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Review Article

Introduction

Intracellular calcium (Ca2+
i
) is a key intracellular

second messenger that plays a pivotal role in controlling
various cellular processes such as secretion,
differentiation, proliferation, motility, and cell death.
In contrast, extracellular (Ca2+

o
) is crucial for a spectrum

of physiological phenomena, including blood
coagulation, neurotransmitter release, muscle function
and maintenance of skeletal integrity.
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Bone turnover helps accomplish long-term correction of the extracellular calcium (Ca2+
o
)

homeostasis by the actions of osteoblasts and osteoclasts. These processes are highly regulated by
the actions of hormones, most prominently parathyroid hormone (PTH), the release of which is a
function of the Ca2+

o
, and is regulated by the action of the Ca2+-sensing receptor (CaR) in the

parathyroid gland. Various mutations of the CaR gene give rise to gain or loss of functions leading
respectively to hypo- or hypercalcaemic conditions. CaR could conceivably be a target for local
changes in the Ca2+

o
 in the bone microenvironment thereby acting as a ‘growth factor’ in various

cells residing in the bone marrow. This review discusses about the roles of the CaR in bone. In
osteoblasts, CaR promotes its proliferation, differentiation and mineralization. In osteoclasts, CaR
mediates high Ca2+

o
-stimulated osteoclast differentiation as well as osteoclast apoptosis. CaR

regulates localization of haematopoietic stem cells from the foetal liver to endosteal niche, the so-
called homing. Although the CaR plays a key role in the defense against hypercalcaemia, its function
can be aberrant in humoral hypercalcaemia of malignancy in which CaR activation stimulates
secretion of parathyroid hormone-related peptide (PTHrP) secretion. Increased levels of PTHrP
cause a vicious hypercalcaemic state resulting from its increased bone-resorptive and positive renal
calcium reabsorbing effects give rise to hypercalcaemia. CaR mediates a variety of functions of
Ca2+

o
 in the bone microenvironment under both normal and pathological conditions.
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Upon the activation of excitable cells, they undergo
rapid changes in Ca2+

i
 concentration, whereas Ca2+

o
 is

maintained within a narrow physiological range (1.1–
1.3 mM). Circulating levels of Ca2+ are controlled
mostly by the calciotropic hormones notably,
parathyroid hormone (PTH) and vitamin D. PTH is
secreted from parathyroid gland (PTG) cells and acts
on the bone, the kidney, and indirectly through vitamin
D, the small intestinal cells to mobilize Ca2+

o
. The

secretion of PTH is rapidly decreased by increases in



Ca2+
o
 because of a reciprocal relationship between

circulating PTH and Ca2+ levels1.

The calcium sensing receptor (CaR) is a key mediator
of direct actions of Ca2+ on parathyroid and kidney and
regulates homeostatic responses that restore Ca2+ to its
normal level2-4. Parathyroid chief cells are the most
renowned calcium sensing cells in the body, as reflected
by the crucial inverse sigmoidal relationship between PTH
and Ca2+

o
.5. The issue of Ca2+ sensing receptor began when

Nemeth and colleagues observed that Ca2+, other di- and
trivalent cations, and organic polycations that poorly enter
inside the cell, rapidly increased Ca2+

i
 of cultured bovine

PTG cells, suggesting the existence of a membrane-
associated cation-sensing mechanism, possibly a receptor,
that enables these cells to detect and respond to small
changes in Ca2+

o
6-8. Our understanding of the emerging

role of Ca2+
o
 not only as a physiologically indispensable

ion but also as a signaling entity (extracellular first
messenger) has advanced remarkably following the
cloning of the CaR from bovine parathyroid gland in 19932.
Since the identification of this clone (named BoPCaR for
bovine parathyroid calcium-sensing receptor), the receptor
for Ca2+

o
 has been identified in numerous species including

salamander9, rat10, human11, and in a wide range of tissues
including bone, intestine, pancreas and brain3.

The CaR has the “signature” G protein-coupled
receptor (GPCR) topology, a seven-membrane-
spanning, “serpentine” domain, as well as a large
extracellular ligand-binding domain (ECD) and an
intracellular COOH-terminal domain. The large ECD
is topologically related to the Venus flytrap structure
of bacterial periplasmic binding proteins and exhibits
several clusters of acidic amino-acid residues, which
probably interact with Ca2+ in the millimolar range
through electrostatic interactions. The functional CaR
on the cell surface forms a homodimer through covalent
intermolecular disulphide bonds between cystein
residues in the ECD and is considered to contribute to
the high degree of receptor cooperativity12,13.

The events that occur downstream of CaR activation
are complex and can be mediated via several different
signaling pathways. In parathyroid cells, the signaling
of the CaR involves coupling through G

i
 proteins (to

adenylate cyclase) and G
q
/G

11
 proteins (to

phospholipase C)14.

Diseases caused by calcium sensing receptor gene
mutation

Cloning of the CaR was rapidly followed by the
identification of inherited Ca2+

o
-sensing disorders

resulting from CaR gene mutations. Inactivating and
activating mutations of the CaR gene give rise to
hypercalcaemic and hypocalcaemic disorders,
respectively15-17.

Disorders with generalized resistance to extracellular
calcium

Disorders with generalized resistance to Ca2+
o
 occur

due to inactivating mutations of the CaR. The two
inherited disorders of hypercalcaemia - familial
hypocalciuric hypercalcaemia (FHH) and neonatal
severe hypercalcaemia (NSHPT) identified
immediately after the cloning of CaR were found to be
due to inactivating mutation of the CaR gene18,19.

Familial hypocalciuric hypercalcemia (FHH): FHH is
inherited as an autosomal-dominant trait with a high
penetrance of over 90 per cent20,21. The gene was first
mapped to the long arm of the chromosome 3 (band
q21-24). This locus harbours the disease gene in >90
per cent cases reported to date22.

FHH is a rare disorder of mineral metabolism
characterized by lifelong, mild to moderate but usually
asymptomatic hypercalcaemia. Another feature of this
disease is the presence of inappropriately low rates of
urinary calcium excretion (a calcium to creatinine
clearance ratio of <0.01), mildly elevated level of
magnesium and a nonsuppressed circulating levels of
PTH, phosphorus and vitamine D levels regardless of
the presence of hypercalcaemia20,21 . The disorder is
considered to be benign as patients with FHH are usually
asymptomatic. However, there is an increased prevalence
of chondrocalcinosis with advancing age and occasional
cases of acute pancreatitis have been reported20,23.

Individuals with FHH display abnormal parathyroid
and renal responsiveness to Ca2+

o
. Induction of hyper-

and hypocalcaemia in these subjects reveals a right-
shifted set-point for calcium-regulated PTH secretion24.
In other words, the level of serum calcium required to
suppress the serum PTH level by half is higher than
that required in normal subjects. Thus for any given
serum level of calcium, FHH patients have a higher
PTH concentration than normal individuals.

Since the initial description of mutations in the CaR
as the cause of most cases of FHH in 1993, more than
100 different mutations have been identified so far, with
each family generally having its own unique mutation
(see http://www.CaRdb.mcgill.ca/). These mutations
comprise missense, nonsense, deletion, insertion,
deletion/insertion and splice site mutations.
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Neonatal severe hyperparathyroidism: Due to severe
primary hyperparathyroidism with enlargement of all
four parathyroid glands, the degree of hypercalcaemia
in NSHPT is usually more severe than that observed in
FHH, and this disorder can be fatal if parathyroidectomy
is not carried out within the first weeks of life. Bone
demineralization, often accompanied by multiple
fractures of long bones and ribs may be present. Most
cases present with failure to thrive, anorexia,
constipation, and, in some infants, respiratory distress
related to chest deformity arising from fractures of
several ribs. Skeletal radiology shows evidence of
severe hyperparathyroidism, often with multiple
fractures25. Serum calcium levels typically range
between 14–20 mg/dl, although values as high as 30.8
mg/dl have been reported25. PTH levels are usually (but
not always) very high, and the parathyroid glands are
enlarged, often markedly so, exhibiting chief cell
hyperplasia on histology26,27.

Some infants with NSHPT represent the
homozygous form of FHH28, or, as seen in one case, a
compound heterozygote in which a different
inactivating CaR mutation was inherited from each
parent29. In some cases, NSHPT may be caused by the
presence of heterozygous inactivating mutations of the
CaR, either in a familial setting or as a de novo mutation
in the offspring of normal parents, and possibly in these
cases the mutant CaR can exert a dominant negative
action, impairing the function of the normal receptor30.

Disorders with generalized oversensitivity to
extracellular calcium

Autosomal dominant hypocalcaemia (ADH): A
heterozygous germline activating missense mutation of
the human CaR inhibits PTH secretion and reduces renal
calcium reabsorption at an inappropriately low serum
calcium concentration, leading to hypocalcaemia,
relative hypercalciuria and an inappropriately low
serum PTH that characterizes subjects with ADH or
sporadic hypocalcaemia31. The rare genetic
hypocalcemic disorder, ADH, is caused by activating
mutation (‘gain-of-function’) of CaR17. When the
hypocalcaemia is treated by administering calcium and/
or vitamin D sterols, marked hypercalciuria due to
increased sensitivity of renal CaR often results in
nephrolithiasis or nephrocalcinosis. In the 13 kindreds
reported with this syndrome of ADH, ten different
mutations of the CaR have been found in 11
families28,32,33. All of these ten mutations were missense,
and eight of them were located within the extracellular

domain of the receptor and only one was found in a
transmembrane domain, with the remaining mutation
being located in the first extracellular loop17,30,32,33.

“Knockout” mouse model for CaR gene phenotype

Another evidence highlighting indispensible role
of the CaR was obtained with the availability of mice
with targeted disruption of CaR gene34. The mouse
model which was heterozygous and homozygous for
CaR “knockout” exhibited a clinical and biochemical
features very much similar to FHH and NSHPT,
respectively. About 50 per cent reduction of CaR was
exhibited in parathyroid and kidney of heterozygous
mice and was phenotypically unremarkable, exhibiting
normal fertility and life span. Their serum calcium
averaged 10.4 mg/dl: 10 per cent higher than in normal
littermates. They also exhibited mild (~10-15%) but
significant increases in Mg2+o, approximately 50 per
cent elevations in serum PTH, and urinary Ca2+ levels
slightly lower than in normal mice, despite their
hypercalcaemia. Thus mice heterozygous for CaR
knockout exhibit many of the phenotypic and
biochemical features of FHH.

In contrast to this, mice homozygous for CaR
“knockout” were severely hypercalcaemic, averaging
14.8 mg/dl. Their Mg2+o was slightly higher than in
heterozygotes, and serum PTH was about 10-fold higher
than in normal mice: an increase comparable to that in
NSHPT. Despite their severe hypercalcaemia, urinary
Ca2+ in homozygous mice was lower than in normal
mice.  The homozygous mice, as in NSHPT, also
exhibited marked parathyroid hyperplasia, supporting
the CaR’s role in suppressing parathyroid proliferation.
Skeletal x-rays showed reductions in density,
kyphoscoliosis and bowing of long bones. Thus mice
homozygous for CaR knockout provide an animal
model of NSHPT34.

Pharmacological modulators of CaR

Just a decade after the CaR was identified,
pharmacological manipulation of the CaR has entered
the clinic. For hyperparathyroid states, calcimimetics,
which increase activation of the CaR, have been licensed
in Europe and the USA. Calcilytics, which decrease
CaR function and increase secretion of parathyroid
hormone (PTH), might allow the anabolic effects of
PTH on bone to be harnessed for the prevention and
treatment of osteoporosis (Fig. 1).

Calcimimetic agents: Calcium is not a unique ligand
for the CaR, although it is the only one with a

276 INDIAN J MED RES, MARCH 2008



convincing physiological role. Type I calcimimetics
directly activate the CaR, and include calcium and other
divalent and trivalent cations, spermine,
aminogylcoside antibiotics, and some polyvalent amino
acids and peptides. Type II agents are not strictly
agonists but positive allosteric modulators, increasing
the receptor’s sensitivity to ambient Ca2+ (or other type
I agents) through binding within the transmembrane
region35. The development of type II compounds
proceeded with an eye on future use in hyperparathyroid
states. The prototype drug was NPS R-568. Preclinical
and clinical studies showed efficacy in primary and
secondary hyperparathyroidism, and parathyroid
carcinoma, before unpredictable pharmacokinetic
property led to its withdrawal in favour of cinacalcet36.

Calcilytics: Calcilytics decrease the sensitivity of the
CaR to calcium, thereby increasing PTH secretion37,
and will probably prove to be more than just
pharmacological tools. PTH has powerful effects on
bone remodelling. Sustained elevations of PTH, as in
hyperparathyroid states, have a net catabolic effect on
bone, favouring resorption. Short bursts of PTH are
anabolic, favouring bone formation. This discrepancy
has been exploited therapeutically, with intermittent
bolus doses of synthetic PTH increasing bone mass and
decreasing fracture rates in osteoporosis38. Therefore,
it is plausible that intermittent administration of a
calcilytic could mirror this cyclical pattern in
endogenous PTH, promoting anabolic over catabolic
actions.

CaR and bone remodelling

Bone is the major sink and store for calcium and it
fulfils essential roles in the maintenance of Ca2+

o
 within

its homeostatic range (1.1-1.3 mM). In condition of
acute hypercalcaemia or hypocalcaemia, Ca2+

 
is rapidly

transported into or out of bone. Ca2+
 
released from the

bone acts as long-term correction of the Ca2+
o
 by the

metabolic actions of osteoblast and osteoclast, which
incorporate or release Ca2+

 
from bone respectively39. In

vitro studies indicate that bone cells also directly
respond to increasing and decreasing Ca2+

o
 in their

vicinity, independently of the systemic factors. But the
molecular mechanisms which enable the bone cells to
sense and respond to Ca2+

o
 are not clear. Like the

parathyroid cells, bone cells also express the CaR, and
accumulating evidence indicates the involvement of this
receptor in their responses to the changing extracellular
ionic environment39.

The bone remodelling cycle involves a complex
series of sequential steps that are highly regulated. The
“activation” phase of remodelling is dependent on the
effects of local and systemic factors on mesenchymal
cells of the osteoblast lineage. These cells interact with
haematopoietic precursors to form osteoclasts in the
“resorption” phase. Subsequently, there is a “reversal”
phase during which mononuclear cells are present on
the bone surface. They may complete the resorption
process and produce the signals that initiate formation.
Finally, successive waves of mesenchymal cells

Fig. 1. Effect of pharmacological modulators of the CaR. Calcimimetic given to a normal (normocalcaemic) person will sensitize the CaR
and shift the set point for Ca2+ mediated PTH suppression to the left. This means that less Ca2+ is required to suppress PTH and the person
will be hypocalcaemic, like in the case of ADH. On the other hand, the same person given calcilytic will have his/her set point for Ca2+

mediated PTH suppression shifted to right resulting in hypercalcaemia, like in the case of FHH.
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differentiate into functional osteoblast, which lay down
matrix in the “formation” phase (Fig. 2).

Increase in Ca2+
o
 concentration has been shown to

inhibit osteoclastic bone resorption and stimulate
proliferation and chemotaxis of osteoblasts. Indeed, in
vitro studies has shown that high calcium induces
chemotaxis of human peripheral blood monocytes40

(which differentiate into osteoclast41) and chemotaxis as
well as DNA synthesis of mouse osteoblastic MC3T-E1
cells40,42-44 and in differentiated osteoblasts45. Therefore,
calcium released by bone resorption may have important
roles in the coupling of bone resorption and bone
formation (Fig. 3). Although both osteoclasts and
osteoblasts have calcium-sensing mechanisms, the
responsible molecule in these cells seems to be different.
Functional and histological studies show that calcium-
sensing mechanism in osteoclasts is a ryanodine receptor-
like molecule in plasma membrane. In contrast, calcium-
sensing mechanism in osteoblast has similar functional
property to parathyroid CaR, but there is a report
suggesting a different molecule mediating the function
of high Ca2+ in osteoblasts46. In addition, several bone
marrow cells such as ostosteoblast43,47-49, monocytes-
macrophages50,51, osteoclast52  express CaR, which
suggest that the receptor is involved in physiological
responses to local high Ca2+

o
 concentration in the skeletal

microenvironment.

Activation and recruitment

Resorption and osteoblast recruitment

Osteoblastic bone Formation

Completed bone formation

Bone

Remodeling

Fig. 2. Bone remodelling cycle. Preosteoclasts are stimulated and differentiated under the influence of various cytokines and growth factors
to become mature and active osteoclasts, which in turn are recruited to bone resorption site. Osteoclasts resorb bone mineral and matrix.
Osteoblast precursor cells in response to various systemic and local stimuli proliferate and differentiate into mature osteoblasts, migrate
into the resorption lacuna and deposit matrix proteins and mineral.

Fig. 3. Osteoblast activation following osteoclast function. Bone
matrix is a rich source of various growth factors and cytokines. In
addition, body’s 99 per cent calcium is stored in bone. Osteoclastic
activity results in the release of various growth factors such as
TGF β and BMPs. These factors have several osteoblast stimulatory
effects. However, bone resorption will also give rise to release of
Ca2+ that could act as a local growth factor by acting via the CaR in
the osteoblasts. Therefore, elevated levels of Ca2+

o by the action of
osteoclast on bone along with other factors will induce chemotaxis
followed by proliferation and differentiation of osteoblast through
CaR activation which finally after maturation displaces osteoclasts
at bone resorption site thus maintaining calcium homeostasis.
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CaR and osteoblast

Whether the cloned CaR is present in osteoblasts
has been a source of considerable controversy. Earlier
studies failed to show its expression in MC3T3-E153

and SAOS-2 osteoblastic cells at gene and protein level.
On that basis, it was suggested that high calcium could
act on osteoblast by a calcium sensing mechanism other
than that of  parathyroid CaR42. Later on more refined
and sensitive techniques collectively proved that the
CaR is expressed in several osteoblastic cells such as
in MC3T3-E143, SAOS-2, UMR-10654 and MG-6355.
These cell lines show characteristics of osteoblast. MG-
63 with high ALP but low osteocalcin activity on
treatment with 1, 25 (OH)

2
 vitamin D

3
 resemble

undifferentiated osteoblast precursor. In addition,
Chang et al47 have shown CaR at mRNA and protein
levels in osteoblast in mouse, rat and bovine bone.
Exposure of MC3T3-E1 cells to high Ca2+

o
 (up to 4.8

mM) or the polycationic CaR agonists, neomycin and
gadolinium (Gd3+), stimulated both chemotaxis and
DNA synthesis in MC3T3-E1 cells, suggesting CaR in
these osteoblasts could play a key role in regulating
bone turnover by stimulating the proliferation and
migration of such cells to sites of bone resorption as a
result of local release of Ca2+o43.

However, the ability of the osteoblasts obtained from
CaR-null mice to sense cations and amino acids suggested
that a different molecule other than the parathyroid CaR
could be involved in osteoblast calcium sensing56.
Recently, another family C GPCR, GPCRC6A, was
found to sense Ca2+

o
, albeit at levels well above those

present in various extracellular fluids57. Alignment of
GPRC6A with CaR revealed conservation of both
calcium and calcimimetic binding sites. Reverse
transcription-PCR analyses showed that mouse GPRC6A
is widely expressed in mouse tissues; including bone,
calvaria, and the osteoblastic cell line MC3T3-E157.
Osteocalcin, a calcium-binding protein that is highly
expressed in bone, dose-dependently stimulated
GPRC6A activity in the presence of calcium but inhibited
the calcium-dependent activation of CaR. These results
suggest that GPCRC6A could be an osteoblast specific
calcium sensor however, it is currently conjectural
whether this receptor qualifies as a bona fide CaR57.

Recently, two studies showed expression of CaR
in rat calvarial osteoblasts and in human osteoblasts58,59.
These studies used molecular and pharmacological tools
to show that the effect of Ca2+

o
 is mediated by the

parathyroid CaR. CaR has been shown to modulate
proliferation, differentiation and mineralization of

osteoblasts. High Ca2+
o
 has been shown to stimulate

cyclin D genes and early oncogenes, c-fos and egr-1 in
osteoblasts that could mediate the mitogenic effect of
the CaR in these cells. Strontium ranelate is a recently
developed drug for postmenopausal women with
osteoporosis. In osteoblasts, Sr2+ has recently been
shown to act via the CaR and stimulates osteoblast
proliferation60.

Regarding the signaling mechanism in osteoblasts,
following the CaR activation, involvement of PLC
pathway as observed in parathyroid and kidney was found
to be equivocal. Whereas one report showed activation
of PLC3, other report failed to show such effect61. In
MC3T3-E1 cells, elevated Ca2+

o
 and other type I

calcimimetics resulted in the activation of p42/44 MAPk
and p38 MAP kinase pathways62. In rat primary
osteoblasts, CaR-stimulated proliferation is mediated via
a JNK pathway58. Recently it has been found that CaR
mediates the opening of Ca++-activated K+ channel in
MC3T3-E1 cells63 thereby suggesting that the CaR could
be involved in the maintenance of the cellular ionic milieu
and electrical polarization of osteoblasts.

Role of calcium sensing receptor in osteoclast

Osteoclasts are large, multinucleated, highly
specialized bone-resorbing cells derived from the
haematopoietic monocyte-macrophage lineage. Two
key cytokines, receptor activator of (NF-κB) (RANK)
ligand (RANKL) and macrophage colony stimulating
factor (M-CSF) regulate osteoclastogenesis. RANKL,
a member of the Tumour Necrosis Factor (TNF) family,
is produced by osteoblasts, stromal cells, and B and T
cells64-68. RANKL stimulates osteoclast precursors to
differentiate via binding to the receptor, RANK69. Since
monocytes-macrophages are known to have the capacity
to fuse with one another and to differentiate into mature
functional osteoclast under specific culture condition,
the existence of the CaR expression in monocytes-
macrophages raises the possibility that CaR expression
could persist throughout the differentiation of
monocytes- macrophages to mature osteoclast. This
receptor may also have roles in the function of the cells
at various differentiation stages.

Importance of calcium in the osteoclast function has
been revealed by several reports70-75. Exposing the
osteoclasts to millimolar levels of Ca2+ results in dramatic
cell retraction followed by a profound inhibition of bone
resorption76-78. Osteoclasts first attach to mineralized
surfaces and actively resorb bone, releasing calcium into
the extracellular environment79. Resultant levels of
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elevated Ca2+
o
 leads to cytoskeletal changes such as

podosome assembly72 that may be linked to PLC
activation and the associated rise in Ca2+

i 
concentration76.

Release of high concentration of Ca2+
 
due to resorbing

activity of the osteoclasts in turn inhibits bone resorption
and/or increased osteoclast retraction and detachment
from the bone77. The mechanism of this feedback
inhibition by calcium on osteoclast activity is not fully
understood. Zaidi et al80 detected an immunoreactive
type II ryanodine receptor located in the osteoclastic
plasma membrane and postulated that it might sense Ca2+

o
and regulate its influx81. However, high Ca2+

o
 has been

shown to inhibit osteoclast like cell formation by
presumably acting on the CaR present in osteoclast
precursor cells49. Kameda et al52 have reported CaR
expression in mature bone resorbing osteoclast isolated
from rabbits. This group has also reported that the bone-
resobing activity of osteoclast, as determined by their
pit formation, was inhibited by high Ca2+

 
as well as type

I CaR agonists such as neomycin and sGd3+.

Unequivocal evidence has recently been provided in
support of CaR’s role in both osteoclast differentiation
and osteoclast apoptosis. Using CaR-null mice, Mentaverri
et al82 have shown that osteoclast differentiation from the
bone marrow precursor cells is 70 per cent less in CaR-/-

mice compared with CaR+/+ mice. On the other hand,
mature osteoclasts undergo apoptosis in presence of high
Ca2+ and a dominant negative CaR construct abrogates
this effect indicating the role CaR in osteoclast apoptosis.
The signaling pathways that are associated with osteoclast
apoptosis by the CaR is likely mediated by PLC and NF-
κB (Fig. 4).

Role of calcium sensing receptor in haematopoietic
stem cells

During mammalian ontogeny, haematopoietic stem
cells (HSCs) translocate from the foetal liver to the bone
marrow. Bone marrow is the site of haematopoiesis in
adults. HSCs within the bone marrow cavity reside in
close proximity to the endosteal surfaces of bone called
‘stem cell niche83,84. It has been observed that
transplanted HSCs migrate to these areas within hours
of intravenous injection85.

Several factors are involved in HSC homing at a
specific site. Since its anatomical proximity to HSCs
and that it produces many factors essential to the
survival, renewal and maturation of HSCs, osteoblasts
are the most important cell types determining HSC
homing to bone marrow. These growth factors/
cytokines include the colony-stimulating growth factors
granulocyte-colony-stimulating factor (G-CSF),
macrophage-colony-stimulating factor (M-CSF) and
granulocyte/macrophage-colony-stimulating factor
(GM-CSF), interleukin-1-beta (IL-1β), interleukin-6
(IL-6), interleukin-7 (IL-7), osteoprotegerin, RANKL,
stromal-derived factor-1, tumour-necrosis factor-α
(TNF- α) and vascular endothelial growth factor
(VEGF)86. Furthermore, bone morphogenetic protein
signaling that is crucial for osteoblast development and
function is also involved in adult HSC development87.
In addition, angiopoietin-1 produced by osteoblasts
activates the stem cell receptor tyrosine kinase Tie2 and
thereby promotes tight adhesion of stem cells to their
niche88. Together, these observations strongly suggest
that osteogenesis and haematopoiesis are functionally

Fig. 4. Role of CaR in the differentiation and apoptosis of osteoclasts. Upon stimulation by Ca2+
o
, the CaR activates PLC resulting in the

osteoclast differentiation. PLC activation by the CaR in turn will activate and translocate NF-kB from the cytoplasm to the nucleus in
mature osteoclasts along with some other transcriptional factors, which ultimately will lead to its apoptosis.
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linked. Bone marrow stromal cells comprise the second
major cell types providing appropriate environmental
cues for haematopoiesis89. The stroma is composed of
a variety of stromal stem cells (SSCs), which are mostly
derived from either mesenchymal or hematopoetic
lineages. Finally, extracellular matrix proteins such as
collagen and glycosamines, and adhesion molecules
such as very late antigen-4 (VLA-4), very late antigen-
5 (VLA-5), fibronectin, intercellular adhesion molecule-
1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) also influence HSC homing86.

An essential prerequisite for the development of
normal haematopoiesis in the bone marrow is
endochondral ossification90-92 which provides a crucial
interrelationship between ossification and maturation of
haematopoietic processes in mammals. A characteristic
of the endosteum where active bone modelling and
remodelling take place is an increased Ca2+

o

concentration, which reaches 40 mM near resorbing
osteoclasts93, a level that is about 33-fold more than serum
calcium levels. CaR could be a putative target of this
elevated levels of Ca2+

o
. Indeed, CaR expression has been

shown on haematopoietic cells, including cells of the
monocyte/macrophage lineage94,95. CaR activation of
these cells induces their transmigration in vitro and in
vivo94,95. Recent report by Adams et al96 show that
antenatal mice lacking CaR gene had primitive
haematopoietic cells in the circulation and spleen,
whereas a few were found in bone marrow. In addition,
bone marrow of CaR deficient (CaR-/-) mice exhibited
hypocellularity and expanded extramedullary
haematopoiesis. HSCs obtained from CaR-/- mouse
exhibited migration in response to stromal-derived
growth factor-1 α gradients that is comparable with CaR+/

+ mouse. No differences were observed in the number of
CaR+/+ or CaR-/- cells seeding the marrow space. However,
CaR-/- cells are unable to engage and remain within the
niche, suggesting that CaR acts downstream of SDF-1 α
chemotaxis. This defect could be due to the inability of
the CaR-/- cells to adhere to collagen I, which is the most
abundant bone matrix protein produced by osteoblasts.
Thereofore, CaR could importantly participate in the stem
cell behaviour within the bone marrow and modulate
osseus homeostasis96.

Roles for the calcium sensing receptor in malignancy
induced osteolysis

As explained in the ‘seed and soil’ hypothesis, bone
represents a fertile ground for cancer cells to flourish96.
Hence, humoral hypercalcaemia of malignancy (HHM)
is one of the most frequent paraneoplastic syndromes

which include breast, prostate, lung, and renal
carcinomas. HHM is a state in which serum calcium
concentrations are typically greater than 12 mg/dl,
corrected for serum albumin concentration. Several
factors, for example, VEGF and interleukin-8 and -11,
have been implicated in promoting hypercalcaemia of
malignancy. However, PTHrP is considered to be the
major pathogenic factor97-99 as the tumour burden and
bone lesions have been shown to be decreased
significantly by treatment with PTHrP-neutralizing
antibody in mice inoculated with a human breast cancer
cell line [MDA-MB-231]100 or lung squamous cell
carcinoma-derived cells [HARA]101. A clinical study
reported that patients who develop metastatic breast
disease in bone express PTHrP in >90 per cent of the
cases while those who develop metastases in
extraskeletal sites express PTHrP in only 17 per cent
of cases, suggesting that PTHrP plays a key role in the
pathogenesis of skeletal metastases102. When produced
in excess by extraskeletal tumour cells as in the case of
HHM, PTHrP spills into the systemic circulation and
acts on the same PTH receptor that mediates the Ca2+

o
elevating actions of PTH on bone and kidney. The
resultant hypercalcaemia can rapidly become severe and
life threatening.

Bone is the depot for calcium in the body. One of
the direct effects of increased bone resorption during
HHM is an increase in Ca2+

o
. Ca2+ released during the

resorptive process into the bony microenvironment
could modulate the normal remodelling process as well
as metastatic osteolysis. In particular, large changes in
local Ca2+

o
 due to Ca2+ release could be “sensed” by the

cancer cells as well as nearby cells, such as osteoblasts,
osteoclasts, and monocytes. High Ca2+

o
 stimulates

PTHrP production in both normal103,104 and malignant
cells105,106. CaR could enable Ca2+

o
 to contribute directly

to this vicious cycle by stimulating the production of
PTHrP by the cancer cells instead of being a mere by-
product of these malignancies2. In that case, the CaR
could serve as a central element in a physiologically
inappropriate “feed-forward” mechanism, whereby
malignant osteolysis would induce further osteolysis.
CaR-stimulated secretion of PTHrP could afford a
selective advantage by contributing to tumour cell
survival and growth and/or skeletal complications (e.g.,
osteolysis), as PTHrP has been shown to promote
growth and survival of tumours that secrete it107.

CaR activation has been shown to stimulate PTHrP
secretion from human breast cancer (MCF-7, MDA-
MB-231)108, prostate cancer (PC-3 and LnCaP)109 and
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rat H-500 Leydig cells108. In addition, CaR activation
has been shown to stimulate proliferation of H-500 cells
as well as protects the cells from serum-induced
apoptosis110. PTHrP secretion in these various cell types
are regulated by PKC-dependent or –independent
activation of MEK/ERK and p38 MAP kinase
pathways107,111-114. In addition, CaR has been shown to
transactivate the epidermal growth factor receptor
pathway in prostate and H-500 cells115-118. CaR has also
been shown to activate a pro-survival PKB/PI3 kinase/
AKT pathway in H-500 cells119. Finally, CaR activation
has been shown to promote angiogenic genes such as
pituitary tumour transforming gene and vascular
endothelial growth factor120,121. Taken together, CaR
stimulation appears to have a tumour promoting roles
in various models of HHM cell types. Whether these
observations are true in vivo will determine if specific
CaR antagonist (so called calcilytic) could be used
therapeutically.

Conclusion

Significant advances have been made in
understanding the roles of the CaR in the various bone
cells. Activating the CaR serves two highly desirable
functions, i.e., activating the osteoblasts (bone anabolic
effect) and inducing the apoptosis of osteoclasts (anti-
resorption). Therefore, CaR could be a therapeutic target
for developing dual action drug for bone loss disorders
such as osteoporosis. Indeed, strontium ranelate, the
only dual action drug that has recently been launched
acts by activating the CaR in osteoblasts and in
osteoclasts (personal communication Dr R. Mentaverri).
CaR also may play an important role in HMM as a
mediator of a malignancy-associated, feed forward loop
between the tumour and bone, resulting in osteolysis.
Whether, antagonizing the CaR by calcilytic could be
of therapeutic potential awaits in vivo documentation
of the tumour promoting roles of the CaR in HHM.
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