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Abstract
The C family G-protein-coupled receptors contain members that sense amino acid and extracellular
cations, of which calcium-sensing receptor (CASR) is the prototypic extracellular calcium-sensing
receptor. Some cells, such as osteoblasts in bone, retain responsiveness to extracellular calcium in
CASR-deficient mice, consistent with the existence of another calcium-sensing receptor. We
examined the calcium-sensing properties of GPRC6A, a newly identified member of this family.
Alignment of GPRC6A with CASR revealed conservation of both calcium and calcimimetic binding
sites. In addition, calcium, magnesium, strontium, aluminum, gadolinium, and the calcimimetic NPS
568 resulted in a dose-dependent stimulation of GPRC6A overexpressed in human embryonic kidney
cells 293 cells. Also, osteocalcin, a calcium-binding protein highly expressed in bone, dose-
dependently stimulated GPRC6A activity in the presence of calcium but inhibited the calcium-
dependent activation of CASR. Coexpression of β-arrestins 1 and 2, regulators of G-protein signaling
RGS2 or RGS4, the RhoA inhibitor C3 toxin, the dominant negative Gαq-(305–359) minigene, and
pretreatment with pertussis toxin inhibited activation of GPRC6A by extracellular cations. Reverse
transcription-PCR analyses showed that mouse GPRC6A is widely expressed in mouse tissues,
including bone, calvaria, and the osteoblastic cell line MC3T3-E1. These data suggest that in addition
to sensing amino acids, GPRC6A is a cation-, calcimimetic-, and osteocalcin-sensing receptor and
a candidate for mediating extracellular calcium-sensing responses in osteoblasts and possibly other
tissues.

The extracellular calcium-sensing receptor, which belongs to the C family (also called family
3) of G-protein-coupled receptors (GPCRs),2 plays an important role in the regulation of
calcium homeostasis. Inactivating and activating mutations of the receptor in humans have
been shown to respectively induce hyper- and hypoparathyrodism (1). CASR is widely
expressed in many tissues (2), where it has been shown to play an important role in regulating
parathyroid hormone secretion by the parathyroid gland, calcitonin secretion by C-cells in the
thyroid, calcium and water transport by kidney epithelia, parathyroid hormone-related protein
production and calcium transport in the mammary gland (3), and fluid fluxes in the
gastrointestinal tract (4). Although calcium is the physiological ligand for CASR, other divalent
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and trivalent cations can also activate this receptor. In addition, CASR activity (in the presence
of Ca2+) is allosterically modulated by amino acids (5) and small peptides (6,7) as well as a
family of structurally related phenylal-kylamines called calcimimetics and calcilytics (8,9).

Extracellular calcium-sensing responses are also observed in tissues where the physiological
role of CASR is not certain, such as bone. For example, cultured osteoblasts and osteoclasts
from bone respond to increased extracellular calcium through a cell surface calcium-sensing
mechanism that may be distinct from CASR (10). Although CASR has been detected in these
cells by some investigators (11–13), others have been unable to identify CASR in either
osteoblasts or osteoclasts (14–17). In addition, CASR null mice exhibit no abnormalities of
osteoblastic and osteoclastic function after correction of hyperparathyroidism that results from
the deletion of CASR in parathyroid glands (18). More importantly, osteoblasts derived from
CASR null mice display unaltered responses to extracellular calcium (19), suggesting the
presence of another extracellular calcium-sensing mechanism. Because the bone
microenvironment has a higher calcium concentration than the systemic circulation and
different calcium binding proteins due to the presence of extracellular matrix proteins, a unique
calcium-sensing receptor may be required in osteoblasts. A putative osteoblastic calcium-
sensing receptor has been proposed to exist in osteoblasts (Ob. CASR) that is distinguished
from CASR by differences in ligand specificity and coupling to signal transduction pathways
(10). Recent functional characterization of Ob. CASR indicates its ability to sense cations and
amino acids and function like a G-protein-coupled receptor, suggesting that this putative
receptor may also belong to the family C of GPCRs, which are characterized by an
evolutionarily conserved amino acid-sensing motif linked to an intramembranous 7-
transmembrane loop region (10).

The C family of GPCRs consists of eight metabotropic glutamate receptors (mGluR1–8), two
γ-aminobutyric acid receptors (GABABR1/2), three taste receptors (T1R1, T1R2, and T1R3)
and six orphan receptors (RAIG1, GPRC6A, GPRC5B-5D, and GABABL) in addition to CASR
(20–27). Structural homologies and conservation of specific domains in some members of this
family of receptors suggest an evolutionary link between extracellular calcium and amino acid-
sensing (28). In addition to CASR (29,30), other members of this receptor family, such as
various mGluRs (31) and GABAB receptor (32), are capable of sensing extracellular calcium
due to homology within a long amino-terminal domain that contains binding sites for both
calcium and amino acids (5,28). Three serine residues (Ser-170 > Ser-147 > Ser-169) in the
extracellular domain and a proline residue (Pro-823) in the 7-transmembrane loop region
domain of CASR are necessary for full responsiveness to extracellular calcium (33,34). The
serine 166, corresponding to Ser-147 in CASR, and the proline residue, corresponding to
Pro-823, are conserved in mGluR1 and mGluR5, whereas mGluR3 has 2 conserved sites,
corresponding to Ser-147, Ser-169, and Pro-823 in CASR (31,32,34). A distinct site, Ser-269,
mediates the allosteric modulating effects of calcium on the GABAB receptor (35). CASR also
senses L-amino acids in vitro (5). Ser-170 in CASR, which corresponds to amino acid binding
residue Thr-188 in mGluR, is necessary for amino acid sensing in CASR and mGluRs (22).
Calcimimetics, which are believed to be specific allosteric modulators of CASR, require
Glu-837 as well as other sites in the transmembrane loop regions (36–39). These calcimimetic
binding sites are not conserved in mGluRs, which do not respond to calcimimetics (8).

GPRC6A, an orphan receptor with a long amino-terminal domain, has recently been shown to
sense amino acids (40–42), but the physiological ligands and function of this receptor have not
been clearly established. In addition, calcium has been shown to augment the amino acid
responsiveness of this receptor (5,43), but the extracellular cation-sensing properties of the
full-length native GPRC6A have not been extensively evaluated (40–42). To determine
whether GPRC6A is a candidate for an alternative cation-sensing receptor, we examined the
response of GPRC6A to a panel of extracellular cations, assessed whether this receptor is
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expressed in bone and osteoblasts, and determined whether it is responsive to calcimimetics
as well as osteocalcin, the most abundant calcium-binding extracellular matrix protein in bone.

EXPERIMENTAL PROCEDURES
Materials

Aluminum chloride (AlCl3·6H2O) was obtained from Fisher. Calcium chloride, gadolinium
chloride hexahydrate, magnesium chloride, and strontium chloride were purchased from
Sigma. Bovine serum albumin (faction V) was obtained from Roche Applied Science.
Osteocalcin (purified from bovine bone) was purchased from Biodesign International (Saco,
ME).

Plasmids
GPRC6A cDNA was RT-PCR-amplified from human kidney total RNA and cloned into the
expression vector pcDNA3.1(+)-Puro, which is the same as pcDNA3.1(+) (Invitrogen) except
that the neomycin resistance gene is replaced by the gene encoding puromycin resistance. RNA
was reverse-transcribed using random hexamers and Moloney murine leukemia virus
(Promega, Madison, WI) according to the manufacturer’s protocol. A portion of the RT reaction
mix, GPRC6A-specific primers (forward, 5′-cgaaacatggcattcttaattatact; reverse, 5′-
atcctggaatgtggcatctctcctaag) and Pfu DNA polymerase (Stratagene, La Jolla, CA) were
combined in a PCR reaction mix, and the GPRC6A cDNA was amplified using conventional
cycling conditions. The 2816-bp cDNA amplimer was purified using Promega Wizard PCR
cleanup reagents, then ligated into pcDNA3.1(+)-Puro vector previously digested with BamHI/
EcoRV and made blunt-ended by treatment with Klenow. The ligation mix was electroporated
into Escherichia coli DH10B, and several ampicillin-resistant colonies were picked and
expanded in LB (amp) medium. Plasmid DNAs were purified from individual clones using
Qiagen Qiaprep reagents, then digested with BamHI and EcoRV and size-separated by
electrophoresis through a 0.8% agarose gel to identify those clones containing the full-length
cDNA in the correct orientation relative to the CMV promoter. The integrity of the GPRC6A
open reading frame was confirmed by comprehensive DNA sequencing. The Myc-tagged
mouse GPRC6A cDNA was kindly provided by Drs. Yao and Hampson (40). Serum response
element (SRE)-luciferase construct was a generous gift from Dr. Jeffrey E. Pessin (44). The
rat CASR cDNA was obtained from Drs. A. M. Snowman and S. H. Snyder and subcloned in
the mammalian expression vector pcDNA3 (Invitrogen) as previously described (45,46). The
Gαq-(305–359) minigene construct that corresponds to the COOH-terminal peptide sequence
of Gαq residues 305–359 (47) and constructs of pcDNA3-Flag-rBarr1 and pcDNA3-FLAG-
rBarr2 (48) were kindly provided by Drs. Louis M. Luttrell and Robert J. Lefkowitz from Duke
University. All of the G protein α-subunits and C3 toxin (generously provided by Dr. J. Silvio
Gutkind) were in pcDNA I expression vectors (49). RGS2, RGS4, and RGS12 in the p-
cytomegalovirus (pCMV) expression vector as previously described (50) were generous gifts
of Dr. Dianqing Wu (Department of Pharmacology and Physiology, University of Rochester).

PCR and RT-PCR Analysis
Mouse cDNA tissues panels were purchased from Clontech (Palo Alto, CA). The PCR primers
for GPRC6A application are GPRC6A.F737 (5′-tgtgcattgccttcaaagag) and GPRC6A.R1812
(5′-gagagccaaggagtcatccc). Mouse glyceraldehyde-3-phosphate dehydrogenase was amplified
as a control. Amplification products were resolved by electrophoresis on a 1.0% agarose gel
and visualized by ethidium bromide staining.

RNA was isolated from mouse kidney, testis, epididymis, bone, and fat by grinding snap-frozen
tissues in liquid nitrogen and then extracting total RNA using Trizol reagent (Molecular
Research Center, Inc., Cincinnati, OH). RNA samples pretreated with DNase were further
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cleaned using an RNeasy spin column (Qiagen, Inc., Valencia CA), and the yield was quantified
using a Ribogreen RNA quantitation kit (Molecular Probes, Eugene, OR). RT-PCR was
performed using a two-step RNA PCR procedure by modification of previously described
methods (19). Briefly, in separate reactions 2.0 μg of DNase-treated total RNA was reverse-
transcribed into cDNA with the respective reverse primers specified below, and Moloney
murine leukemia virus reverse transcriptase (Invitrogen). Reactions were carried out at 42 °C
for 60 min followed by 94 °C for 5 min and 5 °C for 5 min. The products of first strand cDNA
synthesis were directly amplified by PCR using AmpliTaq DNA polymerase (Applied
Biosystems, Foster City, CA) using three separate sets of primers based on the human β-
arrestins and G-protein-coupled receptor kinase cDNA sequence. PCR was performed with
thermal cycling parameters of 94 °C for 3 min, 94 °C for 1 min, 60 °C for 1 min, and 72 °C
for 2 min for 35 cycles followed by a final extension at 72 °C for 10 min. The primers for
GPRC6A application were GPRC6A.F737 (5′-tgtgcattgccttcaaagag) and GPRC6A.R1812 (5′-
gagagccaaggagtcatccc). Human glyceraldehyde-3-phosphate dehydrogenase was amplified as
a control. Amplification products were resolved by electrophoresis on a 1.0% agarose gel and
visualized by ethidium bromide staining.

Cell Culture
All culture reagents were from Invitrogen. Human embryonic kidney HEK-293 cells were
obtained from American Type Culture Collection, Manassas, VA. HEK-293 cells stably
expressing rat CASR were created as previously described (45,46,51).

HEK-293 cells were grown in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal calf serum and 1% penicillin/streptomycin at 37 °C in a
humidified atmosphere of 95% air and 5% CO2. To evaluate cation responses, cells were
induced to undergo growth arrest by overnight incubation in serum-free media (Dulbecco’s
modified Eagle’s medium/F-12 containing 0.1% bovine serum albumin and 1% penicillin/
streptomycin (Invitrogen). Cations or amino acids were added at the concentrations stated.

Transfection
HEK-293 cells were transiently co-transfected with SRE-luc and the following plasmids: β-
arrestin 1, β-arrestin 2, Gαq-(305–355), C3 toxin, RGS2, RGS4, or RGS12 (46).

All plasmid DNAs were prepared using the EndoFree™ Plasmid Maxi Kit (Invitrogen).
Transient transfections were performed as follows. 1 × 105 HEK-293 were plated in the 6-well
plate and incubated overnight at 37 °C. A DNA-liposome complex was prepared by mixing
DNA of the SRE-luciferase reporter plasmid, pCMV-β-gal, and other expression vectors as
indicated with TransFast™ transfection reagent (Promega). The total plasmid DNA was
equalized in each well by adjusting the total amount of DNA to 2 μg per well with the empty
vector. Quiescence of transfected cells was achieved in subconfluent cultures by removing the
media and washing with Hanks’ balanced salt solution (Invitrogen) to remove residual serum
followed by incubation for an additional 24 h in serum-free quiescent media. Luciferase activity
was assessed after 8 h of stimulation. The luciferase activity in cell extracts was measured
using the luciferase assay system (Promega) following the manufacturer’s protocol using a
BG-luminometer (Gem Biomedical, Inc., Hamden, CT).

To assess the impact of inhibition of Gαi, we used HEK-293 cells stably transfected with
GPRC6A and SRE-luciferase plasmids plated in 6-well plates at 1 × 105 cells/well and
incubated for 48 h at 37 °C. Quiescence of transfected cells was achieved in subconfluent
cultures by removing the media and washing with Hanks’ balanced salt solution (Invitrogen)
to remove residual serum followed by incubation for an additional 24 h in serum-free quiescent
media. Then cells were pre-treated with 100 ng/ml pertussis toxin (Sigma) for 5 h. Luciferase
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activity was assessed after 8 h, and ERK activity was assessed after 10 min of stimulation with
10 mM calcium.

Confocal Microscopic Analysis
The 5 × 105 HEK-293 cells were plated in Dulbecco’s modified Eagle’s medium on the
coverslips in 60-mm plates and grown overnight at 37 °C. The cells were transfected with Myc-
tagged mouse GPRC6A cDNA using TransFast™ transfection reagent (Promega). At 48 h post-
transfection the cells were washed with PBS and fixed in 4% paraformaldehyde for 30 min.
The cells were then washed twice with PBS. The cells were subsequently incubated with the
anti-Myc-fluorescein isothiocyanate antibody (Invitrogen) at a 1:500 dilution in PBS
containing 1% bovine serum albumin for 1 h at room temperature in the dark. The cells were
washed twice for 5 min each with PBS containing 1% bovine serum albumin, mounted onto
microscope slides using the ProLong Antifade Kit (Molecular Probes), and examined under a
Zeiss LSM 510 laser-scanning microscope.

Assay for ERK1/2 Mitogen-activated Protein Kinase
After 10 min of agonist treatment for the specified concentrations and duration, cells were
washed twice with ice-cold PBS and scraped into 250 μl of lysis buffer (25 mM HEPES pH 7.2,
5 mM MgCl2, 5 mM EDTA, 1% Triton X-100, 0.02 tablet/ml of protease inhibitor mixture).
Equal amounts of lysates were subjected to 10% SDS-PAGE, and phospho-ERK1/2 levels
were determined by immunoblotting using anti-phospho-ERK1/2 mitogen-activated protein
kinase antibody (Cell Signaling Technology, Beverly, MA). To confirm that variations in the
amount of ERK did not contribute to stimulated ERK activity, in selected studies we used an
anti-ERK1/2 mitogen-activated protein kinase antibody (Cell Signaling Technology) to
measure ERK levels.

Intracellular Calcium Measurement
HEK-293 cells stably expressing the chimeric G protein Gqi5 were transfected with an
expression vector encoding the full-length GPRC6A gene using FuGENE 6 (Roche Applied
Science) according to the manufacturer’s recommended protocol. Cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, 250 μg/ml hygromycin, and 3 μg/ml puromycin at 37 °C, 5% CO2.
Clones were selected and analyzed for GPRC6A expression by quantitative PCR.

Cells were seeded at 2 × 104 cells/well in a collagen-coated, black-walled 384-well plate
(Corning, Corning, NY) in growth media and placed in a 37 °C, 5%CO2 incubator overnight.
Media was aspirated and replaced with 137 mM NaCl, 5.4 mM KCl, 0.5 mM CaCl2, 0.02 mM

MgSO4, 3 mM NaHCO3, 0.64 mM KH2PO4, 5.5 mM glucose, 20 mM HEPES, pH 7.4, containing
1 × Calcium 3 dye (Molecular Probes) and 2.5 mM probenecid (Sigma). Cells were placed in
a 37 °C, 5% CO2 incubator for 1 h. CaCl2 or SrCl2 was added to 5, 40, or 80 mM final
concentration, and intracellular calcium measurements were made using a Fluorescence
Imaging Plate Reader (Molecular Devices, Sunnyvale, CA).

Statistics
We evaluated differences between groups by one-way analysis of variance. Values sharing the
same superscript are not significantly different at p < 0.05. All computations were performed
using the Statgraphic statistical graphics system (STSC, Inc., Rockville, MD).
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RESULTS
GPRC6A Has Conserved Putative Binding Residues for Calcium and Calcimimetics

We aligned the human and mouse GPRC6A amino acid sequences with those of CASR and
mGluRs to determine whether the potential sites required for calcium and calcimimetics actions
are conserved in GPRC6A (Fig. 1). We found that two of the amino acids in the extracellular
domain and one in the 7-transmembrane loop region that are important in calcium sensing by
CASR (Ser-147, Ser-169, Pro-823) correspond to Ser-149, Ser-171, and Pro-798 of human
GPRC6A and Ser-149, Ser-171, and Pro-800 for mouse GPRC6A (Fig. 1, A and B).
Interestingly, the calcium binding site Ser-170 in CASR is not conserved in GPRC6A, but
instead, this residue is Thr-172 in GPRC6A, corresponding to Thr-188 in mGluR that is
necessary for amino acid sensing (41). With regard to potential calcimimetic binding, Glu-814
in mouse GPRC6A and Glu-812 in human GPRC6A correspond to the consensus calcimimetic
binding site Glu-837 of CASR (Fig. 1B) (36–39).

GPRC6A Is an Extracellular Cation-sensing Receptor
We transfected an epitope-tagged GPRC6A cDNA into HEK-293 cells and assessed cell
surface expression by confocal microscopy (Fig. 2). We found an immunofluorescence pattern
consistent with cell surface expression, similar to previously published findings (40).

We measured cation stimulation of CASR transfected into HEK-293 cells as assessed by ERK
phosphorylation (52), SRE promoterluciferase reporter activity (46,48,51), and increments in
intracellular calcium (53), which have previously been used to assess CASR activity. Initially,
we compared GPRC6A and CASR activation in transfected HEK-293 cells using ERK activity
(Fig. 3A). We observed a dose-dependent activation by extracellular calcium of GPRC6A, with
demonstrable activation occurring at 3 mM and continued activation at concentrations up to 60
mM calcium (Fig. 3A, upper panel). In contrast, CASR transfected into HEK-293 cells also was
activated by extracellular calcium in a dose-dependent fashion, with a maximal response
occurring at a calcium concentration of 5 mM (Fig. 3A, lower panel). In addition the CASR
agonists, strontium, gadolinium, and magnesium were able to activate ERK through GPRC6A
(Fig. 3B). In addition, the putative Ob. CASR agonist aluminum, which activates Ob. CASR
but not CASR (45), also activated ERK in HEK-293 cells transfected with GPRC6A (Fig.
3B). None of the cations stimulated ERK activity in HEK-293 cells not transfected with
GPRC6A (Fig. 3 and data not shown).

We also evaluated if GPRC6A is activated by calcimimetics. In the presence of 1 mM [Ca2+]e
in the media, we found that the phenylalkylamine NPS R568 stimulated SRE-luciferase and
ERK activity in HEK-293 cells overexpressing GPRC6A (Fig. 3D). GPRC6A is very sensitive
to NPS R568, responding to concentrations of 0.5 μM. The R enantiomer of NPS 568 is ~10-
fold more potent than its corresponding S enantiomer in activating CASR (8). Similarly, NPS
S568 is ~10-fold less potent in activation of GPRC6A (Fig. 3C).

Next, we evaluated the extracellular calcium-sensing properties of GPRC6A by testing the
ability of a panel of divalent and trivalent cations to stimulate GPRC6A-dependent SRE-
luciferase activity in HEK-293 cells co-transfected with GPRC6A and the SRE-luciferase
promoter/reporter construct (Fig. 4). We found that the divalent cations calcium, magnesium,
and strontium dose-dependently stimulated SRE-luciferase activity, achieving a maximum
stimulation at ~40–60 mM (Fig. 4A). The trivalent cation gadolinium, which activates CASR,
stimulated GPRC6A-dependent SRE-luciferase activity, achieving maximum stimulation at
100 μM (4A).

We also evaluated the ability of GPRC6A to activate intracellular calcium signaling.
Intracellular calcium was assessed in HEK-293 cells transfected with GPRC6A and a chimeric
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Gαq/i construct (54,55) to enhance signaling sensitivity (Fig. 4B). Both calcium and strontium
resulted in dose-dependent stimulation of GPRC6A as assessed by in vitro fluorescence-based
measurement of [Ca2+]i mobilization. Whereas the addition of 5 mM Ca2+ or Sr2+ to Fluo 3-
loaded HEK-CASR cells had no effect, the addition of 40 and 60 mM Ca2+ or Sr2+ induced a
significant increase in intracellular fluorescence. The response to extracellular calcium was
rapid and remained steady after reaching a maximal response within 20–30 s, whereas the
response to strontium is characterized by a rapid increase in intracellular calcium and the
resolution of the response to base line. HEK-293 cells that were not transfected with GPRC6A
did not demonstrate this response to either Ca2+ or Sr2+. These data suggest that the rapid
extracellular calcium-induced rise in fluorescence in HEK-GPRC6A cells is a receptor-
mediated intracellular calcium response that is specific for GPRC6A.

GPRC6A Is Coupled to Gαi, Gαq, and Rho A
To confirm that GPRC6A has characteristics of other GPCRs, we examined the effects of the
ubiquitously expressed β-arrestin1 and β-arrestin 2 on GPRC6A activation (56). To accomplish
this, we tested agonist-stimulated SRE-luciferase activity in HEK-293 cells transfected with
GPRC6A in the presence and absence of coexpressed β-arrestin1 and 2 (Fig. 5A). β-Arrestin
1 and 2 each resulted in ~20–30% reduction in strontium-stimulated GPRC6A activity.

To determine the G-protein subunits that mediate GPRC6A stimulation of SREs, we tested
RGS2, which lacks in vitro GAP activity for Gαi but is a potent inhibitor of Gαq, RGS4, which
has GTPase-activating effects for the Gαi and/or Gαq subunits, and RGS2, which inhibits
G12-and G13-mediated signaling (50,57). Coexpression of either RGS2 or -4 with GPRC6A
significantly inhibited cation-induced SRE activation, whereas RGS2 had no effect (Fig. 4B).
To further establish the role of Gαi, we pretreated HEK-293 cells expressing GPRC6A with
pertussis toxin, a selective irreversible inactivator of Gαi/Gαo (58). Pretreatments with pertussis
toxin partially inhibited the ability of extracellular calcium to stimulate GPRC6A-dependent
activation of SRE-luciferase (Fig. 5C) and ERK (Fig. 5D) in HEK-293 cells. We cotransfected
GPRC6A-expressing HEK-293 cells with the SRE reporter gene plasmid and a cDNA encoding
the constitutively active Gαq subunit (Gαq QL). We found that cells expressing the activated
α-subunit of Gαq produced the highest induction of luciferase activity in the presence of
GPRC6A (Fig. 5E). The activation of SRE by Gαq QL was significantly less in the absence of
GPRC6A (Fig. 5E), suggesting that Gαi and Gαq might act in concert.

To further examine the potential involvement of Gαq, we attempted inhibition of Gαq-mediated
signaling in the HEK-293 cells with a Gαq minigene, Gαq-(305–359). This minigene consists
of the COOH-terminal peptide residues 305–359 and has previously been shown to uncouple
Gαq-coupled receptors without affecting coupling to other classes of Gαsubunits (47).
Coexpression of Gαq-(305–359) with GPRC6A resulted in significant inhibition of cation-
stimulated luciferase activity (Fig. 5F). Collectively these data indicate that GRPC6A is
coupled to both Gαi and Gαq.

Finally, we investigated whether Rho is a downstream effector of GPRC6A activation of SRE,
as has been reported for CASR (46) using a DNA construct that expresses the C3 exoenzyme
(Fig. 5F). This toxin ADP ribosylates Rho A at asparagine 41, thereby preventing the exchange
of GDP by GTP and retaining Rho A in its GDP-bound inactive form (59). Cotransfection with
a plasmid expressing the C3 toxin inhibits GPRC6A-stimulated SRE activity (Fig. 5F).

GPRC6A Is Expressed in Bone and Cultured Osteoblasts
Prior studies indicate that the mRNA for GPRC6A is widely expressed in many tissues and
organs, including lung, liver, spleen, heart, kidney, skeletal muscle, testis, and brain (40–42),
but no studies to date have investigated GPRC6A expression in bone and osteoblasts. We
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examined the expression of GPRC6A in a commercial mouse cDNA tissue panel (Fig. 6A) and
in mouse tissues and cell lines (Fig. 6, B and C). Transcripts for GPRC6A were detected in all
tissues analyzed, including bone, calvaria, and fat, which have not been previously tested. The
sequence of the RT-PCR product obtained from kidney (Fig. 6B) was confirmed to be GPRC6A
by direct sequencing. In addition we were able to amplify the predicted size band from cultured
osteoblasts (Fig. 6C). In contrast, we have previously reported the inability to amply CASR in
these osteoblasts (60).

Osteocalcin Acts in Concert with Calcium to Stimulate GPRC6A but Not CASR
Given evidence for GPRC6A expression in bone and osteoblasts, the reported presence of high
concentrations of calcium in the bone microenvironment and the potential of extracellular
matrix proteins in bone to act as calcium binding proteins, we investigated the ability of
osteocalcin, the most abundant calcium-binding extracellular matrix protein in bone, to modify
the effects of calcium and other cations on GPRC6A activation (61). Consistent with the
observation that millimolar levels of free calcium promote osteocalcin to adopt the α-helical
conformation (62), we found that osteocalcin in the presence of extracellular calcium
significantly enhanced SRE-luciferase activity in HEK-293 cells that stably expressed
GPRC6A (Fig. 7A). These effects depended on the prevailing level of extracellular Ca2+. In
this regard, at sub-threshold extracellular Ca2+ (≤1.0 mM), osteocalcin (up to 40 ng/ml) had no
effect (Fig. 7A). However, at 1 and 5 mM Ca2+, osteocalcin had a dose-dependent effect to
stimulate GPRC6A-dependent increments in SRE-luciferase activity. The addition of both
strontium and magnesium to the extracellular media also enhanced osteocalcin stimulation of
GPRC6A, but the addition of the trivalent cation aluminum did not (Fig. 7B).

Finally, we compared the ability of osteocalcin to stimulate SRE-luciferase activity in the
MC3T3-E1 cell line (Fig. 7C), which lacks CASR but has a functional response to extracellular
cations (19,63), with that of HEK-293 cells transfected with GPRC6A (Fig. 7C). In the presence
of 5 mM calcium, the addition of osteocalcin to the media resulted in a dose-dependent increase
in SRE-luciferase activity, achieving a maximum response at osteocalcin concentrations of 10
ng/ml in both MC3T3-E1 osteoblasts and HEK-293 cells transfected with GPRC6A. In
contrast, osteocalcin had the opposite effect to inhibit calcium-stimulated SRE-luciferase
activity in HEK-293 cells expressing CASR (Fig. 7C).

DISCUSSION
Several members of the C family of GPCRs have dual amino acid and calcium-sensing
properties due to conserved binding sites in their large extracellular domains. In the current
study we show that GPRC6A, an orphan receptor recently shown to sense amino acids (40,
41), has conserved binding sites for calcium (i.e. Ser-149 and Ser-171) and an amino acid
(Thr-172) in its large extracellular domain and a conserved consensus calcimimetic binding
site (Fig. 1), suggesting that this receptor may also dually sense both extracellular calcium and
amino acids as well as calcimimetics. Indeed, we found that GPRC6A is capable of responding
to extracellular cations, including calcium as well as the calcimimetic NPS 568, which was
previously thought to be specific for CASR (Figs. 3 and 4). These findings suggest that
GPRC6A is a unique receptor with similarities to both CASR and amino acid sensing mGluRs
and is the second member of this family shown to be a target for calcimimetics.

There are important differences, however, between the extracellular cation-sensing properties
of GPRC6A and CASR. For example, the apparent affinity for extracellular calcium appears
to be lower for GPRC6A compared with CASR. In this regard, calcium in doses of up to 40
mM was necessary to maximally activate GPRC6A, whereas the CASR is maximally activated
by lower calcium concentrations (Fig. 3A). In addition, using intracellular calcium to detect
GPRC6A, we consistently failed to see evidence for activation by calcium at concentrations
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of 5 mM, which we have shown will activate CASR (Fig. 4B). This suggests that the affinity of
GPRC6A for calcium might be lower than for CASR. In contrast, using ERK or SRE-luciferase
to detect GPRC6A activation, we observed activation by 5 mM extracellular calcium but not 1
mM calcium unless osteocalcin was present (Figs.3and4). Cautionisneeded, however, in
estimating the affinity of receptors in vitro, since this might be influenced by the level of
receptor expression, the cell context, and the sensitivity of the method used to detect receptor
activation. Indeed, millimolar levels of calcium are required to activate CASR transfected into
heterologous cells in vitro, whereas this receptor is sensitive to 0.1 mM changes in ionized
calcium in vivo. The ligand specificity of GPRC6A is also different from CASR. Whereas
GPRC6A shares with CASR ligands such as magnesium, strontium, and gadolinium, the
trivalent cation aluminum, which activates GPRC6A at μM concentrations, is only a weak
agonist for CASR (45). Finally, osteocalcin in the presence of a threshold concentration of
calcium can stimulate GPRC6A, but these conditions inhibit calcium-mediated CASR
activation (Fig. 7). These concentrations of osteocalcin necessary to activate GPRC6A are well
with the physiological concentrations found in normal serum. Thus, GPRC6A is evolutionarily
linked to CASR but has distinct apparent affinities for extracellular cations and differences in
ligand specificity.

The expression of GPRC6A in bone and osteoblasts (Fig. 6) raises the possibility that GPRC6A
may account for the novel calcium-sensing response reported in bone and osteoblasts derived
from CASR knock-out mice (41). The ability of GPR6A to respond to aluminum, which is
capable of stimulating de novo bone formation under certain experimental conditions (64), and
the ability of osteocalcin to stimulate GPRC6A in the presence of calcium qualify this receptor
as a candidate for Ob. CASR, which is also activated by aluminum (65) and osteocalcin in
combination with calcium (Fig. 7C). Moreover, calcimimetics, which activate the putative
osteoblastic cation-sensing receptor (66), also activate GPRC6A (Fig. 3C). Other
characteristics of GPRC6A, however, differ from the putative Ob. CASR. In this regard,
magnesium, which activates GPRC6A, is not a ligand for Ob. CASR. In addition, Ob. CASR
appears to be coupled to SRE-luciferase activity via pathways not linked to RhoA (10), whereas
GPRC6A is coupled to RhoA-dependent pathways in HEK-293 cells. Whether some of these
discrepancies can be explained by the differences between evaluating a transfected receptor in
HEK-293 cells and endogenous receptor osteoblasts remains to be established. Regardless, our
data raise the novel possibility that calcium and osteocalcin released from bone resorption may
act in concert to stimulate osteoblast-mediated bone formation through the activation of
GPRC6A.

At present we have insufficient data to determine the physiologically relevant ligand for
GPRC6A or to establish whether it is a primary amino acid-sensing, calcium-sensing, or
osteocalcin-sensing receptor. Other members of the C family of GPCRs, such as mGluRs and
GABA receptors, also are stimulated by extracellular calcium in vitro, but their physiological
ligands are not calcium (29,31). Conversely, L-amino acids are capable of stimulating CASR,
but calcium, rather than amino acids, is the most important physiologically relevant ligand for
CASR. Additional information is needed to determine whether calcium and/or other cations
are the physiological ligands for GPRC6A or whether its ability to sense calcium represents a
secondary property common to all members of the family C GPCRs. At present, mutations of
GPRC6A, which is located on human chromosome 6 and mouse chromosome 10, have not
been implicated in any human diseases. Therefore, mouse genetic approaches will be necessary
to elucidate the physiological function of this receptor and to establish whether it has a role in
regulating calcium homeostasis. Efforts are currently under way to characterize a GPRC6A
null mouse model.

Our findings differ from other recent studies of GPRC6A, which failed to find an effect of
extracellular calcium to activate the receptor transfected into Xenopus oocytes (40). These
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discrepancies might be explained by difference in cell type, the sensitivity of the method used
to assess receptor activation, or the use of insufficient concentrations of extracellular calcium.
These studies also did not evaluate the effects of other cations, which we have shown to activate
GRPC6A transfected into HEK-293 cells. It is also important to note that we used a full-length
GPRC6A cDNA construct used in our studies, whereas others examined GPRC6A function
using a using a chimeric receptor generated using the extracellular domain of GPRC6A and
transmembrane domain and COOH terminus of the homologous goldfish 5.24 receptor (67).
Also, prior studies of the human GPRC6A activation were confounded by the inability to
achieve cell surface expression in mammalian cell lines (41). On the other hand, others have
demonstrated trafficking of mouse GPRC6A to the cell surface membrane (40). We have
confirmed cell surface expression of GPRC6A (Fig. 2), and the functional responses to the
cell-impermeable aluminum and gadolinium of our transfected human GPRC6A cDNA are
consistent with its cell surface expression. In addition, β-arrestins, which uncouple the
receptors from their cognate G-protein-mediated signaling (56), also was effective in inhibiting
GPRC6A activation (Fig. 5A). Additional data indicate that GPRC6A is coupled to Gαi and
Gαq. Evidence for a role Gαi include the effects of pertussis toxin (PT) and RGS4 to inhibit
GPRC6A activation (Fig. 5, B–D). There is also evidence of involvement of Gαq. In this regard
RGS2, which has GTPase-activating effects for Gαq subunits (Fig. 5B) dominant negative
Gαq-(305–355) (Fig. 5F), all inhibited GPRC6A signaling. Thus, GPRC6A appears to be a
cell surface-expressed GPCR that is coupled to Gαi and Gαq. It is not clear, however, why we
were unable to demonstrate an effect of GPRC6A activation to increase intracellular calcium
unless HEK-293 cells were transfected with the chimeric Gαq/i construct, which allows Gαi-
coupled receptors to activate phosphatidylinositol-phospholipase C (55). A similar paradox
exists for Ob. CASR, which appears to be both Gαi and Gαq, but does not lead to increments
in intracellular calcium (10). Also, the activation of the rabbit PGF2αreceptor, which is coupled
to Gαi and Gαq, failed to increase intracellular calcium in HEK-293 cells (68), suggesting that
activation of Gαq is not always sufficient for stimulating signal transduction pathway required
for increasing intracellular calcium.

Regardless, the similar response to amino acids, extracellular calcium, and calcimimetics by
the related calcium-sensing receptor homolog, CASR, along with the conserved residues
between GPRC6A and CASR that are responsible for cation and calcimimetic responses
suggest that CASR and GPRC6A have overlapping functions. Whether GPRC6A is the
functionally important extracellular cation-sensing receptor in bone or other tissues and
explains the GPCR response to extracellular cations found in CASR deficient tissues is
speculative. However, the bone microenvironment, which consists of high extracellular
calcium concentrations and bone-specific extracellular matrix calcium binding proteins such
as osteocalcin, likely imposes unique requirements for osteoblast sensing of extracellular
calcium, possibly through a novel, low calcium affinity receptor. Additional studies are
warranted to investigate the functional role of GPRC6A in osteoblasts and the role of GPRC6A
in regulating bone formation as well as its function in other tissues, such as skeletal muscle,
adipose tissue, and kidney, where it is also expressed. Moreover, the response of GPRC6A to
calcimimetics indicates that it may be possible to develop specific ligands or allosteric
modulators to target GPRC6A and to develop therapeutic agents that regulate receptor function
in tissues where it is of physiological importance.
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FIGURE 1. Comparison of conserved calcium and calcimimetic binding residues in members of
the family C GPCRs.
A, extracellular region containing calcium binding sites. The amino acids required for calcium
sensing in CASR, Ser-147, Ser-169, and Pro-823 (boxed residues) but not Ser-170 (*) are
conserved between CASR and GPRC6A. m-, mouse; h-, human. B, a segment of the transmem-
brane region containing putative calcimimetic binding sites. The Glu-837 binding site for
calcimimetics in CASR is conserved in GPRC6A but not mGluRs. Regions of the extracellular
domain and transmembrane domain from human and mouse GPRC6A (NM_148963 for human
GPRC6A, and NM_153071 for mouse GPRC6A) were aligned with the human CASR
(NM_000388) amino acid sequence and with members of the mGluRs (NM-000838 for human
mGluR1, NM_000840 for human mGluR3, and NM_000842 for human mGluR5) with
calcium-sensing properties.
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FIGURE 2. Cell surface expression of GRPC6A.
A, confocal microscopy images of HEK-293 cells transiently transfected with the Myc-tagged
mouse GPRC6A. B, non-transfect HEK-293 controls. GPRC6A was detected with an anti-c-
Myc fluorescein isothiocyanate antibody. Left panel, representative view using light
microscopy (LM). Right panel, the same view under fluorescent microscopy (FL),
magnification 100×. Immunofluorescence was observed in a peripheral pattern consistent with
cell surface membrane expression.
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FIGURE 3. Effect of various extracellular cations on GPRC6A-mediated EKR activation.
A, comparison of dose-dependent effects of Ca2+on GPRC6A- and CASR-mediated ERK
activation. Extracellular calcium activated both receptors, but GPRC6A responded to higher
concentrations of extracellular calcium. B, cation specificity of GPRC6A activation. In addition
to Ca2+, Gd3+ (100 μM) and Sr2+ (40 mM) as well as Mg2+ and Al3+ stimulated GPRC6A-
mediated ERK activation. Magnesium and aluminum, similar to calcium (A) also resulted in
a dose-dependent stimulation of ERK activity in HEK-293 cells transfected with GPRC6A.
ERK was not activated by cations in controls HEK-293 cells without GPRC6A. C, the
calcimimetic NPS R568 stimulates GPRC6A-mediated EKR activity. Application of the active
isomer NPS R568 resulted in a dose-dependent stimulation of GPRC6A-mediated ERK
activation (at concentrations of 0.5 μM) in the presence of 1 m M extracellular Ca2+, but the less
active isomer NPS S568 was effective only at concentrations 5 μM. The HEK-293 cells
transfected with GRPC6A or CASR were incubated in Dulbecco’s modified Eagle’s medium/
F-12 containing 0.1% bovine serum albumin quiescence media and exposed to the various
cations or calcimimetics for 10 min, and ERK activation was determined as described under
“Experimental Procedures.”
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FIGURE 4. Effects of polyvalent cations on GPRC6A-induced SRE-reporter gene activity and
intercellular calcium in HEK-293 cells.
A, dose-dependent effects of various cations, Ca2+, Mg2+, Sr2+, and Gd3+, on SRE-luciferase
activity in HEK-293 cells stably transfected with human GPRC6A cDNA and the SRE-
luciferase reporter construct. Growth arrest was induced in 3-day-old subconfluent cultures by
preincubation for 24 h under serum-free conditions before the addition of cations at the
indicated concentrations. Luciferase activities were measured as described under
“Experimental Procedures.” The values depicted represent the mean ± S.E. B, GPRC6A-
mediated intracellular calcium mobilization in response to Ca2+ and Sr2+. HEK-293/Gqi5 cells
stably expressing GPRC6A were seeded at 2 × 104 cells/well and loaded with Calcium 3 dye
(Molecular Probes). Cells were treated with 5, 40, and 80 mM Ca2+ or Sr2+, and fluorescence
was measured using Fluorescence Imaging Plate Reader as described under “Experimental
Procedures.” The graph shows the magnitude of the response due to GPRC6A. RFU, relative
fluorescence units.
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FIGURE 5. G-protein coupling of GPRC6A.
A, overexpression of β-arrestins block GPRC6A-mediated activation of the SRE. HEK-293
cells were cotransfected SRE-luciferase and pCMV-β-gal (0.015 μg) along with the construct
(1.0 μg) directing the expression of β-arrestin 1 or β-arrestin 2. B, inhibition of GPRC6A
activity by expression of RGS2, -4, -12. HEK-293 cells were cotransfected with expression
vectors for RGS2, RGS4, or RGS12 (1 μg) along with GPRC6A (0.5 μg), the SRE-luciferase
reporter gene (0.01 μg), and pCMV-β-gal (0.015 μg). C and D, pertussis toxin (PT) inhibits
GPRC6A activation of the SRE (C) and ERK (D). HEK-293 cells, which stably cotransfected
GPRC6A and SRE-luciferase plasmid DNAs, were cultured in serum-free media for 24 h. After
pretreatment with 100 ng/ml pertussis toxin for 5 h, the cells were stimulated by 10 mM calcium.
E, effect of activated mutants of Gαq subunits on the activity of the SRE. HEK-293 cells were
cotransfected with 0.5 μg of expression vectors for the constitutively activated mutant of
Gαq (Gαq QL) along with expression vectors for GPRC6A (0.5 μg) or empty vector, the SRE-
luciferase reporter gene (0.01 μg), and p-cytomegalovirus-β-galactosidase (pCMV-β-gal)
(0.015 μg). F, GPRC6A activity is inhibited by the expression of Gαq minigene construct,
Gαq-(305–359), and Rho A-specific inhibitor C3 toxin. HEK-293 cells were cotransfected with
the constructs directing the expression of Gαq-(305–359) (1.0 μg) or C3 toxin construct (1.0
μg) with the GPRC6A (0.5 μg), the SRE-luciferase reporter gene (0.01 μg), and pCMV-β-gal
(0.015 μg). Data are shown as relative luciferase activity reported as the percent induction
compared with the activity under non-stimulated conditions and normalized for β-
galactosidase. Values represent the mean ± S.E. of at least three experiments. Values sharing
the same superscript are not significantly different at p < 0.05.
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FIGURE 6. Expression of GPRC6A in mouse tissues and osteoblasts.
A, expression pattern of GPRC6A from the mouse cDNA panel. PCR products were amplified
from multiple tissue cDNA panels that contain normalized adult mouse cDNA preparations.
kb, kilobase. B, GPRC6A expression in mouse tissues by RT-PCR. The primers for GPRC6A
application are GPRC6A.F737 (tgtgcattgccttcaaagag) and GPRC6A.R1812
(gagagccaaggagtcatccc). C, GPRC6A expression in mouse bone tissues and osteoblastic cell
line MC3T3-E1 by RT-PCR. The primers for GPRC6A application are GPRC6A.F1321
(gctcgagactgcaagaaacc) and GPRC6A.R2320 (tgaaggccagaactgtgatg). −RT indicates negative
control from omitting the reverse transcription step. We used the housekeeping control gene
glyceraldehyde-3-phosphate dehydrogenase (G3PDH) for a positive control of RNA integrity.
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FIGURE 7. Osteocalcin is a co-factor for GPRC6A.
A, dose-dependent enhancement by osteocalcin of calcium-mediated activation of GPRC6A.
B, osteocalcin augments strontium-and magnesium-stimulated SRE-luciferase activation by
GPRC6A transfected into HEK-293 cells but not the effect of aluminum. C, comparison of
osteocalcin activation of CASR. Ob. CASR and GPRC6A. HEK-293 cells transfected with
GPRC6A respond to osteocalcin in the presence of extracellular calcium similar to MC3T3-
E1 osteoblasts. Osteocalcin inhibits calcium stimulation of CASR transfected into HEK-293
cells. Values represent the mean ± S.E. of at least three experiments. Values sharing the same
superscript are not significantly different at p < 0.05. con, control.
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