3T3-El
sensing receptor promotes osteoblast proliferation (176, osteoblasts that lack CASR respond to millimolar
177) and regulates osteoclast resorption (178). Further concentrations of strontium (180), and CasR-/-
study shows that CaR is coupled to Gq and Gi signaling. osteoblasts continue to respond to extracellular cations
Calcium activated CaR stimulates IP3 production, calcium including aluminum and the CasR agonists gadolinium
influx, and ERK phosphorylation (179). CaR is also and calcium (186), indicating the existence of other
demonstrated as the receptor of strontium, which is an cation sensing receptors in osteoblasts.
anabolic agent to bone formation and used as a treatment of
osteoporosis (180). Strontium activates IP3, ERK, PKC, Both in vivo and in vitro assay indicate the
and PKD signaling, significantly increasing early osteoblast existence of other cation sensing receptors in bone
genes including c-fos and egr-1 (early growth response besides CaSR. GPRC6A, a receptor with conserved
factor-1), and promotes osteoblast proliferation, which can calcium and calcimimetic binding sites is identified in
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osteoblasts (81). GPRC6A is a cation (including calcium,
magnesium,  strontium, aluminum, gadolinium,),
calcimimetic, and osteocalcin sensing receptor, and is
widely expressed in mouse tissues, including bone,
calvaria, kidney, testes, and liver. GPRC6A is coupled
with Gi and Gq, and may also coupled to G12/13 as
indicated by the RhoA inhibitor C3 toxin which inhibits
activation of GPRC6A by extracellular cations (81).
GPRC6A (-/-) mice exhibits hepatic steatosis,
hyperglycemia, glucose intolerance, insulin resistance,
and a decrease in bone mineral density (BMD) in
association with impaired mineralization of bone (28).

4.3. Calcitonin

Calcitonin (CT) has been discovered as a
hypocalcemic hormone, opposing the function of PTH,
produced by thyroidal C cells. Due to its anti-resorptive
property, Salmon calcitonin has been available as a
therapeutic agent for more than 30 years, utilized clinically
for the treatment of metabolic bone diseases including
osteoporosis and Paget's disease, and potentially in the
treatment of osteoarthritis (187, 188). The receptor for
Calcitonin, CTR/CALCR (Calcitonin receptor/calcitonin
gene related peptide receptor) is a B type 7-TM receptor.
Another three proteins of the calcitonin family of secreted
polypeptides, calcitonin-gene-related peptide (CGRP),
mylin, and adrenomedullin, and their receptors are also
expressed in bone and may serve as potential agent targets
(189).

4.3.1. Calcitonin and the calcitonin receptor

Calcitonin receptor/calcitonin gene related
peptide receptor (CTR/CALCR), a peptide with 490-
amino acids (190). CTR has been found in several cell
types, including neurons of the central nervous system,
placental cells, lymphocytes, and bone. Two CTR
isoforms are expressed in mouse and rat osteoclasts,
predominantly Cla and C1b (191). CTR is not expressed
in bone marrow cells, but it is significantly induced by
RANKL (192). In contrast, there is no evidence showing
that CTR is expressed in osteoblasts. Human CTR SNP
is related to bone density (193-195). For example,
polymorphism C1377T is associated with BMD at the
femoral neck in postmenopausal women (195). CTR+/-
mice display high bone mass due to an increase in bone
formation and normal bone resorption (26), which is
rather perplexing, considering the anti-resorptive
function of CT and the absence of CTR in osteoblasts.
Calcitriol (1,25 (OH) (2)D (3))-induced hypercalcemia is
greater in CTR deficient mice than wild-type mice,
demonstrating that CTR plays a modest physiological
role in the regulation of calcium homeostasis (20).

Calcitonin/CT, the ligand of CTR, is a 32-
amino acid 3.4-kD protein produced from a 141-amino acid
15.5-kD precursor protein (196, 197). The precursor protein
is comprised of leader sequence, calcitonin sequence, and a
C-terminal peptide. In regulating osteoclastogenesis, CTR
has recently been shown to couple with multiple trimeric G
proteins and to activate several signaling proteins,
including protein kinase C, cAMP-dependent protein
kinase, and calcium/calmodulin-dependent protein kinase
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(198). However, calcitonin is not as efficient as
bisphosphonates as an anti-resorptive drug. Continuous
treatment of osteoclasts with calcitonin results in acquired
resistance, due to rapidly reduced calcitonin receptor
mRNA expression induced by CT signaling (199).
Recently, calcitonin was reported to induce expression of
inducible cAMP early repressor (ICER) in osteoclasts,
which is encoded by the CREM gene (cAMP response
element modulator gene). Compared to the control mice,
calcitonin-treated mice exhibit inhibition of
osteoclastogenesis of CREM-/- BMM to a more significant
extent and do not show reduced expression of the calcitonin
receptor (200). Thus, it can be supposed that CT-CTR-Gs-
cAMP-PKA-ICER signaling is involved in CTR down-
regulation as to form a negative feedback loop.

CT and CGRP are encoded by the same gene.
CT/CGRP knockout mice exhibit significant trabecular
bone volume and a 1.5- to 2-fold increase in bone
formation at the ages of 1 and 3-months (22). Additionally,
these mice maintain bone mass following ovariectomy, and
their bone resorption is unaffected (22). However, bone
resorption of CT/CGRP-/- mice increases with age,
confirmed by dynamic histomorphometry and increasing
urinary collagen degradation products (21). Moreover,
compared with the control, CT/CGRP-/- mice also exhibit
greater hypercalcemia, more bone mineral content loss, and
longer recovery time when treated with PTH, while
application of CT prevents these conditions (22, 23). Thus
it can be implicated that CT induces and exerts its bone
resorption function only in stressful conditions, like
excessive bone loss and hypercalcemia,.

4.3.2. Other calcitonin family peptides and their
receptors

Calcitonin receptor-like receptor (CRLR), which
is 55% similar to CTR, also belongs to the type B G protein
coupled receptor. RAMPI1, 2, and 3, are single-
transmembrane-domain proteins, which form complexes
with CRLR or CTR to modulate their receptor specificity
and function. CGRP1 consisting of RAMP1 and CRLR,
serves as a receptor for CGRP (187, 188). AM1 and AM2,
consisting of RAMP2 or 3 and CRLR, serves as receptor
for adrenomedullin (187, 188). RAMP1-3 and CRLR are
also expressed in BMM cells and osteoclasts, and CRLR
and RAMPI expression is upregulated by RANKL (192),
indicating a potential role of CGRP in osteoclasts. Though
CTR is expressed in osteoclasts, but not osteoblasts,
receptors for CGRP and adrenomedullin are also expressed
in osteoblasts (201).

CGRP (calcitonin gene-related peptide), CGRP-
a, and CGRP- are vasoactive neuropeptides encoded by
the same gene as calcitonin. Unlike calcitonin, CGRP is
also expressed in the brain, such as in neurons and many
other tissues (202). In contrast to CT/CGRP-/- mice,
CGRP-a deficient mice with normal calcitonin expression
show osteopenia due to impeded bone formation. This
expression indicates that CGRP-a is a physiologic activator
of bone formation. Osteoclastogenesis and bone resorption
is not altered in CT/CGRP-a-/- mice (24). CGRP-a~/- mice
do not exhibit obvious bone resorption inhibition, and are
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resistant to polyethylene particle-induced osteolysis
compared with wild-type mice (25). In vitro assay
demonstrates that CGRP  promotes  osteoblast
differentiation, as well as inhibits osteoclast
differentiation directly, by inhibiting RANKL induced
NFkB activation (203). Gg/11 and Gs signaling may be
involved in the process (62). Since Calcitonin-gene-
related peptide (CGRP) is a neuropeptide richly
distributed in sensory neurons innervating the skeleton,
understanding the role of CGRP sheds light on the
regulatory role of the neural system on bone
development.

Adrenomedullin is mitogenic to osteoblastic
cells in vitro and promotes bone growth in vivo (201,
204). Amylin and adrenomedullin target not only CTLR
but also tyrosine kinase receptor for IGF1 (insulin-like
growth factorl) (205). However, the exact mechanism is
unclear. Amylin-/- mice (26) exhibit osteopenia due to
increasing bone resorption, implicated by increasing
osteoclast surface as demonstrated by trap staining.
However, bone formation is not influenced. In vitro
culture of BMM in the presence of amylin also
demonstrates that amylin inhibits osteoclastogenesis,
which depends on ERK activation

4.4. Cannabinoid receptor

Cannabinoid receptor is a G-protein-coupled
receptor for a collection of lipid compounds named
cannabinoids, such as endocannabinoids anandamide, or
2-AG, and synthesized cannabinoid cannabis (206). The
cannabinoid receptor-endocannabinoid system 1is an
emerging target of pharmacotherapy (207, 208). There
are four members of cannabinoid receptors, CBI1
(cannabinoid receptor type 1, mainly expressed in the
central nervous system), CB2 (cannabinoid receptor type
2), GPRS55 (G protein coupled receptor 55), and GPR119
(G protein coupled receptor 119), which has been cloned
recently (209). CB1, CB2, and GPR55 have been reported to
regulate bone development. CB1 and CB2 are coupled
primarily to Gi/o, and CB1 is also coupled to Gg/11 in cultured
hippocampal neurons (208). However, the signaling in bone
cells induced by cannabinoid is unclear.

Cannabinoid receptor type 1/CB1, the first
cloned cannabinoid receptor, is mainly expressed in the
central nervous system, and also expressed in osteoclasts,
but not in osteoblasts (208). The most significant role of
CBI1 is in coordinating brain-skeleton communication:
CB1 controls osteoblast function through negatively
regulating noradrenaline, a ligand of osteoblastic B2AR,
which is released from sympathetic nerve terminals in
the immediate vicinity of these cells (208). CB1 also
regulates osteoclastogenesis directly. CB1 deficient mice
have increased bone mass and are protected from
ovariectomy-induced bone loss (210). An antagonist to
the CB1 receptor, synthetic cannabinoid AM251 inhibits
osteoclast formation and bone resorption in vitro, and
protects from ovariectomy-induced bone loss in vivo.
Conversely, endogenous cannabinoid agonist
anandamide and synthetic agonist CP55940 enhance
osteoclast formation in vitro (210).
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Cannabinoid receptor type 2/CB2, a 360-amino
acid 7-transmembrane-spanning protein, shares 44%
similarity with CB1 (211) and is expressed in the immune
system (211), atherosclerosis plaques (29), osteoblasts,
osteocytes, and osteoclasts (212). CB2 is implicated as a
potential pharmacological target for pain (213),
osteoporosis (29), and atherosclerosis (212). SNPs of
Human CB2 gene located on chromosome 1p36 is
associated with postmenopausal osteoporosis, according to
a systematic genetic association study in 388 French
women with post-menopausal osteoporosis and matched
female controls (214). CB2 deficient mice exhibit
osteoporosis characterized by markedly accelerated age-
related trabecular bone loss and cortical expansion, but
unchanged cortical thickness (29). CB2 deficient mice
also have increased trabecular osteoblast activity and
increased osteoclast number (29). CB2-specific agonist
HU308 attenuates ovariectomy-induced bone loss, and
enhances endocortical osteoblast number and activity.
HU308 also inhibits trabecular osteoclastogenesis by
inhibiting proliferation of osteoclast precursors and
RANKL expression in osteoblasts/stromal cells (29). The
phenotype of CB2 deficient mice and the function of
CB2 agonist, suggest a negative role of CB2 in
osteoclastogenesis. Thus, it can be presumed that the
CB2 antagonist, which inhibits the function of CB2, may
have a positive role in osteoclastogenesis. However,
CB2-specific antagonists SR144528 and AM630 inhibit
osteoclast formation and resorption in vitro and prevent
mice from ovariectomy-induced bone loss in vivo (210).

GPRS55, a receptor activated by O-1602 and L-a-
lysophosphatidylinositol (LPI) and inhibited by CBD
(cannabidiol), is expressed in both osteoclasts and osteoblasts.
The bone phenotype of GPR55-/- mice differs between sexes
(30). 12-week-old male GPR55-/- mice have significantly
increased bone volume in the tibia and femur and increased
trabecular number due to plump but inactive osteoclasts,
though bone formation is not influenced. However, 12-week-
old female GPR55--~ mice show considerably reduced
osteoclast numbers without change in trabecular bone volume.
CBD application inhibits bone resorption in vivo. It is
hypothesized that GPRS55 inhibits osteoclast formation but
promotes osteoclast function since the formation of osteoclasts
is increased by CBD treatment or in GPR55-/- osteoclasts. LPI
and O-1602 induce polarization and bone resorption in
osteoclasts through a pathway involving Rho activation and
ERK phosphorylation (30). Since GPR5S5 has been reported to
couple to G12/13 in other cells (207), it is likely that GPR5S5
regulates Rho activity through G12/13 signaling in osteoclasts.

4.5. RXFP/relaxin family peptide

RXFP (relaxin family peptide), is a G-protein-
coupled receptor for relaxin, an insulin-like hormone, with
multiple  functions including extracellular — matrix
remodeling, collagen degradation, and up-regulation of
matrix metalloproteinases (215). It has been proven that
Relaxin induces osteoclastogenesis by targeting RXFP-1.
RXFP-1 is expressed in osteoclasts and is induced by
RANKL (216, 217). Silencing RXFP-1 results in impeding
osteoclastogenesis (216). Relaxin also promotes clustering,
migration, and activation states of mononuclear myelocytic
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cells (218). Since Relaxin has been implicated as an
autocrine/paracrine factor for tumor biology and osteoclasts
are the major mediators of osteolysis during tumor skeletal
metastases, relaxin is a candidate contributor to tumor
skeletal metastases (219).

INSL3 (Insulin-like factor) is produced primarily
by testicular leydig cells and specifically targets G-protein-
coupled receptor RXFP2. Osteoblast stimulation with
INSL3 shows a dose-dependent cell proliferation and
cAMP accumulation. Young men with RXFP T222P
mutation have significantly reduced BMD, and Rx{p2-/-
mice show a decrease in bone mass, mineralizing surface,
bone formation, and osteoclast surface, suggesting the role
of INSL3/RXFR2 signaling in bone remodeling and
mineralization (31, 32). Since RXFR2 is not expressed in
osteoclasts (216), osteoclastogenesis may be indirectly
impacted by RXFR2 through osteoblasts.

Both RXFP1 and RXFP2 modulate cAMP
accumulation. Initially, both RXFP1 and RXFP2 couple to
Gas and an inhibitory Gai/o pathway. RXFP1, but not
RXFP2, is then able to recruit Gai3 and release G-Py
subunits; thereby, activating a delayed PI3K-PKC({
pathway to further increase cAMP accumulation (220).
However, the signaling pathway by RXFP-1/2 in bone is
unclear.

4.6. non-canonical Wnt-G protein signaling in bone

Wnats are a family of 19 secretory proteins that
mediate important processes including cell proliferation,
fate specification, polarity, and migration. In the Wnt/p-
catenin canonical pathway, Wnt targets a receptor complex,
comprised of a seven-transmembrane Frizzled (FZD) and a
low density lipoprotein receptor related protein 5 or 6
(LPRS5,6) (221, 222). The Wnt canonical signaling pathway
plays a substantial role in controlling bone development
and regulating osteoblast apoptosis (223, 224).

Wnt has also been proven to couple to G protein
signaling in some cells. For example, Wnt signaling
through PKA mediated CREB activation controls
myogenesis (225), and Wnt-5A and Rfz-2 is sufficient to
activate two known Ca'-sensitive enzymes: CaMKII
(Ca'/calmodulin-dependent protein kinase II) and PKC
(226). Xiaolin Tu et al. (2007) demonstrates that Wnt3a
signals through G ;-PKCS signaling to promote bone
formation, which is independent of [-catenin and the
canonical pathway. PKC3 knockout results in less bone in
the early embryonic skeleton, delayed chondrocyte
maturation in long bones, and delayed osx expression in the
carly osteoblast lineage (227). However, the function of
noncanonical Wnt signaling coupled to G protein in bone
has yet to be explored.

4.7. Proton sensing OGR1/ovarian cancer G-protein
coupled receptor (GPR68)

Proton sensing OGR1/ovarian cancer G-protein
coupled receptor (GPR68) belongs to a small subfamily of
G-protein-coupled receptors that transduce signals in
response to pH changes. The subfamily is comprised of
four members: OGR1/GPR68, GPR4, G2A, and TDAGS
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(228, 229). Proton sensing is important for bone since the
skeleton participates in pH homeostasis as a buffering
organ; osteoblasts respond to pH changes in the
physiological range. However, the mechanism remains
unclear. GPR68 is expressed in both osteoclasts (230)
and osteoblasts (228). In other cells, OGR1 has been
proven to selectively bind both protons and bioactive
lipids and act through Gi and Gq proteins. The
expression of OGR1 in osteoclasts is induced by CSF-1
or RANKL after osteoclasts have been cultured for two
days, and it peaks when they are cultured for four days.
Anti-OGR1 antibody and siRNA targeting of OGR1 both
block osteoclastogenesis (231). However, OGRI
deficient mice do not show any gross abnormalities of
skeleton, with normal osteoclast/osteoblast numbers,
trabecular thickness, and bone marrow cavity (230). The
OGR1-/- mice exhibit reduced tumorigenesis but are
otherwise normal and viable. It may be explained that
other OGR1 subfamily genes play similar and redundant
roles in vivo. Double knockout may confirm whether
there is a redundant function in the OGR1 subfamily.
However, it can still be expected that OGR1 may exert
its osteoclastogenesis promoting function in certain
pathological conditions if the survival and calcium
signaling of osteoclasts are significantly enhanced by
acidification of the medium in an OGRI1-depedent
manner

4.8. G protein-coupled receptor 30/G protein-coupled
estrogen receptor: GPCR for estrogen

Estrogen affects multiple aspects of human
physiology, including the normal growth and development
of female reproductive tissues, bone integrity, and
cardiovascular and central nervous system functions.
Estrogens promote bone mass and close the bone growth
plate in both genders (232). The best characterized
signaling mechanism of estrogen function involves two
nuclear receptors, estrogen receptor o (ERa) and estrogen
receptor B (ERB). ERa is the major ER in bone and plays
roles in both functions of estrogen (117, 233). Only very
recently was it found that estrogen signals through GPCR
in bone (234).

GPR30/GPERI1 (G protein-coupled receptor 30/G
protein-coupled estrogen receptor) was identified as a
receptor for estrogen in 2005 (235, 236) and was reported
to couple to Gs and Gi signaling (237). GPR30 estrogen
receptor is expressed in the growth plate and declines as
puberty progresses (234). Heino et al. (2008) found that
GPR30 is also expressed in osteoblasts, osteocytes, and
osteoclasts (231). Further study shows that GPR30
regulates growth plate closure and longitudinal bone
growth, but not bone density. GPR30 deficient mice display
reduced growth correlated with a proportional decrease in
skeletal development (35). Compared with ovariectomized
(OVX) wild-type mice, OVX GPR30-/- mice have similar
changes in bone mass (body BMD, spine BMD, trabecular
BMD and cortical bone thickness) in response to estrogen
(36). However, estrogen treatment reduced longitudinal
bone growth, reflected by decreased femur length and distal
femur growth plate height, in the WT mice, but not in the
GPR30-/- mice (36).
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5. REGULATING G PROTEIN SIGNALING IN
BONE

5.1. RGS/regulator of G protein signaling

RGSs (regulator of G protein signaling) are
multifunctional, GTPase-activating proteins (GAP) that
inactivate G-protein signaling pathways by increasing the
intrinsic GTPase activity of the G-protein o subunits through
stabilization of the transition-state conformation of GTPase
domain in Ga (7, 38, 238). RGS proteins are capable of
accelerating GTPase activity up to 1000-fold, so as to speed up
the deactivation of a system once stimulation has ceased (239,
240). Additionally, RGS proteins also act as -effector
antagonists that prevent G proteins from binding to their
effectors by physically blocking this interaction, and by
altering the number of free Py subunits available to interact
with their effectors through enhancing the affinity of Ga
subunits for By subunits (238). RGS proteins are themselves
highly regulated, undergoing post-translational modifications,
including phosphorylation, palmitoylation, and sumoylation,
which modulates GAP activity (240). The RGS protein family
contains at least 25 members in mammals, all of which share a
characteristic RGS-homology domain of about 130 amino-acid
residues (239). Based on their protein structure homology,
RGS protein members are divided into eight subfamilies,
A/RZ, B/R4, C/R7,. D/R12, E/RA, F/GEF, G/GRK, H/SNX,
RGS22, and D-AKAP2 (240). The role of RGS2, RGSIS,
RGS12, and RGS10 in regulating the signaling pathway in
osteoclasts or osteoblasts has been studied.

RGS2, a member of the B/R4 subfamily, is a 211-
amino-acid protein with a RGS domain and a conserved N-
terminal for membrane association (240). RGS2 specifically
targets Gq to block PLCP activation, but lacks GAP activity
for Gi. RGS2 also suppresses certain isoforms of adenylyl
cyclase activation (I, V, and VI, but not I and II), but the
mechanism is unclear (241). RGS2 mRNA expression is
induced by PTH in osteoblasts both in vivo and in vitro (242,
243), especially by pulsatile PTH administration (244).
Further investigation shows that RGS2 mRNA is the cross-talk
regulator between Gs and Gq signaling in osteoblasts. Most
studies supports that RGS2 is upregulated by Gs signaling and
inhibits Gq signaling (242, 245-247). There is a study
suggesting that RGS2 is also upregulated by Gq signaling and
inhibits Gs signaling (247). However, other studies counter this
argument. RGS2 is not activated by Gq signaling activators
PMA, PTH (3-34) and PTH (7-34), or inhibited by the Gq
signaling inhibitor bisindolylmaleimide I (243, 245, 246). Also
overexpression of RGS2 significantly inhibits PKC induced
IL-6 expression by fluprostenol treatment, but not cAMP-
induced IL-6 expression by PTH treatment (242).

RGS18, a 234-amino-acid protein (248) that
also belongs to the B/R4 subfamily, is isolated from
hematopoietic stem cells and is highly expressed in bone
marrow fetal liver, spleen, and lung (249). In bone marrow,
RGS18 levels are highest in long-term and short-term
hematopoietic stem cells, and they are decreased as the
cells differentiate into more committed multiple
progenitors. RGS18 is expressed both in RAW264.7 and
BMM, and it is downregulated by RANKL. Though
purified RGS18 specifically interacts with both Gq and Gi
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(249), it acts only on Gq signaling in vivo. Transient
overexpression of RGS18 attenuated IP3 wvia the
angiotensin receptor, and it attenuated transcriptional
activation through the cAMP-responsive element via the
M1 muscarinic receptor in hematopoietic stem cells (249).
In addition, RGS18 inhibits osteoclastogenesis through the
OGRI1/NFAT signaling pathway by controlling Gq but not
Gi (250).

RGS12 (251) and RGS10A (33, 34) are involved
in RANKL-evoked PLCy—calcium channels— (Ca2+)i
oscillation-NFAT2 pathway for terminal differentiation of
osteoclasts in vivo. RGS12 is induced by RANKL and
interacts with N-type calcium channels in BMM or
RAW264.7 (251). RGS12 silencing results in impaired
phosphorylation of PLCy activation and blocks calcium
oscillations (251). RGS10-/- mice exhibit severe
osteoporosis (34). RGS10 deficiency or RGS10A silencing
results in the absence of calcium oscillations and the loss of
NFATc1, while ectopic expression of RGS10 leads to
PLCy activation. (33, 34) These studies propose the
crosstalk between RANKL signaling and G protein
signaling

5.2. GRK-beta-arrestin system

GRK-beta-arrestin desensitizes the signaling by
regulating activity of the 7-TM receptor. Activated by G
protein  signaling, GRK specifically binds and
phosphorylates agonist-occupied or activated conformation
of the receptor to facilitate its internalization by beta-
arrestin (239), There are seven GRK members (GRK1-7)
and four beta-arrestin members (beta-arrestin 1-4), which
show different preferences for different receptors.

Two GRK members are expressed in osteoblasts:
GRK2 and GRK3. However, the expression of GRK2 is
predominantly higher than GRK3, and the expression of
GRK2 is increased with the maturation of osteoblasts
(252). GRK2 (252-257) regulates PTH desensitization and
the internalization of PTHIR. GRK2 inhibits cAMP
generation induced by PTH (256), while GRK inhibitor
transfected mice exhibit increased BMD in trabecular-rich
lumbar spine, cCAMP activity, and GPCR signaling activity
(255, 257).

Beta-arrestin2 appears to have more important
roles in bone development, though both beta-arrestinl and
beta-arrestin2 are found in osteoblasts. Beta-arrestin2 (252,
253, 258) negatively regulates PTH-PTHI1R signaling as
GRK2. Expression of internalization-impaired PTH/PTHrP
receptor mutant dramatically exaggerates the cAMP and
calcemic response (120). Similarly, beta-arrestin2 knockout
osteoblasts exhibit increased and sustained intracellular
cAMP in response to PTH and lowered RANKL
expression. The anabolic response of PTH in cortical and
trabecular bone is more pronounced in beta-arrestin
knockout mice compared to wide-type mice (258). Beta-
arrestin2 also triggers G protein signaling to MAPK
signaling in response to PTH (259).

5.3. NHERF
NHERF (Na/H exchange regulatory factor) is a
cytoplasmic adapter protein with a PDZ domain that
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regulates trafficking and signaling of several G protein-
coupled receptors (GPCRs) including PTHIR. Both
NEHRF1 and NEHRF2 are expressed in osteoblasts and are
able to bind PTHIR through a PDZ-domain interaction in
vitro and in PTH target cells (44, 45). While NHERF2 acts
as a switch between Gq signaling and Gs signaling,
NHEREFT1 is involved in internalization and desensitization
of the PTH receptor. NHERF2 simultaneously binds
PLCB1 and PTHIR through PDZ1 and PDZ2, activating
PLCP and inhibiting AC through stimulation of Gi/o (45).
Ligand-binding, activation-independent PTHIR
internalization is regulated by NHERF1. However, ligand-
induced endocytosis is blocked by NHERF1 (260, 261).
The binding of NHERF1 with PTHI11R inhibits beta-
arrestin2  binding to PTHIR and thus inhibits
desensitization (44).

6. DRUG DEVELOPMENT BASED ON GPCRS

G-protein-coupled receptors may be the most
popular target in pharmacology. The GPCR superfamily
represents one of the largest and most diverse groups of
proteins encoded in the genome, and regulates critical
cellular processes in almost all cell types. Furthermore,
GPCRs are expressed on the membrane and drugs do not
need to filter into cells. In 2000, nearly half of all
pharmaceuticals in American markets targeted GPCRs (8).

Osteoporosis is a skeletal disorder characterized
by low bone mass and microarchitectural deterioration of
bone, leading to increased susceptibility to bone fractures.
With increasing age, or with reduction of estrogen levels
postmenopause, bone loss exceeds the bone remodeling, so
as to increase the risk of osteoporosis (262-264).
Pharmacological treatment of osteoporosis mainly falls into
four classes of drugs: calcitonins, bone calcium regulators,
parathyroid hormones (PTHs), and selective estrogen-
receptor modulators (SERMs) (262). Of the four classes of
drugs, two target G protein-coupled receptors in bone:
calcitonins and PTH (262)(Table 4).

Calcitonin is an anti-resorptive peptide hormone.
The clinically used calcitonin is either genetically
engineered from human calcitonin or derived from salmon
(265). The major problem with this kind of drug is its
inefficiency due to the downregulation of CTR induced by
CT (200). Anti-fracture efficacy has been shown at only a
single dose and only in vertebrae, and the BMD increase is
modest. Similarly, calcitonin by injection has also been
effective in Paget’s disease and in hypercalcemia of
malignancy, but with problems with efficiency (262, 265).

Full length PTH (1-84) and teriparatide (PTH (1-
34)) are now clinically used drugs. Teriparatide[Japproved
since 2002, induces robust increases in BMD and
substantial reductions in vertebral and non-vertebral
fractures when injected once daily in clinical trials over a
21-month period (266). The incidence of hypercalcemia or
hypercalciuria is considered to be low (262). However, the
catabolic role of PTHs still cannot be overlooked. PTH
must be administered intermittently, via subcutaneously
daily injections, and limited to 24 months. Then another
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therapy is required to maintain the bone density gained
with PTHs. Anti-resorptive agents, like calcitonin,
bisphosphonates, and strontium may be used (266, 267).
Another drawback of PTH is that it can not be used in
patients with hypercalcemia, hyperthyroidism, or Paget’s
disease (268).

Strontium-containing compounds (strontium-
ranelate) are useful for osteoporosis (262). Unlike
calcitonin, which inhibits bone resorption and turnover, and
PTH, which promotes bone formation and bone resorption,
strontium enhances bone formation as well as inhibits bone
resorption (262). Strontium application decreases the risk
of morphometric vertebral fractures and reduces the risk of
nonvertebral fractures in postmenopausal osteoporosis
(269, 270). However, in clinical trials, strontium ranelate
caused a higher incidence of diarrhea and is also associated
with an increase risk of thromboembolic events (269, 270).

A potential target for osteoporosis may be CB2
(208). Like Strontium, CB2 promotes bone formation while
inhibiting bone resorption (29). The selective CB2 agonist
HU-308, but not CBI, attenuates ovariectomy-induced
bone loss and markedly stimulates cortical thickness
through the suppression of osteoclast number and
stimulation of endocortical bone formation (208).
Furthermore, HU-308 dose dependently increases the
number and activity of endocortical osteoblasts and
restrained trabecular osteoclastogenesis by inhibiting
proliferation of osteoclast precursors (208).

7. SUMMARY AND PERSPECTIVES

The relationship between G protein and GPCR
mutations with human bone diseases reveals the importance
of G protein signaling in bone development and bone
remodeling. Gs mutations are the cause of MAS (McCune-
Albright syndrome) (50), non-MAS FD (fibrous dysplasia)
(51), AHO (Albright hereditary osteodystrophy) (53, 54),
and non-AHO ectopic ossification (55, 56). PTHIR
mutations are the cause of BOCD (Blomstrand
osteochondrodysplasia) (117) and PFE (primary failure of
tooth eruption) (118). CaSR mutations are the cause of
FHH (familial hypocalciuric hypercalcemia), NSHPT
(neonatal  severe hyperparathyroidism) and ADH
(autosomal dominant hypocalcemia) (172, 173). In
addition, SNP of several G protein coupled receptors,
including CB2 (214), RXFP (32) and calcitonin receptor
(193-195), are associated with reduced bone density in
human beings.

The function of each of the four subgroups of G
proteins has been studied in osteoblasts. Gs promotes
osteoblast proliferation and differentiation and regulates
bone mineralization and formation. Though data obtained
from in vitro cell culture shows an anabolic role of both Gi
and Gq in osteoblast differentiation and proliferation,
specific activation of Gi and Gq in osteoblasts in vivo leads
to hypomineralization and osteopenia, respectively.
Conditional knockout mice should be developed to more
thoroughly understand the role of Gi and Gq. G12/13 is
studied less and its function needs to be further clarified.
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Table 4. Clinically useful drugs based on GPCRs

Drugs Target Skeletal disorder Drawbacks
Strontium ranelate CaSR and similar receptors in | Osteoporosis An incidence to develop Diarrhea and thromboembolic
bone events

Salmon Calcitonin Calcitonin receptor

Osteoporosis, Paget’s disease,
hypercalcaemia of malignancy

Insufficiency

rPTH PTHIR

Osteoporosis

Catabolic function, restricted use in patients with

Teriparatide (PTH (1-34)) | PTHIR

Osteoporosis

hypercalcemia, hyperthyroidism, or Paget’s disease

Diverse  G-protein-coupled  receptors  are
expressed in bone cells and enable bone tissue responses to
a wide range of stimuli, including peptide hormones, lipid
compounds, cations, and pH changes. The existence of
GPCR for neuropeptides, such as CGRP (calcitonin
gene-related peptide), indicates a role of GPCR in CNS
(central nervous system)-mediated bone formation. Many
GPCRs cooperate with each other to modulate internal
environment  homeostasis. PTH/PTHrP is a
multifunctional hormone that promotes bone remodeling,
chondrocyte differentiation, and mesenchymal stem cell
commitment. It also regulates calcium and phosphate
homeostasis. PTH or PTHrP deficient mice display
hypocalcium and bone skeletal abnormalities. While
PTH/PTHrP acts to increase serum calcium, CaR and
calcitonin antagonize the function of PTH/PTHrP to
decrease serum calcium. Coupled to serum calcium
changes, these hormones also regulate bone
mineralization.

Attributing to the anabolic or anti-resorptive
properties of the GPCR ligands, some of the ligands have
been developed as clinically usable drugs to treat bone
diseases. For instance, strontium, PTH, or PTH (1-34) is
used to treat osteoporosis, while calcitonin is used to
treat Paget's disease and osteoporosis. All drugs have
pros and cons, thus better therapies should be explored.
CB2, which inhibits resorption as well as promotes bone
formation, has been proposed to be a potential target for
osteoclastogenesis.

A number of GPCRs are located on the
osteoclast membrane, like CT1, CaR, CB1, RXFR1 and
GPR30, and all have been shown to regulate osteoclast
differentiation and function. However, the role of G
proteins in osteoclasts is poorly identified. Recently,
RGS10 regulated PLCy—calcium oscillation has been
shown to be induced by RANKL, and it targets NFAT2
to regulate terminal differentiation of osteoclasts.
However, there are seldom reports concerning G protein
signaling with canonical RANKL signaling in
osteoclasts. Mice models with conditional deletion of G
proteins in osteoclasts need to be developed to depict the
signaling pathway of G protein signaling in osteoclasts.

Although large progress has been made in
understanding the roles of G proteins and GPCRs in bone
development and diseases, much remains unknown. Due
to the embryonic lethality that results from many G
protein and GPCR mutations, the number of mouse
models available to study G proteins are limited.
Fortunately, the conditional knockout approach has
emerged, which will enable further study of the
mechanisms related to G proteins and GPCRs in the
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mouse model. Another reason for the gaps in our
understanding of G proteins and GPCRs is that there are many
complications in their signaling pathways and patterns of
expression in osteoclasts and osteoblasts. Based on new data
available from microarrays and protein arrays, an increasing
number of important GPCRs remain to be characterized. After
the addition of mouse models and more characterized GPCRs,
their signaling pathways and mechanisms will be revealed.

Currently, it is still a big challenge to develop a drug
with low toxicity and side-effects for osteoporosis and other
bone related diseases. There is a need for safer and more
effective therapies since renal toxicity and osteopetrosis of the
jaw are potential complications associated  with
bisphosphonate, which is one of most common drugs used for
treatment of osteoporosis and tumor bone metastasis.
Characterization of the G protein signaling mechanism of
osteoclast-mediated bone resorption is likely to reveal critical
information that will enable the creation of a novel drug that
will treat bone diseases without sacrificing healthy bone
resorption or bone formation. This is very important as
osteoporosis, osteoarthritis, and rheumatoid arthritis are
becoming more prevalent and problematic in an aging
society. In the future, the detailed mechanisms that involve
G proteins and GPCRs in bone formation and bone
resorption will be characterized. Then, translational
medicine will be undertaken to transform the discoveries of
basic science from the bench to the bedside because
GPCRs are considered one of best drug targets known. We
expect that some of the new drugs will not only be able to
prevent bone loss, but rebuild bone as well.

Building on the extensive research and
marvelous progress that has been achieved in the last
decade, new technology, such as conditional knockout
mice and high-throughput screening, promises to rapidly
advance our understanding about how G proteins and
GPCRs work. These new technologies have dramatically
improved bone disease treatment and will ultimately
conquer bone diseases.

8. ACKNOWLEDGEMENTS

We thank Christie Taylor for excellent assistance
with the manuscript. We apologize to the many researchers
whose work could not be cited due to space limitations.
The work was supported by NIH grant AR44741 (Y.-P. Li.)
and AR-48133-01 (Y.-P. Li.).

9. REFERENCES
1. Ducy, P., T. Schinke & G. Karsenty: The osteoblast: a

sophisticated fibroblast under central surveillance. Science,
289, 1501-4 (2000)



G protein and its signaling pathway in bone

2. Ornitz, D. M. & P. J. Marie: FGF signaling pathways in
endochondral and intramembranous bone development and
human genetic disease. Genes Dev, 16, 1446-65 (2002)

3. Boyle, W. J., W. S. Simonet & D. L. Lacey: Osteoclast
differentiation and activation. Nature, 423, 337-42 (2003)

4. Teitelbaum, S. L. & F. P. Ross: Genetic regulation of
osteoclast development and function. Nat Rev Genet, 4,
638-49 (2003)

5. Zaidi, M., H. C. Blair, B. S. Moonga, E. Abe & C. L.
Huang:  Osteoclastogenesis, bone resorption, and
osteoclast-based therapeutics. J Bone Miner Res, 18, 599-
609 (2003)

6. Huang, W., S. Yang, J. Shao & Y. P. Li: Signaling and
transcriptional regulation in osteoblast commitment and
differentiation. Front Biosci, 12, 3068-92 (2007)

7. Malbon, C. C.: G protein in development. nature review
molecular cell biology, 6, 689-701 (2005)

8. Kenakin, T.: Predicting therapeutic value in the lead
optimization phase of drug discovery. Nat Rev Drug
Discov, 2, 429-38 (2003)

9. Yu, S., D. Yu, E. Lee, M. Eckhaus, R. Lee, Z. Corria, D.
Accili, H. Westphal & L. S. Weinstein: Variable and tissue-
specific hormone resistance in heterotrimeric Gs protein
alpha-subunit (Gsalpha) knockout mice is due to tissue-
specific imprinting of the gsalpha gene. Proc Natl Acad Sci U
S 4,95, 8715-20 (1998)

10. Castrop, H., M. Oppermann, D. Mizel, Y. Huang, R.
Faulhaber-Walter, Y. Weiss, L. S. Weinstein, M. Chen, S.
Germain, H. Lu, D. Ragland, D. M. Schimel & J. Schnermann:
Skeletal abnormalities and extra-skeletal ossification in mice
with restricted Gsalpha deletion caused by a renin promoter-
Cre transgene. Cell Tissue Res, 330, 487-501 (2007)

11. Sakamoto, A., M. Chen, T. Nakamura, T. Xie, G. Karsenty
& L. S. Weinstein: Deficiency of the G-protein alpha-subunit
G (s)alpha in osteoblasts leads to differential effects on
trabecular and cortical bone. J Biol Chem, 280, 21369-75
(2005)

12. Hsiao, E. C., B. M. Boudignon, W. C. Chang, M. Bencsik,
J. Peng, T. D. Nguyen, C. Manalac, B. P. Halloran, B. R.
Conklin & R. A. Nissenson: Osteoblast expression of an
engineered Gs-coupled receptor dramatically increases bone
mass. Proc Natl Acad Sci U S 4, 105, 1209-14 (2008)

13. Sakamoto, A., M. Chen, T. Kobayashi, H. M. Kronenberg
& L. S. Weinstein: Chondrocyte-specific knockout of the G
protein G (s)alpha leads to epiphyseal and growth plate
abnormalities and ectopic chondrocyte formation. J Bone
Miner Res, 20, 663-71 (2005)

14. Ogata, N., H. Kawaguchi, U. I. Chung, S. I. Roth & G.
V. Segre: Continuous activation of G alpha q in osteoblasts

974

results in osteopenia through impaired osteoblast
differentiation. J Biol Chem, 282, 35757-64 (2007)

15. Peng, J., M. Bencsik, A. Louie, W. Lu, S. Millard, P.
Nguyen, A. Burghardt, S. Majumdar, T. J. Wronski, B.
Halloran, B. R. Conklin & R. A. Nissenson: Conditional
expression of a Gi-coupled receptor in osteoblasts results in
trabecular osteopenia. Endocrinology, 149, 1329-37 (2008)

16. Miao, D., B. He, A. C. Karaplis & D. Goltzman:
Parathyroid hormone is essential for normal fetal bone
formation. J Clin Invest, 109, 1173-82 (2002)

17. Guo, J., U. I. Chung, H. Kondo, F. R. Bringhurst & H.
M. Kronenberg: The PTH/PTHrP receptor can delay
chondrocyte hypertrophy in vivo without activating
phospholipase C. Dev Cell, 3, 183-94 (2002)

18. Miao, D., H. Su, B. He, J. Gao, Q. Xia, M. Zhu, Z. Gu,
D. Goltzman & A. C. Karaplis: Severe growth retardation
and early lethality in mice lacking the nuclear localization
sequence and C-terminus of PTH-related protein. Proc Natl
Acad Sci U S 4, 105, 20309-14 (2008)

19. O'Brien, C. A., L. I. Plotkin, C. Galli, J. J. Goellner, A.
R. Gortazar, M. R. Allen, A. G. Robling, M. Bouxsein, E.
Schipani, C. H. Turner, R. L. Jilka, R. S. Weinstein, S. C.
Manolagas & T. Bellido: Control of bone mass and
remodeling by PTH receptor signaling in osteocytes. PLoS
One, 3, €2942 (2008)

20. Davey, R. A., A. G. Turner, J. F. McManus, W. S.
Chiu, F. Tjahyono, A. J. Moore, G. J. Atkins, P. H.
Anderson, C. Ma, V. Glatt, H. E. MacLean, C. Vincent, M.
Bouxsein, H. A. Morris, D. M. Findlay & J. D. Zajac:
Calcitonin receptor plays a physiological role to protect
against hypercalcemia in mice. J Bone Miner Res, 23,
1182-93 (2008)

21. Huebner, A. K., T. Schinke, M. Priemel, S. Schilling,
A. F. Schilling, R. B. Emeson, J. M. Rueger & M. Amling:
Calcitonin deficiency in mice progressively results in high
bone turnover. J Bone Miner Res, 21, 1924-34 (2006)

22. Hoff, A. O., P. Catala-Lehnen, P. M. Thomas, M.
Priemel, J. M. Rueger, I. Nasonkin, A. Bradley, M. R.
Hughes, N. Ordonez, G. J. Cote, M. Amling & R. F. Gagel:
Increased bone mass is an unexpected phenotype associated
with deletion of the calcitonin gene. J Clin Invest, 110,
1849-57 (2002)

23. Woodrow, J. P., C. J. Sharpe, N. J. Fudge, A. O. Hoff,
R. F. Gagel & C. S. Kovacs: Calcitonin plays a critical role
in regulating skeletal mineral metabolism during lactation.
Endocrinology, 147, 4010-21 (2006)

24. Schinke, T., S. Liese, M. Priemel, M. Haberland, A. F.
Schilling, P. Catala-Lehnen, D. Blicharski, J. M. Rueger, R.
F. Gagel, R. B. Emeson & M. Amling: Decreased bone
formation and osteopenia in mice lacking alpha-calcitonin
gene-related peptide. J Bone Miner Res, 19, 2049-56
(2004)



G protein and its signaling pathway in bone

25. Wedemeyer, C., C. Neuerburg, A. Pfeiffer, A. Heckelei,
D. Bylski, F. von Knoch, T. Schinke, G. Hilken, G.
Gosheger, M. von Knoch, F. Loer & G. Saxler:
Polyethylene particle-induced bone resorption in alpha-
calcitonin gene-related peptide-deficient mice. J Bone
Miner Res, 22, 1011-9 (2007)

26. Dacquin, R., R. A. Davey, C. Laplace, R. Levasseur, H.
A. Morris, S. R. Goldring, S. Gebre-Medhin, D. L. Galson,
J. D. Zajac & G. Karsenty: Amylin inhibits bone resorption
while the calcitonin receptor controls bone formation in
vivo. J Cell Biol, 164, 509-14 (2004)

27. Garner, S. C., M. Pi, Q. Tu & L. D. Quarles: Rickets in
cation-sensing receptor-deficient mice: an unexpected
skeletal phenotype. Endocrinology, 142, 3996-4005 (2001)

28. Pi, M., L. Chen, M. Z. Huang, W. Zhu, B. Ringhofer, J.
Luo, L. Christenson, B. Li, J. Zhang, P. D. Jackson, P.
Faber, K. R. Brunden, J. J. Harrington & L. D. Quarles:
GPRCOA null mice exhibit osteopenia, feminization and
metabolic syndrome. PLoS One, 3, €3858 (2008)

29. Ofek, O., M. Karsak, N. Leclerc, M. Fogel, B. Frenkel,
K. Wright, J. Tam, M. Attar-Namdar, V. Kram, E.
Shohami, R. Mechoulam, A. Zimmer & 1. Bab: Peripheral
cannabinoid receptor, CB2, regulates bone mass. Proc Natl
Acad Sci U S A, 103, 696-701 (2006)

30. Whyte, L. S., E. Ryberg, N. A. Sims, S. A. Ridge, K.
Mackie, P. J. Greasley, R. A. Ross & M. J. Rogers: The
putative cannabinoid receptor GPRSS5 affects osteoclast
function in vitro and bone mass in vivo. Proc Natl Acad Sci
US 4,106, 16511-6 (2009)

31. Ferlin, A., A. Pepe, L. Gianesello, A. Garolla, S. Feng,
A. Facciolli, R. Morello, A. 1. Agoulnik & C. Foresta: New
roles for INSL3 in adults. Ann N Y Acad Sci, 1160, 215-8
(2009)

32. Ferlin, A., A. Pepe, L. Gianesello, A. Garolla, S. Feng,
S. Giannini, M. Zaccolo, A. Facciolli, R. Morello, A. L.
Agoulnik & C. Foresta: Mutations in the insulin-like factor
3 receptor are associated with osteoporosis. J Bone Miner
Res, 23, 683-93 (2008)

33. Yang, S., W. Chen, P. Stashenko & Y. P. Li: Specificity
of RGS10A as a key component in the RANKL signaling
mechanism for osteoclast differentiation. J Cell Sci, 120,
3362-71 (2007)

34. Yang, S. & Y. P. Li: RGS10-null mutation impairs
osteoclast differentiation resulting from the loss of (Ca2+)i
oscillation regulation. Genes Dev, 21, 1803-16 (2007)

35. Martensson, U. E., S. A. Salehi, S. Windahl, M. F.
Gomez, K. Sward, J. Daszkiewicz-Nilsson, A. Wendt, N.
Andersson, P. Hellstrand, P. O. Grande, C. Owman, C. J.
Rosen, M. L. Adamo, 1. Lundquist, P. Rorsman, B. O.
Nilsson, C. Ohlsson, B. Olde & L. M. Leeb-Lundberg:
Deletion of the G protein-coupled receptor 30 impairs
glucose tolerance, reduces bone growth, increases blood

975

pressure, and eliminates estradiol-stimulated insulin release
in female mice. Endocrinology, 150, 687-98 (2009)

36. Windahl, S. H., N. Andersson, A. S. Chagin, U. E.
Martensson, H. Carlsten, B. Olde, C. Swanson, S.
Moverare-Skrtic, L. Savendahl, M. K. Lagerquist, L. M.
Leeb-Lundberg & C. Ohlsson: The role of the G protein-
coupled receptor GPR30 in the effects of estrogen in
ovariectomized mice. Am J Physiol Endocrinol Metab, 296,
E490-6 (2009)

37. Morris, A. J. & C. C. Malbon: Physiological regulation
of G protein-linked signaling. Physiol Rev, 79, 1373-430
(1999)

38. Oldham, W. M. & H. E. Hamm: Heterotrimeric G
protein activation by G-protein-coupled receptors. nature
review molecular cell biology, 9, 60-71 (2008)

39. Milligan, G. & S. Rees: Chimaeric G (alpha) proteins:
their potential use in drug discovery. Trends in
Pharmacological Sciences, 20, 118-124 (1999)

40. Ritter, S. L. & R. A. Hall: Fine-tuning of GPCR activity by
receptor-interacting proteins. Nat Rev Mol Cell Biol, 10, 819-
30 (2009)

41. Neves, S. R., P. T. Ram & R. Iyengar: G protein pathways.
Science, 296, 1636-9 (2002)

42. Hollinger, S. & J. R. Hepler: Cellular regulation of RGS
proteins: modulators and integrators of G protein signaling.
Pharmacol Rev, 54, 527-59 (2002)

43. Moore, C. A., S. K. Milano & J. L. Benovic: Regulation of
receptor trafficking by GRKSs and arrestins. Annu Rev Physiol,
69, 451-82 (2007)

44. Zheng, F., H. Liang, R. Liu, J. X. Quan, X. X. Li, C. L.
Dai, G. Guo, J. Y. Zhang & B. L. Wang: Parathyroid
hormone-related protein regulates osteoclast inhibitory lectin
expression via multiple signaling pathways in osteoblast-like
cells. Endocrine, 35, 47-56 (2009)

45. Mahon, M. J., M. Donowitz, C. C. Yun & G. V. Segre: Na
(+)/H (+ ) exchanger regulatory factor 2 directs parathyroid
hormone 1 receptor signalling. Nature, 417, 858-61 (2002)

46. Kindt, R. M. & A. D. Lander: Pertussis toxin specifically
inhibits growth cone guidance by a mechanism independent of
direct G protein inactivation. Neuron, 15, 79-88 (1995)

47. Nasim, S. & S. van Heyningen: Release of Gs alpha from
rabbit intestinal cells following ADP-ribosylation by cholera
toxin. Biochem Soc Trans, 22, 135S (1994)

48. Weinstein, L. S.: G (s)alpha mutations in fibrous dysplasia
and McCune-Albright syndrome. J Bone Miner Res, 21 Suppl
2, P120-4 (2006)

49. Sakamoto, A., Y. Oda, Y. Iwamoto & M. Tsuneyoshi:
A comparative study of fibrous dysplasia and osteofibrous



G protein and its signaling pathway in bone

dysplasia with regard to Gsalpha mutation at the Arg201
codon: polymerase chain reaction-restriction fragment
length polymorphism analysis of paraffin-embedded
tissues. J Mol Diagn, 2, 67-72 (2000)

50. Volkl, T. M. & H. G. Dorr: McCune-Albright
syndrome: clinical picture and natural history in children
and adolescents. J Pediatr Endocrinol Metab, 19 Suppl 2,
551-9 (2006)

51. Bianco, P., M. Riminucci, A. Majolagbe, S. A.
Kuznetsov, M. T. Collins, M. H. Mankani, A. Corsi, H. G.
Bone, S. Wientroub, A. M. Spiegel, L. W. Fisher & P. G.
Robey: Mutations of the GNASI gene, stromal cell
dysfunction, and osteomalacic changes in non-McCune-
Albright fibrous dysplasia of bone. J Bone Miner Res, 15,
120-8 (2000)

52. Corsi, A., M. T. Collins, M. Riminucci, P. G. Howell,
A. Boyde, P. G. Robey & P. Bianco: Osteomalacic and
hyperparathyroid changes in fibrous dysplasia of bone: core
biopsy studies and clinical correlations. J Bone Miner Res,
18, 1235-46 (2003)

53. Ish-Shalom, S., L. G. Rao, M. A. Levine, D. Fraser, S.
W. Kooh, R. G. Josse, R. McBroom, M. M. Wong & T. M.
Murray: Normal parathyroid hormone responsiveness of
bone-derived cells from a patient with
pseudohypoparathyroidism. J Bone Miner Res, 11, 8-14
(1996)

54. Mariot, V., S. Maupetit-Mehouas, C. Sinding, M. L.
Kottler & A. Linglart: A maternal epimutation of GNAS
leads to Albright osteodystrophy and parathyroid hormone
resistance. J Clin Endocrinol Metab, 93, 661-5 (2008)

55. Yeh, G. L., S. Mathur, A. Wivel, M. Li, F. H. Gannon,
A. Ulied, L. Audi, E. A. Olmstead, F. S. Kaplan & E. M.
Shore: GNAS1 mutation and Cbfal misexpression in a
child with severe congenital platelike osteoma cutis. J Bone
Miner Res, 15,2063-73 (2000)

56. Eddy, M. C., S. M. Jan De Beur, S. M. Yandow, W. H.
McAlister, E. M. Shore, F. S. Kaplan, M. P. Whyte & M.
A. Levine: Deficiency of the alpha-subunit of the
stimulatory G protein and severe extraskeletal ossification.
J Bone Miner Res, 15,2074-83 (2000)

57. Aldred, M. A. & R. C. Trembath: Activating and
inactivating mutations in the human GNAS1 gene. Hum
Mutat, 16, 183-9 (2000)

58. Ahlstrom, M. & C. Lamberg-Allardt: Rapid protein
kinase = A--mediated activation of cyclic AMP-
phosphodiesterase by parathyroid hormone in UMR-106
osteoblast-like cells. J Bone Miner Res, 12, 172-8 (1997)

59. Kronenberg, H. M.: PTHrP and skeletal development.
Ann N'Y Acad Sci, 1068, 1-13 (2006)

60. Billiard, J., S. S. Grewal, L. Lukaesko, P. J. Stork & P.
Rotwein: Hormonal control of insulin-like growth factor I

976

gene transcription in human osteoblasts: dual actions of
cAMP-dependent protein kinase on CCAAT/enhancer-
binding protein delta. J Biol Chem, 276, 31238-46 (2001)

61. Kaji, H., T. Sugimoto, M. Kanatani, M. Fukase, M.
Kumegawa & K. Chihara: Prostaglandin E2 stimulates
osteoclast-like cell formation and bone-resorbing activity
via osteoblasts: role of cAMP-dependent protein kinase. J
Bone Miner Res, 11, 62-71 (1996)

62. Drissi, H., F. Lasmoles, V. Le Mellay, P. J. Marie & M.
Lieberherr: Activation of phospholipase C-betal via
Galphaq/11 during calcium mobilization by calcitonin
gene-related peptide. J Biol Chem, 273, 20168-74 (1998)

63. Evans, D. B., R. A. Hipskind & G. Bilbe: Analysis of
signaling pathways used by parathyroid hormone to
activate the c-fos gene in human SaOS2 osteoblast-like
cells. J Bone Miner Res, 11, 1066-74 (1996)

64. Wang, B. L., C. L. Dai, J. X. Quan, Z. F. Zhu, F.
Zheng, H. X. Zhang, S. Y. Guo, G. Guo, J. Y. Zhang & M.
C. Qiu: Parathyroid hormone regulates osterix and Runx2
mRNA expression predominantly through protein kinase A
signaling in osteoblast-like cells. J Endocrinol Invest, 29,
101-8 (2006)

65. Fu, L., M. S. Patel, A. Bradley, E. F. Wagner & G.
Karsenty: The molecular clock mediates leptin-regulated
bone formation. Cell, 122, 803-15 (2005)

66. Gutierrez, S., A. Javed, D. K. Tennant, M. van Rees,
M. Montecino, G. S. Stein, J. L. Stein & J. B. Lian:
CCAAT/enhancer-binding proteins (C/EBP) beta and
delta activate osteocalcin gene transcription and
synergize with Runx2 at the C/EBP element to regulate
bone-specific expression. J Biol Chem, 277, 1316-23
(2002)

67. D'Alonzo, R. C., N. Selvamurugan, G. Karsenty & N.
C. Partridge: Physical interaction of the activator protein-
1 factors c-Fos and c-Jun with Cbfal for collagenase-3
promoter activation. J Biol Chem, 277, 816-22 (2002)

68. Kobayashi, K., Y. Imanishi, H. Koshiyama, A.
Miyauchi, K. Wakasa, T. Kawata, H. Goto, H. Ohashi,
H. M. Koyano, R. Mochizuki, T. Miki, M. Inaba & Y.
Nishizawa: Expression of FGF23 is correlated with
serum phosphate level in isolated fibrous dysplasia. Life
Sci, 78, 2295-301 (2006)

69. Shimada, T., H. Hasegawa, Y. Yamazaki, T. Muto,
R. Hino, Y. Takeuchi, T. Fujita, K. Nakahara, S.
Fukumoto & T. Yamashita: FGF-23 is a potent regulator
of vitamin D metabolism and phosphate homeostasis. J
Bone Miner Res, 19, 429-35 (2004)

70. Motomura, T., S. Kasayama, M. Takagi, S.
Kurebayashi, H. Matsui, T. Hirose, Y. Miyashita, K.
Yamauchi-Takihara, T. Yamamoto, S. Okada & T.
Kishimoto: Increased interleukin-6 production in mouse
osteoblastic MC3T3-E1 cells expressing activating



G protein and its signaling pathway in bone

mutant of the stimulatory G protein. J Bone Miner Res, 13,
1084-91 (1998)

71. Fu, Q., S. C. Manolagas & C. A. O'Brien: Parathyroid
hormone controls receptor activator of NF-kappaB ligand
gene expression via a distant transcriptional enhancer. Mol
Cell Biol, 26, 6453-68 (2006)

72. Onyia, J. E., R. R. Miles, X. Yang, D. L. Halladay, J.
Hale, A. Glasebrook, D. McClure, G. Seno, L. Churgay, S.
Chandrasekhar & T. J. Martin: /n vivo demonstration that
human parathyroid hormone 1-38 inhibits the expression of
osteoprotegerin in bone with the kinetics of an immediate
early gene. J Bone Miner Res, 15, 863-71 (2000)

73. Kuznetsov, S. A., N. Cherman, M. Riminucci, M. T.
Collins, P. G. Robey & P. Bianco: Age-dependent demise
of GNAS-mutated skeletal stem cells and "normalization"
of fibrous dysplasia of bone. J Bone Miner Res, 23, 1731-
40 (2008)

74. Mendez-Ferrer, S. & P. S. Frenette: Galpha (s)
uncouples hematopoietic stem cell homing and
mobilization. Cell Stem Cell, 4, 379-80 (2009)

75. Adams, G. B., I. R. Alley, U. I. Chung, K. T. Chabner,
N. T. Jeanson, C. Lo Celso, E. S. Marsters, M. Chen, L. S.
Weinstein, C. P. Lin, H. M. Kronenberg & D. T. Scadden:
Haematopoietic stem cells depend on Galpha (s)-mediated
signalling to engraft bone marrow. Nature, 459, 103-7
(2009)

76. Le Mellay, V., F. Lasmoles & M. Lieberherr: Galpha
(g/11) and gbetagamma proteins and membrane signaling
of calcitriol and estradiol. J Cell Biochem, 75, 138-46
(1999)

77. Klein, R. F., R. A. Nissenson & G. J. Strewler:
Pertussis toxin inhibits hormonal stimulation of bone
resorption in fetal rat limb bones. J Pharmacol Exp Ther,
258, 877-81 (1991)

78. Zhang, X. & L. P. Zanello: Vitamin D receptor-
dependent 1 alpha,25 (OH)2 vitamin D3-induced anti-
apoptotic PI3K/AKT signaling in osteoblasts. J Bone
Miner Res, 23, 1238-48 (2008)

79. Roman-Roman, S., D. L. Shi, V. Stiot, E. Hay, B.
Vayssiere, T. Garcia, R. Baron & G. Rawadi: Murine
Frizzled-1 behaves as an antagonist of the canonical
Wnhnt/beta-catenin signaling. J Biol Chem, 279, 5725-33
(2004)

80. Godwin, S. L. & S. P. Soltoff: Calcium-sensing
receptor-mediated activation of phospholipase C-
gammal is downstream of phospholipase C-beta and
protein kinase C in MC3T3-El osteoblasts. Bone, 30,
559-66 (2002)

81. Pi, M., P. Faber, G. Ekema, P. D. Jackson, A. Ting,
N. Wang, M. Fontilla-Poole, R. W. Mays, K. R.
Brunden, J. J. Harrington & L. D. Quarles: Identification

977

of a novel extracellular cation-sensing G-protein-coupled
receptor. J Biol Chem, 280, 40201-9 (2005)

82. Pi, M. & L. D. Quarles: A novel cation-sensing
mechanism in osteoblasts is a molecular target for
strontium. J Bone Miner Res, 19, 862-9 (2004)

83. Schwindinger, W. F., J. Fredericks, L. Watkins, H.
Robinson, J. M. Bathon, M. Pines, L. J. Suva & M. A.
Levine: Coupling of the PTH/PTHrP receptor to multiple
G-proteins. Direct demonstration of receptor activation of
Gs, Gg/ll, and Gi (1) by (alpha-32P)GTP-gamma-
azidoanilide photoaffinity labeling. Endocrine, 8, 201-9
(1998)

84. Miao, D., X. K. Tong, G. K. Chan, D. Panda, P. S.
McPherson & D. Goltzman: Parathyroid hormone-related
peptide stimulates osteogenic cell proliferation through
protein kinase C activation of the Ras/mitogen-activated
protein kinase signaling pathway. J Biol Chem, 276, 32204-
13 (2001)

85. Caverzasio, J., G. Palmer, A. Suzuki & J. P. Bonjour:
Evidence for the involvement of two pathways in activation
of extracellular signal-regulated kinase (Erk) and cell
proliferation by Gi and Gq protein-coupled receptors in
osteoblast-like cells. J Bone Miner Res, 15, 1697-706
(2000)

86. Lax, A. J. & A. E. Grigoriadis: Pasteurella multocida
toxin: the mitogenic toxin that stimulates signalling
cascades to regulate growth and differentiation. Int J Med
Microbiol, 291, 261-8 (2001)

87. Lax, A. J., G. D. Pullinger, M. R. Baldwin, D. Harmey,
A. E. Grigoriadis & J. H. Lakey: The pasteurella multocida
toxin interacts with signalling pathways to perturb cell
growth and differentiation. Int J Med Microbiol, 293, 505-
12 (2004)

88. Zhu, W., O. Boachie-Adjei, B. A. Rawlins, B. Frenkel,
A. L. Boskey, L. B. Ivashkiv & C. P. Blobel: A novel
regulatory role for stromal-derived factor-1 signaling in
bone morphogenic protein-2 osteogenic differentiation of
mesenchymal C2C12 cells. J Biol Chem, 282, 18676-85
(2007)

89. Roth, J. A, B. G. Kim, W. L. Lin & M. 1. Cho:
Melatonin promotes osteoblast differentiation and bone
formation. J Biol Chem, 274, 22041-7 (1999)

90. Kaneki, H.,, M. Kurokawa & H. Ide: The receptor
attributable to C-type natriuretic peptide-induced
differentiation of osteoblasts is switched from type B- to
type C-natriuretic peptide receptor with aging. J Cell
Biochem, 103, 753-64 (2008)

91. Grey, A., T. Banovic, D. Naot, B. Hill, K. Callon, L.
Reid & J. Cornish: Lysophosphatidic acid is an osteoblast
mitogen whose proliferative actions involve G (i) proteins
and protein kinase C, but not P42/44 mitogen-activated
protein kinases. Endocrinology, 142, 1098-106 (2001)



G protein and its signaling pathway in bone

92. Suzuki, A., G. Palmer, J. P. Bonjour & J. Caverzasio:
Regulation of alkaline phosphatase activity by p38 MAP
kinase in response to activation of Gi protein-coupled
receptors by epinephrine in osteoblast-like cells.
Endocrinology, 140, 3177-82 (1999)

93. de Wilde, A., C. Heberden, G. Chaumaz, C. Bordat &
M. Lieberherr: Signaling networks from Gbetal subunit to
transcription factors and actin remodeling via a membrane-
located ERbeta-related protein in the rapid action of
daidzein in osteoblasts. J Cell Physiol, 209, 786-801 (2006)

94. Chen, Y. J.,, C. J. Wang, K. D. Yang, P. R. Chang, H. C.
Huang, Y. T. Huang, Y. C. Sun & F. S. Wang: Pertussis
toxin-sensitive Galphai protein and ERK-dependent
pathways mediate ultrasound promotion of osteogenic
transcription in human osteoblasts. FEBS Lett, 554, 154-8
(2003)

95. Hsieh, Y. L.: Peripheral therapeutic ultrasound
stimulation alters the distribution of spinal C-fos
immunoreactivity induced by early or late phase of
inflammation. Ultrasound Med Biol, 34, 475-86 (2008)

96. Caverzasio, J., G. Palmer, A. Suzuki & J. P. Bonjour:
Mechanism of the mitogenic effect of fluoride on
osteoblast-like cells: evidences for a G protein-dependent
tyrosine phosphorylation process. J Bone Miner Res, 12,
1975-83 (1997)

97. Lajeunesse, D., R. Moreau, W. Hobbs, W. Qui, J.
Lafond & S. E. Guggino: Influence of aluminum on the
regulation of PTH- and 1,25 (OH)2D3-dependent
pathways in the rat osteosarcoma cell line ROS 17/2.8. J
Bone Miner Res, 13, 962-9 (1998)

98. Kanno, S., C. D. Anuradha & S. Hirano: Chemotactic
responses of osteoblastic MC3T3-El cells toward zinc
chloride. Biol Trace Elem Res, 83, 49-55 (2001)

99. Wang, X., L. Yuan, J. Huang, T. L. Zhang & K.
Wang: Lanthanum enhances in vitro osteoblast
differentiation via pertussis toxin-sensitive gi protein and
ERK signaling pathway. J Cell Biochem, 105, 1307-15
(2008)

100. Reich, K. M., T. N. McAllister, S. Gudi & J. A.
Frangos: Activation of G proteins mediates flow-induced
prostaglandin  E2  production in  osteoblasts.
Endocrinology, 138, 1014-8 (1997)

101. Rawlinson, S. C., C. P. Wheeler-Jones & L. E.
Lanyon: Arachidonic acid for loading induced
prostacyclin and prostaglandin E (2) release from
osteoblasts and osteocytes is derived from the activities
of different forms of phospholipase A (2) Bone, 27, 241-
7 (2000)

102. Hara, F., K. Fukuda, M. Ueno, C. Hamanishi & S.
Tanaka: Pertussis toxin-sensitive G proteins as mediators
of stretch-induced decrease in nitric-oxide release of
osteoblast-like cells. J Orthop Res, 17, 593-7 (1999)

978

103. Singh, A. T., A. Gilchrist, T. Voyno-Yasenetskaya, J.
M. Radeff-Huang & P. H. Stern: G alphal2/G alphal3
subunits of heterotrimeric G proteins mediate parathyroid
hormone activation of phospholipase D in UMR-106
osteoblastic cells. Endocrinology, 146, 2171-5 (2005)

104. Nicholson, G. C., J. M. Moseley, A. J. Yates & T. J.
Martin: Control of cyclic adenosine 3',5'-monophosphate
production in osteoclasts: calcitonin-induced persistent
activation and homologous desensitization of adenylate
cyclase. Endocrinology, 120, 1902-8 (1987)

105. Moonga, B. S., M. Pazianas, A. S. Alam, V. S.
Shankar, C. L. Huang & M. Zaidi: Stimulation of a Gs-like
G protein in the osteoclast inhibits bone resorption but
enhances tartrate-resistant acid phosphatase secretion.
Biochem Biophys Res Commun, 190, 496-501 (1993)

106. Suzuki, H., I. Nakamura, N. Takahashi, T. Ikuhara, K.
Matsuzaki, Y. Isogai, M. Hori & T. Suda: Calcitonin-
induced changes in the cytoskeleton are mediated by a
signal pathway associated with protein kinase A in
osteoclasts. Endocrinology, 137, 4685-90 (1996)

107. Wada, S., N. Udagawa, N. Nagata, T. J. Martin & D. M.
Findlay: Physiological levels of calcitonin regulate the mouse
osteoclast calcitonin receptor by a protein kinase Alpha-
mediated mechanism. Endocrinology, 137, 312-20 (1996)

108. Hofmann, G., P. A. Bernabei, O. Crociani, A. Cherubini,
L. Guasti, S. Pillozzi, E. Lastraioli, S. Polvani, B. Bartolozzi,
V. Solazzo, L. Gragnani, P. Defilippi, B. Rosati, E. Wanke, M.
Olivotto & A. Arcangeli: HERG K+ channels activation
during beta (1) integrin-mediated adhesion to fibronectin
induces an up-regulation of alpha (v)beta (3) integrin in the
preosteoclastic leukemia cell line FLG 29.1. J Biol Chem, 276,
4923-31 (2001)

109. Ishida, N., K. Hayashi, A. Hattori, K. Yogo, T. Kimura &
T. Takeya: CCR1 acts downstream of NFAT2 in
osteoclastogenesis and enhances cell migration. J Bone Miner
Res, 21, 48-57 (2006)

110. Sun, L., Y. Peng, A. C. Sharrow, J. Igbal, Z. Zhang, D. J.
Papachristou, S. Zaidi, L. L. Zhu, B. B. Yaroslavskiy, H. Zhou,
A. Zallone, M. R. Sairam, T. R. Kumar, W. Bo, J. Braun, L.
Cardoso-Landa, M. B. Schaffler, B. S. Moonga, H. C. Blair &
M. Zaidi: FSH directly regulates bone mass. Cell, 125, 247-60
(2006)

111. Park, Y. G., Y. H. Kim, S. K. Kang & C. H. Kim: cAMP-
PKA signaling pathway regulates bone resorption mediated by
processing of cathepsin K in cultured mouse osteoclasts. /nt
Immunopharmacol, 6, 947-56 (2006)

112. Oldham, W. M. & H. E. Hamm: Heterotrimeric G protein
activation by G-protein-coupled receptors. Nat Rev Mol Cell
Biol, 9, 60-71 (2008)

113. Lagerstrom, M. C. & H. B. Schioth: Structural
diversity of G protein-coupled receptors and significance
for drug discovery. Nat Rev Drug Discov, 7, 339-57 (2008)



G protein and its signaling pathway in bone

114. Pierce, K. L., R. T. Premont & R. J. Lefkowitz: Seven-
transmembrane receptors. Nat Rev Mol Cell Biol, 3, 639-50
(2002)

115. Hull, K. L., K. Fathimani, P. Sharma & S. Harvey:
Calcitropic peptides: neural perspectives. Comp Biochem
Physiol C Pharmacol Toxicol Endocrinol, 119, 389-410
(1998)

116. Moseley, J. M., M. Kubota, H. Diefenbach-Jagger, R.
E. Wettenhall, B. E. Kemp, L. J. Suva, C. P. Rodda, P. R.
Ebeling, P. J. Hudson, J. D. Zajac & et al.: Parathyroid
hormone-related protein purified from a human lung cancer
cell line. Proc Natl Acad Sci U S A, 84, 5048-52 (1987)

117. Smith, E. P., J. Boyd, G. R. Frank, H. Takahashi, R.
M. Cohen, B. Specker, T. C. Williams, D. B. Lubahn & K.
S. Korach: Estrogen resistance caused by a mutation in the
estrogen-receptor gene in a man. N Engl J Med, 331, 1056-
61 (1994)

118. Decker, E., A. Stellzig-Eisenhauer, B. S. Fiebig, C.
Rau, W. Kress, K. Saar, F. Ruschendorf, N. Hubner, T.
Grimm & B. H. Weber: PTHR1 loss-of-function mutations
in familial, nonsyndromic primary failure of tooth eruption.
Am J Hum Genet, 83, 781-6 (2008)

119. Friedman, P. A.: Mechanisms of renal calcium
transport. Exp Nephrol, 8, 343-50 (2000)

120. Bounoutas, G. S., H. Tawfeek, L. F. Frohlich, U. 1.
Chung & A. B. Abou-Samra: Impact of impaired receptor
internalization on calcium homeostasis in knock-in mice
expressing a  phosphorylation-deficient — parathyroid
hormone (PTH)/PTH-related peptide receptor.
Endocrinology, 147, 4674-9 (2006)

121. Aubin, J. E. & E. Bonnelye: Osteoprotegerin and its
ligand: a new paradigm for regulation of osteoclastogenesis
and bone resorption. Osteoporos Int, 11, 905-13 (2000)

122. Kano, J., T. Sugimoto, M. Kanatani, Y. Kuroki, T.
Tsukamoto, M. Fukase & K. Chihara: Second messenger
signaling of c-fos gene induction by parathyroid hormone
(PTH) and PTH-related peptide in osteoblastic
osteosarcoma cells: its role in osteoblast proliferation and
osteoclast-like cell formation. J Cell Physiol, 161, 358-66
(1994)

123. Jilka, R. L.: Molecular and cellular mechanisms of the
anabolic effect of intermittent PTH. Bone, 40, 1434-46
(2007)

124. Stewart, A. F.: PTHrP (1-36) as a skeletal anabolic
agent for the treatment of osteoporosis. Bone, 19, 303-6
(1996)

125. Goltzman, D.: Discoveries, drugs and skeletal
disorders. Nat Rev Drug Discov, 1, 784-96 (2002)

126. Chan, G. K., D. Miao, R. Deckelbaum, 1. Bolivar, A.
Karaplis & D. Goltzman: Parathyroid hormone-related

979

peptide interacts with bone morphogenetic protein 2 to
increase osteoblastogenesis and decrease adipogenesis in
pluripotent ~ C3H10T 1/2 mesenchymal  cells.
Endocrinology, 144, 5511-20 (2003)

127. Ju, W., A. Hoffmann, K. Verschueren, P.
Tylzanowski, C. Kaps, G. Gross & D. Huylebroeck: The
bone morphogenetic protein 2 signaling mediator Smadl
participates predominantly in osteogenic and not in
chondrogenic differentiation in mesenchymal progenitors
C3H10T1/2. J Bone Miner Res, 15, 1889-99 (2000)

128. Hollnagel, A., M. Ahrens & G. Gross: Parathyroid
hormone enhances early and suppresses late stages of
osteogenic and chondrogenic development in a BMP-
dependent mesenchymal differentiation system
(C3H10T1/2) J Bone Miner Res, 12, 1993-2004 (1997)

129. Krishnan, V., T. L. Moore, Y. L. Ma, L. M. Helvering,
C. A. Frolik, K. M. Valasek, P. Ducy & A. G. Geiser:
Parathyroid hormone bone anabolic action requires
Cbfal/Runx2-dependent signaling. Mol Endocrinol, 17,
423-35 (2003)

130. Ishida, K. & M. Yamaguchi: Albumin regulates
Runx2 and alphal (I) collagen mRNA expression in
osteoblastic cells: comparison with insulin-like growth
factor-1. Int J Mol Med, 16, 689-94 (2005)

131. Gagiannis, S., M. Muller, S. Uhlemann, A. Koch, G.
Melino, P. H. Krammer, P. P. Nawroth, M. Brune & T.
Schilling: Parathyroid hormone-related protein confers
chemoresistance by blocking apoptosis signaling via death
receptors and mitochondria. Int J Cancer, 125, 1551-7
(2009)

132. Datta, N. S., G. J. Pettway, C. Chen, A. J. Koh & L. K.
McCauley: Cyclin DI as a target for the proliferative
effects of PTH and PTHrP in early osteoblastic cells. J
Bone Miner Res, 22, 951-64 (2007)

133. Karaplis, A. C., A. Luz, J. Glowacki, R. T. Bronson,
V. L. Tybulewicz, H. M. Kronenberg & R. C. Mulligan:
Lethal skeletal dysplasia from targeted disruption of the
parathyroid hormone-related peptide gene. Genes Dev, 8,
277-89 (1994)

134. Radeff, J. M., Z. Nagy & P. H. Stern: Rho and Rho
kinase are involved in parathyroid hormone-stimulated
protein kinase C alpha translocation and IL-6 promoter
activity in osteoblastic cells. J Bone Miner Res, 19, 1882-
91 (2004)

135. Kawane, T., J. Mimura, T. Yanagawa, Y. Fujii-
Kuriyama & N. Horiuchi: Parathyroid hormone (PTH)
down-regulates PTH/PTH-related protein receptor gene
expression in UMR-106 osteoblast-like cells via a 3',5'-
cyclic adenosine monophosphate-dependent, protein kinase
A-independent pathway. J Endocrinol, 178, 247-56 (2003)

136. Swarthout, J. T., T. A. Doggett, J. L. Lemker & N. C.
Partridge: Stimulation of extracellular signal-regulated



G protein and its signaling pathway in bone

kinases and proliferation in rat osteoblastic cells by
parathyroid hormone is protein kinase C-dependent. J Biol
Chem, 276, 7586-92 (2001)

137. Rickard, D. J., F. L. Wang, A. M. Rodriguez-Rojas, Z.
Wu, W. J. Trice, S. J. Hoffman, B. Votta, G. B. Stroup, S.
Kumar & M. E. Nuttall: Intermittent treatment with
parathyroid hormone (PTH) as well as a non-peptide small
molecule agonist of the PTHI1 receptor inhibits adipocyte
differentiation in human bone marrow stromal cells. Bone,
39, 1361-72 (2006)

138. Yu, S., R. T. Franceschi, M. Luo, J. Fan, D. Jiang, H.
Cao, T. G. Kwon, Y. Lai, J. Zhang, K. Patrene, K.
Hankenson, G. D. Roodman & G. Xiao: Critical role of
activating transcription factor 4 in the anabolic actions of
parathyroid hormone in bone. PLoS One, 4, €7583 (2009)

139. Swarthout, J. T., R. C. D'Alonzo, N. Selvamurugan &
N. C. Partridge: Parathyroid hormone-dependent signaling
pathways regulating genes in bone cells. Gene, 282, 1-17
(2002)

140. Berry, J. E., E. L. Ealba, G. J. Pettway, N. S. Datta, E.
C. Swanson, M. J. Somerman & L. K. McCauley: JunB as
a downstream mediator of PTHrP actions in cementoblasts.
J Bone Miner Res, 21, 246-57 (2006)

141. Huang, J. C., T. Sakata, L. L. Pfleger, M. Bencsik, B.
P. Halloran, D. D. Bikle & R. A. Nissenson: PTH
differentially regulates expression of RANKL and OPG. J
Bone Miner Res, 19, 235-44 (2004)

142. Boguslawski, G., L. V. Hale, X. P. Yu, R. R. Miles, J.
E. Onyia, R. F. Santerre & S. Chandrasekhar: Activation of
osteocalcin transcription involves interaction of protein
kinase A- and protein kinase C-dependent pathways. J Biol
Chem, 275, 999-1006 (2000)

143. Redruello, B., M. D. Estevao, J. Rotllant, P. M.
Guerreiro, L. 1. Anjos, A. V. Canario & D. M. Power:
Isolation and characterization of piscine osteonectin and
downregulation of its expression by PTH-related protein. J
Bone Miner Res, 20, 682-92 (2005)

144. Araki, S., M. Mezawa, Y. Sasaki, L. Yang, Z. Li, H.
Takai, Y. Nakayama & Y. Ogata: Parathyroid hormone
regulation of the human bone sialoprotein gene
transcription is mediated through two cAMP response
elements. J Cell Biochem, 106, 618-25 (2009)

145. Martin, T. J., E. H. Allan, P. W. Ho, J. H. Gooi, J. M.
Quinn, M. T. Gillespie, V. Krasnoperov & N. A. Sims:
Communication Between EphrinB2 and EphB4 Within the
Osteoblast Lineage. Adv Exp Med Biol, 658, 51-60

146. Allan, E. H., K. D. Hausler, T. Wei, J. H. Gooi, J. M.
Quinn, B. Crimeen-Irwin, S. Pompolo, N. A. Sims, M. T.
Gillespie, J. E. Onyia & T. J. Martin: EphrinB2 regulation
by PTH and PTHrP revealed by molecular profiling in
differentiating osteoblasts. J Bone Miner Res, 23, 1170-81
(2008)

980

147. Qin, L., X. Li, J. K. Ko & N. C. Partridge: Parathyroid
hormone uses multiple mechanisms to arrest the cell cycle
progression of osteoblastic cells from G1 to S phase. J Biol
Chem, 280, 3104-11 (2005)

148. Datta, N. S., C. Chen, J. E. Berry & L. K. McCauley:
PTHrP signaling targets cyclin D1 and induces osteoblastic
cell growth arrest. J Bone Miner Res, 20, 1051-64 (2005)

149. Bliziotes, M. M., A. J. Eshleman, X. W. Zhang & K.
M. Wiren: Neurotransmitter action in osteoblasts:
expression of a functional system for serotonin receptor
activation and reuptake. Bone, 29, 477-86 (2001)

150. Onishi, T. & K. Hruska: Expression of p27Kipl in
osteoblast-like cells during differentiation with parathyroid
hormone. Endocrinology, 138, 1995-2004 (1997)

151. Gopalakrishnan, R., S. Suttamanatwong, A. E. Carlson
& R. T. Franceschi: Role of matrix Gla protein in
parathyroid  hormone  inhibition = of  osteoblast
mineralization. Cells Tissues Organs, 181, 166-75 (2005)

152. Yamamoto, T., F. Kambe, X. Cao, X. Lu, N. Ishiguro
& H. Seo: Parathyroid hormone activates phosphoinositide
3-kinase-Akt-Bad cascade in osteoblast-like cells. Bone,
40, 354-9 (2007)

153. Inoue, Y., L. Canaff, G. N. Hendy, I. Hisa, T.
Sugimoto, K. Chihara & H. Kaji: Role of Smad3, acting
independently of transforming growth factor-beta, in the
early induction of Wnt-beta-catenin signaling by
parathyroid hormone in mouse osteoblastic cells. J Cell
Biochem, 108, 285-94 (2009)

154. Chen, C., A. J. Koh, N. S. Datta, J. Zhang, E. T.
Keller, G. Xiao, R. T. Franceschi, N. J. D'Silva & L. K.
McCauley: Impact of the mitogen-activated protein kinase
pathway on parathyroid hormone-related protein actions in
osteoblasts. J Biol Chem, 279, 29121-9 (2004)

155. Nagy, Z., J. Radeff & P. H. Stern: Stimulation of
interleukin-6 promoter by parathyroid hormone, tumor
necrosis factor alpha, and interleukin-l1beta in UMR-106
osteoblastic cells is inhibited by protein kinase C
antagonists. J Bone Miner Res, 16, 1220-7 (2001)

156. Sanders, J. L. & P. H. Stern: Protein kinase C
involvement in interleukin-6 production by parathyroid
hormone and tumor necrosis factor-alpha in UMR-106
osteoblastic cells. J Bone Miner Res, 15, 885-93 (2000)

157. Li, X., L. Qin, M. Bergenstock, L. M. Bevelock, D. V.
Novack & N. C. Partridge: Parathyroid hormone stimulates
osteoblastic expression of MCP-1 to recruit and increase
the fusion of pre/osteoclasts. J Biol Chem, 282, 33098-106
(2007)

158. Sabbieti, M. G., D. Agas, L. Xiao, L. Marchetti, J. D.
Coffin, T. Doetschman & M. M. Hurley: Endogenous FGF-
2 is critically important in PTH anabolic effects on bone. J
Cell Physiol, 219, 143-51 (2009)



G protein and its signaling pathway in bone

159. Okada, Y., A. Montero, X. Zhang, T. Sobue, J.
Lorenzo, T. Doetschman, J. D. Coffin & M. M. Hurley:
Impaired osteoclast formation in bone marrow cultures of
Fgf2 null mice in response to parathyroid hormone. J Biol
Chem, 278, 21258-66 (2003)

160. Wang, Y., S. Nishida, B. M. Boudignon, A.
Burghardt, H. Z. Elalich, M. M. Hamilton, S. Majumdar, B.
P. Halloran, T. L. Clemens & D. D. Bikle: IGF-I receptor is
required for the anabolic actions of parathyroid hormone on
bone. J Bone Miner Res, 22, 1329-37 (2007)

161. Bikle, D. D., T. Sakata, C. Leary, H. Elalich, D.
Ginzinger, C. J. Rosen, W. Beamer, S. Majumdar & B. P.
Halloran: Insulin-like growth factor I is required for the
anabolic actions of parathyroid hormone on mouse bone. J
Bone Miner Res, 17, 1570-8 (2002)

162. Kwok, S., L. Qin, N. C. Partridge & N. Selvamurugan:
Parathyroid hormone stimulation and PKA signaling of
latent transforming growth factor-beta binding protein-1
(LTBP-1) mRNA expression in osteoblastic cells. J Cell
Biochem, 95, 1002-11 (2005)

163. Palcy, S., I. Bolivar & D. Goltzman: Role of activator
protein 1 transcriptional activity in the regulation of gene
expression by transforming growth factor betal and bone
morphogenetic protein 2 in ROS 17/2.8 osteoblast-like
cells. J Bone Miner Res, 15,2352-61 (2000)

164. Sammons, J., N. Ahmed, M. El-Sheemy & H. T.
Hassan: The role of BMP-6, IL-6, and BMP-4 in
mesenchymal stem cell-dependent bone development:
effects on osteoblastic differentiation induced by
parathyroid hormone and vitamin D (3) Stem Cells Dev, 13,
273-80 (2004)

165. Tobimatsu, T., H. Kaji, H. Sowa, J. Naito, L. Canaff,
G. N. Hendy, T. Sugimoto & K. Chihara: Parathyroid
hormone increases beta-catenin levels through Smad3 in
mouse osteoblastic cells. Endocrinology, 147, 2583-90
(2006)

166. Suzuki, A., K. Ozono, T. Kubota, H. Kondou, K.
Tachikawa & T. Michigami: PTH/cAMP/PKA signaling
facilitates canonical Wnt signaling via inactivation of
glycogen synthase kinase-3beta in osteoblastic Saos-2 cells.
J Cell Biochem, 104, 304-17 (2008)

167. Frutos, G., J. Y. Pastor, N. Martinez, M. R. Virto & S.
Torrado: Influence of lactose addition to gentamicin-loaded
acrylic bone cement on the kinetics of release of the
antibiotic and the cement properties. Acta Biomater (2009)

168. Datta, N. S., R. Kolailat, A. Fite, G. Pettway & A. B.
Abou-Samra: Distinct roles for mitogen-activated protein
kinase phosphatase-1 (MKP-1) and ERK-MAPK in PTHIR
signaling during osteoblast proliferation and differentiation.
Cell Signal (2009)

169. Ma, Y. L., R. L. Cain, D. L. Halladay, X. Yang, Q.
Zeng, R. R. Miles, S. Chandrasekhar, T. J. Martin & J. E.

981

Onyia: Catabolic effects of continuous human PTH (1--38)
in vivo is associated with sustained stimulation of RANKL
and inhibition of osteoprotegerin and gene-associated bone
formation. Endocrinology, 142, 4047-54 (2001)

170. Theman, T. A. & M. T. Collins: The role of the
calcium-sensing receptor in bone biology and
pathophysiology. Curr Pharm Biotechnol, 10, 289-301
(2009)

171. Chattopadhyay, N. & E. M. Brown: Cellular "sensing"
of extracellular calcium (Ca (2+) (0)): emerging roles in
regulating diverse physiological functions. Cell Signal, 12,
361-6 (2000)

172. Pollak, M. R., E. M. Brown, Y. H. Chou, S. C. Hebert, S.
J. Marx, B. Steinmann, T. Levi, C. E. Seidman & J. G.
Seidman: Mutations in the human Ca (2+)-sensing receptor
gene cause familial hypocalciuric hypercalcemia and neonatal
severe hyperparathyroidism. Cell, 75, 1297-303 (1993)

173. Brown, E. M., M. Pollak, Y. H. Chou, C. E. Seidman, J.
G. Seidman & S. C. Hebert: Cloning and functional
characterization of extracellular Ca (2+)-sensing receptors
from parathyroid and kidney. Bone, 17, 7S-118S (1995)

174. Dvorak, M. M., T. H. Chen, B. Orwoll, C. Garvey, W.
Chang, D. D. Bikle & D. M. Shoback: Constitutive activity of
the osteoblast Ca2+-sensing receptor promotes loss of
cancellous bone. Endocrinology, 148, 3156-63 (2007)

175. Buchs, N., D. Manen, J. P. Bonjour & R. Rizzoli:
Calcium stimulates parathyroid hormone-related protein
production in Leydig tumor cells through a putative cation-
sensing mechanism. Eur J Endocrinol, 142, 500-5 (2000)

176. Quarles, L. D., J. E. Hartle, 2nd, J. P. Middleton, J.
Zhang, J. M. Arthur & J. R. Raymond: Aluminum-induced
DNA synthesis in osteoblasts: mediation by a G-protein
coupled cation sensing mechanism. J Cell Biochem, 56, 106-
17 (1994)

177. Yamaguchi, T., N. Chattopadhyay, O. Kifor & E. M.
Brown: Extracellular calcium (Ca2+ (0))-sensing receptor in a
murine bone marrow-derived stromal cell line (ST2): potential
mediator of the actions of Ca2+ (o) on the function of ST2
cells. Endocrinology, 139, 3561-8 (1998)

178. Kameda, T., H. Mano, Y. Yamada, H. Takai, N.
Amizuka, M. Kobori, N. Izumi, H. Kawashima, H. Ozawa, K.
Ikeda, A. Kameda, Y. Hakeda & M. Kumegawa: Calcium-
sensing receptor in mature osteoclasts, which are bone
resorbing cells. Biochem Biophys Res Commun, 245, 419-22
(1998)

179. Chattopadhyay, N., S. J. Quinn, O. Kifor, C. Ye & E. M.
Brown: The calcium-sensing receptor (CaR) is involved in
strontium ranelate-induced osteoblast proliferation. Biochem
Pharmacol, 74, 438-47 (2007)

180. Coulombe, J., H. Faure, B. Robin & M. Ruat: In vitro
effects of strontium ranelate on the extracellular calcium-



G protein and its signaling pathway in bone

sensing receptor. Biochem Biophys Res Commun, 323,
1184-90 (2004)

181. Caverzasio, J.: Strontium ranelate promotes
osteoblastic cell replication through at least two different
mechanisms. Bone, 42, 1131-6 (2008)

182. Kanatani, M., T. Sugimoto, M. Kanzawa, S. Yano &
K. Chihara: High extracellular calcium inhibits osteoclast-
like cell formation by directly acting on the calcium-
sensing receptor existing in osteoclast precursor cells.
Biochem Biophys Res Commun, 261, 144-8 (1999)

183. Lorget, F., S. Kamel, R. Mentaverri, A. Wattel, M.
Naassila, M. Maamer & M. Brazier: High extracellular
calcium concentrations directly stimulate osteoclast
apoptosis. Biochem Biophys Res Commun, 268, 899-903
(2000)

184. Mentaverri, R., S. Yano, N. Chattopadhyay, L. Petit,
O. Kifor, S. Kamel, E. F. Terwilliger, M. Brazier & E. M.
Brown: The calcium sensing receptor is directly involved in
both osteoclast differentiation and apoptosis. Faseb J, 20,
2562-4 (2006)

185. Hurtel-Lemaire, A. S., R. Mentaverri, A. Caudrillier,
F. Cournarie, A. Wattel, S. Kamel, E. F. Terwilliger, E. M.
Brown & M. Brazier: The calcium-sensing receptor is
involved in strontium ranelate-induced osteoclast apoptosis.
New insights into the associated signaling pathways. J Biol
Chem, 284, 575-84 (2009)

186. Pi, M., S. C. Garner, P. Flannery, R. F. Spurney & L.
D. Quarles: Sensing of extracellular cations in CasR-
deficient osteoblasts. Evidence for a novel cation-sensing
mechanism. J Biol Chem, 275, 3256-63 (2000)

187. Singer, F. R.: Human calcitonin treatment of Paget’s
disease of bone. Clin. Orthop, 127, 86-93 (1977)

188. Civitelli, R., S. Gonnelli, F. Zacchei, S. Bigazzi, A.
Vattimo, L. V. Avioli & C. Gennari: Bone turnover in
postmenopausal  osteoporosis. Effect of calcitonin
treatment. J Clin Invest, 82, 1268-1274 (1988)

189. Lerner, U. H.: Deletions of genes encoding
calcitonin/-alpha-CGRP, amylin and calcitonin receptor
have given new and unexpected insights into the function
of calcitonin receptors and calcitonin receptor-like
receptors in bone. J Musculoskelet Neuronal Interact 6, 87-
95 (2006)

190. Gorn, A. H., H. Y. Lin, M. Yamin, P. E. Auron, M. R.
Flannery, D. R. Tapp, C. A. Manning, H. F. Lodish, S. M.
Krane & S. R. Goldring: Cloning, characterization, and
expression of a human calcitonin receptor from an ovarian
carcinoma cell line. J. Clin. Invest., 90, 1726-1735 (1992)

191. Ikegame, M., M. Rakopoulos, H. Zhou, S. Houssami,
T. J. Martin, J. M. Moseley & D. M. Findlay: Calcitonin
receptor isoforms in mouse and rat osteoclasts. J Bone
Miner Res, 10, 59-65 (1995)

982

192. Granholm, S., P. Lundberg & U. H. Lerner:
Expression of the calcitonin receptor, calcitonin receptor-
like receptor, and receptor activity modifying proteins during
osteoclast differentiation. J Cell Biochem, 104, 920-33 (2008)

193. Musumeci, M., G. Vadala, G. Tringali, E. Insirello, A. M.
Roccazzello, J. Simpore & S. Musumeci: Genetic and
environmental factors in human osteoporosis from Sub-
Saharan to Mediterranean areas. J Bone Miner Metab, 27, 424-
34 (2009)

194. Yerges, L. M., L. Klei, J. A. Cauley, K. Roeder, C. M.
Kammerer, S. P. Moffett, K. E. Ensrud, C. S. Nestlerode, L.
M. Marshall, A. R. Hoffman, C. Lewis, T. F. Lang, E. Barrett-
Connor, R. E. Ferrell, E. S. Orwoll & J. M. Zmuda: A High-
Density Association Study of 383 Candidate Genes for
Volumetric Bone Density at the Femoral Neck and Lumbar
Spine among Older Men. J Bone Miner Res (2009)

195. Zofkova, 1., K. Zajickova, M. Hill & A. Krepelova: Does
polymorphism C1377T of the calcitonin receptor gene
determine bone mineral density in postmenopausal women?
Exp Clin Endocrinol Diabetes, 111, 447-9 (2003)

196. Dayhoff, M. O.: Atlas of Protein Sequence and Structure.
Hormones, active peptides and toxins. . Washington: National
Biomedical Research Foundation (1972)

197. LeMoullec, J. M., A. Jullienne, J. Chenais, F.
Lasmoles, J. M. Guliana, G. Milhaud & M. S. Moukhtar:
The complete sequence of human preprocalcitonin. .
FEBS Lett. , 167, 93-97 (1984)

198. Horne, W. C., J. F. Shyu, M. Chakraborty & R.
Baron: Signal transduction by calcitonin Multiple
ligands, receptors, and signaling pathways. Trends
Endocrinol Metab, 5, 395-401 (1994)

199. Ikegame, M., M. Rakopoulos, T. J. Martin, J. M.
Moseley & D. M. Findlay: Effects of continuous
calcitonin treatment on osteoclast-like cell development
and calcitonin receptor expression in mouse bone
marrow cultures. J Bone Miner Res, 11, 456-65 (1996)

200. Yang, M. & B. E. Kream: Calcitonin induces
expression of the inducible cAMP early repressor in
osteoclasts. Endocrine, 33, 245-53 (2008)

201. Naot, D., K. E. Callon, A. Grey, G. J. Cooper, 1. R.
Reid & J. Cornish: A potential role for adrenomedullin
as a local regulator of bone growth. Endocrinology, 142,
1849-57 (2001)

202. Rosenfeld, M. G., J.-J. Mermod, S. G. Amara, L. W.
Swanson, P. E. Sawchenk, J. Rivier, W. W. Vale & R.
M. Evans: Production of a novel neuropeptide encoded
by the calcitonin gene via tissue-specific RNA
processing. Nature 304, 129-135 (1983)

203. Wang, L., D. Gesty-Palmer, T. A. Fields & R. F.
Spurney: Inhibition of WNT signaling by G protein-



G protein and its signaling pathway in bone

coupled receptor (GPCR) kinase
Endocrinol, 23, 1455-65 (2009)

2 (GRK2) Mol

204. Cornish, J., K. Callon, D. Coy, N. Jiang, L. Xiao, G.
Cooper & I. Reid: Adrenomedullin is a potent stimulator of
osteoblastic activity in vitro and in vivo. Am J Physiol 273,
1113-1120 (1997)

205. Cornish, J., A. Grey, K. E. Callon, D. Naot, B. L. Hill,
C. Q. Lin, L. M. Balchin & I. R. Reid: Shared pathways of
osteoblast mitogenesis induced by amylin, adrenomedullin,
and IGF-1. Biochem Biophys Res Commun, 318, 240-6
(2004)

206. Mackie, K.: Cannabinoid receptors: where they are
and what they do. J Neuroendocrinol, 20 Suppl 1, 10-4
(2008)

207. Pacher, P., S. Batkai & G. Kunos: The
endocannabinoid system as an emerging target of
pharmacotherapy. Pharmacol Rev, 58, 389-462 (2006)

208. Bab, 1., O. Ofek, J. Tam, J. Rehnelt & A. Zimmer:
Endocannabinoids and the regulation of bone
metabolism. J Neuroendocrinol, 20 Suppl 1, 69-74
(2008)

209. Brown, A. J.: Novel cannabinoid receptors. Br J
Pharmacol, 152, 567-75 (2007)

210. Idris, A. L., R. J. van 't Hof, I. R. Greig, S. A. Ridge,
D. Baker, R. A. Ross & S. H. Ralston: Regulation of
bone mass, bone loss and osteoclast activity by
cannabinoid receptors. Nat Med, 11, 774-9 (2005)

211. Munro, S., K. L. Thomas & M. Abu-Shaar:
Molecular characterization of a peripheral receptor for
cannabinoids. Nature, 365, 61-5 (1993)

212. Steffens, S., N. R. Veillard, C. Arnaud, G. Pelli, F.
Burger, C. Staub, M. Karsak, A. Zimmer, J. L. Frossard
& F. Mach: Low dose oral cannabinoid therapy reduces
progression of atherosclerosis in mice. Nature, 434, 782-
6 (2005)

213. Whiteside, G. T., G. P. Lee & K. J. Valenzano: The
role of the cannabinoid CB2 receptor in pain
transmission and therapeutic potential of small molecule
CB2 receptor agonists. Curr Med Chem, 14, 917-36
(2007)

214. Karsak, M., M. Cohen-Solal, J. Freudenberg, A.
Ostertag, C. Morieux, U. Kornak, J. Essig, E. Erxlebe, 1.
Bab, C. Kubisch, M. C. de Vernejoul & A. Zimmer:
Cannabinoid receptor type 2 gene is associated with
human osteoporosis. Hum Mol Genet, 14, 3389-96
(2005)

215. T Dschietzig , C. B., G Baumann, K Stangl . :
Relaxin--a pleiotropic hormone and its emerging role for
experimental and clinical therapeutics Pharmacol Ther,
112, 38-56 (2006)

983

216. Ferlin, A., A. Pepe, A. Facciolli, L. Gianesello & C.
Foresta: Relaxin stimulates osteoclast differentiation and
activation. Bone (2009)

217. Facciolli, A., A. Ferlin, L. Gianesello, A. Pepe & C.
Foresta: Role of relaxin in human osteoclastogenesis. Ann
NY Acad Sci, 1160, 221-5 (2009)

218. Figueiredo, K. A., G. Rossi & M. E. Cox: Relaxin
promotes clustering, migration, and activation states of
mononuclear myelocytic cells. Ann N Y Acad Sci, 1160,
353-60 (2009)

219. Klonisch, T., J. Bialek, Y. Radestock, C. Hoang-Vu &
S. H.-K. Relaxin-like ligand-receptor systems are
autocrine/paracrine effectors in tumor cells and modulate
cancer progression and tissue invasiveness. . Adv Exp Med
Biol, 612, 104-118 (2007)

220. Halls, M. L., R. A. D. Bathgate & R. J. Summers:
Relaxin Family Peptide Receptors RXFP1 and RXFP2
Modulate cAMP Signaling by Distinct Mechanisms.
Molecular pharmacology, 70, 214-226 (2006)

221. Reya, T. & H. Clevers: Wnt signalling in stem cells
and cancer. Nature, 434, 843-50 (2005)

222. Taipale, J. & P. A. Beachy: The Hedgehog and Wnt
signalling pathways in cancer. Nature, 411, 349-54 (2001)

223. Bodine, P. V. & B. S. Komm: Wnt signaling and
osteoblastogenesis. Rev Endocr Metab Disord, 7, 33-9
(2006)

224. Yavropoulou, M. P. & J. G. Yovos: The role of the
Wnt signaling pathway in osteoblast commitment and
differentiation. Hormones (Athens), 6, 279-94 (2007)

225. Chen, A. E., D. D. Ginty & C. M. Fan: Protein kinase
A signalling via CREB controls myogenesis induced by
Wnat proteins. Nature, 433, 317-22 (2005)

226. Kuhl, M., L. C. Sheldahl, C. C. Malbon & R. T.
Moon: Ca (2+)/calmodulin-dependent protein kinase II is
stimulated by Wnt and Frizzled homologs and promotes
ventral cell fates in Xenopus. J Biol Chem, 275, 12701-11
(2000)

227. Tu, X., K. S. Joeng, K. I. Nakayama, K. Nakayama, J.
Rajagopal, T. J. Carroll, A. P. McMahon & F. Long:
Noncanonical Wnt signaling through G protein-linked
PKCdelta activation promotes bone formation. Dev Cell,
12, 113-27 (2007)

228. Ludwig, M.-G., M. Vanek, D. Guerini, J. r. A. Gasser,
C. E. Jones, U. Junker, H. Hofstetter, R. M. Wolf & K.
Seuwen: Proton-sensing G-protein-coupled receptors.
nature, 425, 94-98 (2003)

229. Tomura, H., C. Mogi, K. Sato & F. Okajima: Proton-
sensing and  lysolipid-sensitive ~ G-protein-coupled



G protein and its signaling pathway in bone

receptors: A novel type of multi-functional receptors
cellular signaling, 17, 1466-1476 (2005)

230. Huang, C., L. M. Hydo, S. Liu & R. T. Miller:
Activation of choline kinase by extracellular Ca2+ is Ca
(2+)-sensing receptor, Galphal2 and Rho-dependent in
breast cancer cells. Cell Signal, 21, 1894-900 (2009)

231. Heino, T. J., A. S. Chagin & L. Savendahl: The novel
estrogen receptor G-protein-coupled receptor 30 is
expressed in human bone. J Endocrinol, 197, R1-6 (2008)

232. Riggs, B. L., S. Khosla & L. J. Melton, 3rd: Sex
steroids and the construction and conservation of the adult
skeleton. Endocr Rev, 23, 279-302 (2002)

233. Lindberg, M. K., Z. Weihua, N. Andersson, S.
Moverare, H. Gao, O. Vidal, M. Erlandsson, S. Windahl,
G. Andersson, D. B. Lubahn, H. Carlsten, K. Dahlman-
Wright, J. A. Gustafsson & C. Ohlsson: Estrogen receptor
specificity for the effects of estrogen in ovariectomized
mice. J Endocrinol, 174, 167-78 (2002)

234. Chagin, A. S. & L. Savendahl: GPR30 estrogen
receptor expression in the growth plate declines as puberty
progresses. J Clin Endocrinol Metab, 92, 4873-7 (2007)

235. Revankar, C. M., D. F. Cimino, L. A. Sklar, J. B.
Arterburn & E. R. Prossnitz: A transmembrane intracellular
estrogen receptor mediates rapid cell signaling. Science,
307, 1625-30 (2005)

236. Thomas, P., Y. Pang, E. J. Filardo & J. Dong: Identity
of an estrogen membrane receptor coupled to a G protein in
human breast cancer cells. Endocrinology, 146, 624-32
(2005)

237. Olde, B. & L. M. Leeb-Lundberg: GPR30/GPERI1:
searching for a role in estrogen physiology. Trends
Endocrinol Metab, 20, 409-16 (2009)

238. De Vries, L., B. Zheng, T. Fischer, E. Elenko & M. G.
Farquhar: The regulator of G protein signaling family.
Annu Rev Pharmacol Toxicol, 40, 235-71 (2000)

239. Pierce, K. L., R. T. Premont & R. J. Lefkowitz: seven-
transmembrane receptors. nature review molecular cell
biology, 3, 630-650 (2002)

240. Hurst, J. H. & S. B. Hooks: Regulator of G-protein
signaling (RGS) proteins in cancer biology. Biochem
Pharmacol, 78, 1289-97 (2009)

241. Kehrl, J. H. & S. Sinnarajah: RGS2: a multifunctional
regulator of G-protein signaling. Int J Biochem Cell Biol,
34, 432-8 (2002)

242. Tsingotjidou, A., J. M. Nervina, L. Pham, O.
Bezouglaia & S. Tetradis: Parathyroid hormone induces
RGS-2  expression by a cyclic adenosine 3',5'-
monophosphate-mediated pathway in primary neonatal
murine osteoblasts. Bone, 30, 677-84 (2002)

984

243, Miles, R. R., J. P. Sluka, R. F. Santerre, L. V. Hale, L.
Bloem, G. Boguslawski, K. Thirunavukkarasu, J. M. Hock
& J. E. Onyia: Dynamic regulation of RGS2 in bone:
potential new insights into parathyroid hormone signaling
mechanisms. Endocrinology, 141, 28-36 (2000)

244. Homme, M., F. Schaefer, O. Mehls & C. P. Schmitt:
Differential regulation of RGS-2 by constant and
oscillating PTH concentrations. Calcif Tissue Int, 84, 305-
12 (2009)

245. Ko, J. K., K. H. Choi, I. S. Kim, E. K. Jung & D. H.
Park: Inducible RGS2 is a cross-talk regulator for
parathyroid hormone signaling in rat osteoblast-like
UMRI106 cells. Biochem Biophys Res Commun, 287, 1025-
33 (2001)

246. Thirunavukkarasu, K., D. L. Halladay, R. R. Miles, C.
D. Geringer & J. E. Onyia: Analysis of regulator of G-
protein signaling-2 (RGS-2) expression and function in
osteoblastic cells. J Cell Biochem, 85, 837-50 (2002)

247. Roy, A. A., C. Nunn, H. Ming, M. X. Zou, J.
Penninger, L. A. Kirshenbaum, S. J. Dixon & P. Chidiac:
Up-regulation of endogenous RGS2 mediates cross-
desensitization between Gs and Gq signaling in osteoblasts.
J Biol Chem, 281, 32684-93 (2006)

248. Yowe, D., N. Weich, M. Prabhudas, L. Poisson, P.
Errada, R. Kapeller, K. Yu, L. Faron, M. Shen, J. Cleary, T.
M. Wilkie, C. Gutierrez-Ramos & M. R. Hodge: RGS18 is
a myeloerythroid lineage-specific regulator of G-protein-
signalling molecule highly expressed in megakaryocytes.
Biochem J, 359, 109-18 (2001)

249. Park, I. K., C. A. Klug, K. Li, L. Jerabek, L. Li, M.
Nanamori, R. R. Neubig, L. Hood, I. L. Weissman & M. F.
Clarke: Molecular cloning and characterization of a novel
regulator of G-protein signaling from mouse hematopoietic
stem cells. J Biol Chem, 276, 915-23 (2001)

250. Iwai, K., M. Koike, S. Ohshima, K. Miyatake, Y.
Uchiyama, Y. Saeki & M. Ishii: RGS18 acts as a negative
regulator of osteoclastogenesis by modulating the acid-
sensing OGR1/NFAT signaling pathway. J Bone Miner
Res, 22, 1612-20 (2007)

251. Yang, S. & Y. P. Li: RGS12 is essential for RANKL-
evoked signaling for terminal differentiation of osteoclasts
in vitro. J Bone Miner Res, 22, 45-54 (2007)

252. Spurney, R. F.: Regulated expression of G protein-
coupled receptor kinases (GRK's) and beta-arrestins in
osteoblasts. Calcif Tissue Int, 73, 153-60 (2003)

253. Bliziotes, M., J. Murtagh & K. Wiren: Beta-adrenergic
receptor kinase-like activity and beta-arrestin are expressed
in osteoblastic cells. J Bone Miner Res, 11, 820-6 (1996)

254. Fukayama, S., G. Kong, J. L. Benovic, E. Meurer &
A. H. Tashjian, Jr.: Beta-adrenergic receptor kinase-1



G protein and its signaling pathway in bone

acutely regulates PTH/PTHTrP receptor signalling in human
osteoblastlike cells. Cell Signal, 9, 469-74 (1997)

255. Spurney, R. F., P. J. Flannery, S. C. Garner, K.
Athirakul, S. Liu, F. Guilak & L. D. Quarles: Anabolic
effects of a G protein-coupled receptor kinase inhibitor
expressed in osteoblasts. J Clin Invest, 109, 1361-71 (2002)

256. Wang, L., S. Liu, L. D. Quarles & R. F. Spurney:
Targeted overexpression of G protein-coupled receptor
kinase-2 in osteoblasts promotes bone loss. Am J Physiol
Endocrinol Metab, 288, E826-34 (2005)

257. Wang, L., L. D. Quarles & R. F. Spurney: Unmasking
the osteoinductive effects of a G-protein-coupled receptor
(GPCR) kinase (GRK) inhibitor by treatment with PTH (1-
34) J Bone Miner Res, 19, 1661-70 (2004)

258. Ferrari, S. L., D. D. Pierroz, V. Glatt, D. S. Goddard,
E. N. Bianchi, F. T. Lin, D. Manen & M. L. Bouxsein:
Bone response to intermittent parathyroid hormone is
altered in mice null for {beta}-Arrestin2. Endocrinology,
146, 1854-62 (2005)

259. Bianchi, E. N. & S. L. Ferrari: Beta-arrestin2 regulates
parathyroid hormone effects on a p38 MAPK and
NFkappaB gene expression network in osteoblasts. Bone,
45, 716-25 (2009)

260. Sneddon, W. B., C. A. Syme, A. Bisello, C. E.
Magyar, M. D. Rochdi, J. L. Parent, E. J. Weinman, A. B.
Abou-Samra & P. A. Friedman: Activation-independent
parathyroid hormone receptor internalization is regulated
by NHERF1 (EBP50) J Biol Chem, 278, 43787-96 (2003)

261. Wheeler, D. & W. B. Sneddon: Mutation of
phenylalanine-34 of parathyroid hormone disrupts
NHERF1 regulation of PTH type I receptor signaling.
Endocrine, 30, 343-52 (2006)

262. Yasothan, U. & S. Kar: Osteoporosis: overview and
pipeline. Nat Rev Drug Discov, 7, 725-6 (2008)

263. Opar, A.: Late-stage osteoporosis drugs illustrate
challenges in the field. Nat Rev Drug Discov, 8, 757-8
(2009)

264. Lane, N. E.: Therapy Insight: osteoporosis and
osteonecrosis in systemic lupus erythematosus. Nat Clin
Pract Rheumatol, 2, 562-9 (2006)

265. Chesnut, C. H., 3rd, M. Azria, S. Silverman, M.
Engelhardt, M. Olson & L. Mindeholm: Salmon calcitonin:
a review of current and future therapeutic indications.
Osteoporos Int, 19, 479-91 (2008)

266. Berg, C., K. Neumeyer & P. Kirkpatrick: Teriparatide.
Nat Rev Drug Discov, 2,257-8 (2003)

267. Compston, J.: Does parathyroid hormone treatment
affect fracture risk or bone mineral density in patients with
osteoporosis? Nat Clin Pract Rheumatol, 3, 324-5 (2007)

268. Geusens, P. P., C. H. Roux, D. M. Reid, W. F. Lems,
S. Adami, J. D. Adachi, P. N. Sambrook, K. G. Saag, N. E.
Lane & M. C. Hochberg: Drug Insight: choosing a drug
treatment strategy for women with osteoporosis-an
evidence--based clinical perspective. Nat Clin Pract
Rheumatol, 4, 240-8 (2008)

269. Neuprez, A., M. Hiligsmann, S. Scholtissen, O.
Bruyere & J. Y. Reginster: Strontium ranelate: the first
agent of a new therapeutic class in osteoporosis. Adv Ther,
25, 1235-56 (2008)

270. Fonseca, J. E.: Rebalancing bone turnover in favour of
formation with strontium ranelate: implications for bone
strength. Rheumatology (Oxford), 47 Suppl 4, iv17-19
(2008)

Key Words: Osteoblasts, Osteoclasts, Bone, Heterometric
G protein, Gas, Gag/ll, Gai/o, Gal2/13, G protein
coupled receptor, PTH, PTHrP, Cation Sensing Receptor,
Calcitonin, Cannabinoid, Relaxin Family Peptide,
Regulator of G Protein Signaling, Review

Send correspondence to: Yi-Ping Li, Department of
Cytokine Biology, The Forsyth Institute, 140 The Fenway,
Boston, MA 02115, Tel: 617-892-8260, Fax: 617-262
4021, E-mail: ypli@forsyth.org

http://www.bioscience.org/current/vol15.htm



