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INTRODUCTION
Calcium is a crucial biological cation. The body has a fine tuned sys-
tem to regulate the level of calcium in the extracellular fluid. The
system regulating extracellular calcium is termed the calcium homeo-
static system. The calcium homeostatic system involves several
hormones and organs. The hormones involved comprise, amongst
others, the parathyroid hormone, vitamin D and calcitonin. The
organs involved are mainly the parathyroid glands, kidneys, skeleton
and intestine. Calcium is very important extracellularly as well as in-
tracellularly. In the cell Ca2+ serves as an intracellular messenger that
participates in muscle contraction, neurotransmission, and enzyme
activity (53). Outside the cell calcium probably plays just as import-
ant roles for the organism as it does inside the cell. The extracellular
calcium ion is important as the cation participates in blood clotting,
contributes to maintaining the membrane potential across the cell
membrane, functions as a reservoir of calcium e.g. during every
heart beat, and controls the release of hormones crucial for calcium
homeostasis. Thus calcium controls a plethora of essential cellular
functions, ranging from release of hormone and muscle contraction
to gene expression. These functions in turn control cell growth, pro-
liferation and cell death.

One of the key players in extracellular calcium homeostasis is the
calcium-sensing receptor (CaR). The two major functions of this re-
ceptor in calcium homeostasis are to inhibit PTH release from the
parathyroid gland and to inhibit renal reabsorption of calcium. Be-
sides being expressed in the chief cells of the parathyroid gland and
along the nephron of the kidney, the CaR has also been found to be
functionally expressed in tissues not related to calcium homeostasis,
including some cancer cells. The loss of regulation of growth is a key
factor in the development of cancer. The CaR has been implicated
by circumstantial evidence as well as proven to be involved in the
progression of cancer disease in vitro (218). But much remain to be
learned about the function of the CaR expressed in many cancer
cells. Likewise the identification of many intracellular signalling
pathways has provided a novel opportunity to understand the mo-
lecular mechanism behind the receptor’s function in cancer cells.
One such novel molecule is the pituitary tumor transforming gene
initial found in pituitary adenomas and subsequently expressed in
the fetal liver as well as in the testis. Furthermore studies have shown
a correlation between the expression of pituitary tumor transform-
ing gene and degree of malignancy in the e.g. colon, and increasing
evidence points toward a role of the protein in the genesis of cancer.
The pituitary tumor transforming gene is a key player in the ana-
phase of cell division, and no previous studies have investigated the
regulation of this protein by the CaR.

The aim of this thesis was:

1. To identify functions of the calcium-sensing receptor in a pri-
mary culture of Leydig testis cancer cells, a model of humoral
hypercalcemia of malignancy, 

2. To identify the signaling pathways used by the calcium-sensing
receptor in exerting its biological functions in an in vitro model
of humoral hypercalcemia of malignancy,

3. To identify a novel-signaling pathway using a CaR-expressing
prostate cancer cell line associated with malignant hypercalcemia. 

4. To investigate whether the up-regulation of the oncogene pituit-
ary tumor transforming gene by the calcium-sensing receptor in
our model of humoral hypercalcemia of malignancy was a gen-
eral phenomenon also seen in other types of cancer with a func-
tional CaR that are not involved in malignant hypercalcemia
using a CaR expressing astrocytoma cell line.

5. Lastly, to investigate other regulators of the oncogene pituitary tu-
mor transforming gene in the CaR-expressing astrocytoma cell lines.

Initially I will describe the models, materials, and methods used.
Then briefly describe calcium homeostasis with a focus on the CaR.
Hereafter I will describe the syndrome of malignant hypercalcemia
and in particular humoral hypercalcemia of malignancy with a
focus on the role of the CaR. To give a background on the field of
pituitary tumor transforming gene, I will describe the pituitary
tumor transforming gene as marker of malignancy and its possible
roles in the development and progression of malignant disease.
Lastly I will present our data in the context of the literature and
finally summarize and propose future directions and perspectives.

CELL MODELS USED IN THIS THESIS
HUMORAL HYPERCALCEMIA OF MALIGNANCY
Before the existence of the syndrome of humoral hypercalcemia of
malignancy was recognized, it was reported that in inbred aged
Fisher rats testicular neoplasms of Leydig cell origin develop spontan-
eously (123). The tumors were capable of being passaged by serial
subcutaneous transplantations. The tumors grew rapidly but did
not metastasize. The rat Leydig cell cancer was discovered to cause
hypercalcemia with hypophosphatemia, hypercalcuria, and hyper-
phosphaturia in rats (199, 211, 212). Later Stewart et al. found that
in patients with malignant hypercalcemia two groups could be iden-
tified: one group with solid tumors but no bone metastases and a
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second much larger group of patients with metastases to bone (245).
The hypercalcemic state of the first group of patients was termed
humoral hypercalcemia of malignancy, indicating that some hu-
moral factor secreted by the solid tumor would activate bone re-
sorption and lead to hypercalcemia. Sica and co-workers found that
the rat Leydig hypercalcemia tumor did not metastasize to bone and
that the hypercalcemia could be reversed by removal of the tumor
from the rats. This study verified that the rat Leydig cell cancer was a
suitable model of the humoral hypercalcemia occurring in patients
with solid tumors (238). The tumors were investigated by light and
electron microscopy and verified to be of Leydig cell origin (212).
No sex hormone production was found in the tumor. In vivo, human
chorionic gonadotropin caused an acute rise in serum calcium in 3
to 5 hours in tumor-bearing hypercalcemic rats and the binding
of chorionic gonadotropin was competed by luteinizing hormone.
This indicates that an active chorionic gonadotropin/luteinizing
hormone receptor is functionally expressed on the H-500 cells.
Hereafter studies found that the mediator of this hypercalcemia in-
duced cAMP-production by adenylate cyclase as seen in PTH-driven
hypercalcemia, and that this was mediated through the PTH recep-
tor (120, 217, 242). In 1987 PTHrP was discovered (249). This pep-
tide (or peptides as there are three isoforms) resembles PTH and ac-
tivates the PTHR1 similar to PTH. Using a two side immunoradio-
metric assay, it was shown soon thereafter that indeed PTHrP is the
humoral factor produced by the H-500 Leydig tumor (74) and that
neutralizing the peptide could abolish the hypercalcemia in Fisher
rats transplanted with the H-500 tumor (103). Furthermore EGF
has been shown to induce PTHrP release whereas testorone, dexam-
ethasone and 1.25 vitamin D3 downregulate PTHrP in H-500 cells
(154). Thus the Rice H-500 Leydig testis cancer cells seem to be a
valid, well-established model of humoral hypercalcemia. The H-500
cells differ from the normal Leydig cells as they are not polygonal,
and most human Leydig cell tumors do not have central necrosis in
contrast to the H-500 cell tumor. In human PTHrP has been re-
ported to be expressed in the Leydig cell, although its function is un-
known (9). All the studies, investigating the H-500 cells, used serial
transplantations of the tumor. Simultaneously, with the in vivo
characterization of the H-500 cells, the cells were also characterized
in vitro. In primary cell culture the cells produce PTHrP and grow
like cancer cells for up to 10 cell passages (154, 206). 

HYPERCALCEMIA OF MALIGNANCY 
DUE TO METASTASES TO THE BONE
In the paper by Stewart and co-workers that defined HHM, the
larger group of patient with malignant hypercalcemia were the pa-
tients with metastases to bone (245). The cancers that metastasize to
bone are among the most frequent cancers, namely kidney, lung,
breast, and prostate cancers (90). Prostate cancers, that metastasize
to bone, generally form mixed osteolytic and osteosclerotic lesions.
Substantial increases in bone resorption occur in this setting as as-
sessed by biochemical markers such as pyridinoline and deoxypy-
ridinoline (56, 119, 251). Interestingly, the markers of bone resorp-
tion may be lower in those with skeletal metastases of breast cancer
than in patients with metastatic prostate cancer, indicating that
more bone degradation is taking place in the latter (56). The PC-3
cell line was derived from a bone metastasis of a grade IV prostatic
adenocarcinoma from a 62-year-old male Caucasian (127). The PC-
3 cell line induced hypercalcemia in the human subject from which
it originated as well as in animal models when inoculated subcu-
taneously (127). Furthermore, it was shown the PC-3 cells express a
functionally active calcium sensing-receptor and that high calcium
through the CaR induced PTHrP release in these cells when grown
in vitro (223). With this in mind, we chose the PC-3 cell line as a
well-established model system to investigate new signaling pathways
for the CaR in malignant cells with metastases to bone. 

MALIGNANT CELLS EXPRESSING THE CaR THAT ARE NOT 
INVOLVED IN HYPERCALCEMIA OF MALIGNANCY
The last cell model used in our studies is the astrocytoma cell line
U-87. The U-87 cell line is derived from a malignant gliomas grade III
from a 44 year old Caucasian female (198). The astrocytoma cells do
not induce systemic hypercalcemia neither by a humoral factor nor
by metastases to bone. In the literature there are two astrocytoma
cell lines that have been reported to express a functional CaR, the
U373 and the U-87 cell lines (43, 44). Thus, the astrocytoma repre-
sents a model of cancer with no effect on systemic calcium and only
local changes in calcium along with the normal changes in systemic
calcium that will potentially stimulate the CaR expressed on these
cells. The U-87 astrocytoma cells were chosen to investigate the ef-
fects of CaR stimulation on the PTTG oncogene due to its robust
CaR-induced PTHrP release and ion channel regulation (40, 44). To
validate the findings on the levels of PTTG expression in the U-87
cell line, we used human primary tumor samples that had been col-
lected at surgery in the Brigham and Women’s Hospitals surgical de-
partment as well as primary astrocytes, and the T98G and U-343 as-
trocytoma cell lines. Before we used the tumor to investigate mRNA
expression levels, another part of the same tumor had undergone
histological classification by the department of pathology. 

MATERIALS AND METHODS
MATERIALS
Antibodies: Polyclonal antisera against phosphorylated and non-
phosphorylated ERK1/2, p38 MAPK, SEK1, AKT (ser473) and ATF-
2 kinases were purchased from New England Biolabs (Beverly, MA).
A rabbit polyclonal antiserum against iNOS was purchased from
BD Transductions Laboratories (Lexington, KY). Neutralizing anti-
bodies against EGFR and HB-EGF were obtained from R&D Sys-
tems (Minneapolis, MN). Polyclonal antisera to EGFR and PTTG
(M-16) and a mouse monoclonal antibody against phosphotyrosine
PY99 were purchased from Santa Cruz Biotech (Santa Cruz, CA). 

Inhibitors and activators: Selective inhibitors of p38 MAPK
(SB203580), MEK1 (PD98059), JNK (SP600125), PI3K (LY294002),
EGFR kinase (AG1478), PDGFR kinase (AG1296), pan MMPs
(GM6001), and PKC (GF109203X) were all obtained from Calbio-
chem-Novabiochem (San Diego, CA). The PKC activator, phorbol
12-myristate 13-acetate (PMA), was purchased from Biomol (Ply-
mouth Meeting, PA). The choice of dose of the individual inhibitors
was based on data from the literature, previous experience from the
laboratory and from pilot studies on dose response curves of the indi-
vidual inhibitors (15, 64, 68, 125, 136, 142, 156, 183, 185, 268, 279).
Most of the signalling molecules modulated by the chemical inhibi-
tors were also investigated by western blotting or their upstream or
downstream signaling molecules in order to validate whether calcium
would activate the signalling molecules that were blocked pharmaco-
logically, providing some support for the specificity of the inhibitors. 

Other: The enhanced chemiluminescence kit, Supersignal, was
purchased from Pierce (Rockford, IL). Protease inhibitors were ob-
tained from Boehringer Mannheim (Mannheim, Germany). TGFα,
EGF, 17-β-estradiol, BMP-2, TGFβ, TNFα, TRAIL, TTNP3, I3CRA,
Ciglitazon, and PGJ2 were obtained from Calbiochem (La Jolla, CA,
USA). All cell culture reagents to H-500, PC-3, and U-87 cells were
purchased from GIBCO-BRL (Grand Island, NY) with the ex-
ception of FBS, which was obtained from Gemini Bio-Products
(Calabasas, CA). NPS R-467 and NPS S-467 were donated by NPS
Pharmaceuticals, Inc. (Salt Lake City, UT). Other reagents were
from Sigma Chemical (St. Louis, MO).

METHODS
Protocol for H-500 in-vitro cell culture
The Rice H-500 rat Leydig cell tumor was obtained from the Na-
tional Cancer Institute-Frederick Cancer Research and Development
Center DCT Tumor Repository (Frederick, MD). Male Fischer 344
rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN) weighing 200
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to 220 g (10 weeks of age) were used for all experiments. A fragment
of the H-500 tumor was implanted subcutaneously in each rat, and
the tumor was allowed to grow for 8 to 14 days, with the size of the
tumor determining when the tumor was removed; the average
tumor removed was around 0.5-1 cm in radius. The encapsulated
tumor was cut open, and tumor pieces were excised with a minimum
of other tissues from the animal, rinsed several times with cell cul-
ture medium (see below), minced into smaller pieces, and dispersed
by repeated pipetting and several passages through a 22-gauge nee-
dle. Dispersed H-500 cells were subsequently plated in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and 100
U/ml penicillin-100 µg/ml streptomycin and grown at 37°C in a
humidified 5% CO2 atmosphere. Cells were passaged every 3 to 5
days using 0.05% trypsin-0.53 mM EDTA and used for experimenta-
tion within the first 10 passages. After the 10 passages the response to
calcium at times would be either less robust or absent, indicating
that CaR expression was downregulated or that the H-500 cells had
undergone more substantial phenotypical changes. No contamina-
tion of host cells was identified as assessed by the presence of homo-
geneous morphology under light microscopy. Rats were handled in
accordance with local institutional guidelines. In one instance an
animal died, and in two cases the tumor ulcerated through the skin.
No secondary tumors were detected in the animals.

Protocol for PC-3 cell culture
The PC-3 human prostate cancer cell line was obtained from the
American Type Culture Collection (Rockville, MD). The cells were
cultured in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum (FBS) and 100 U/ml penicillin-100 µg/ml streptomycin
and grown at 37°C in a humidified 5% CO2 atmosphere. Cells were
passaged every 4-5 days using 0.05% trypsin-0.53 mM EDTA.

Protocol for human primary astrocytes and U-87 cell culture
Human primary astrocytes were purchased from Clonetics-Biowhit-
taker (Walkersville, MD), and U-87, T98G, and U-343 astrocytoma
cells from the American Type Culture Collection (Manassas, VA);
they were maintained in monolayer culture in DMEM supple-
mented with 10% fetal bovine serum and 100 U/ml penicillin-100
µg/ml streptomycin and grown at 37°C in a humidified 5% CO2 at-
mosphere. Primary astrocytes were derived from a fetal source. The
primary astrocyte cultures are more than 90% pure as certified by
the company based on assessment of the expression of glial fibrillary
acidic protein. 

Specimen selection and tissue samples
Nine glioma samples were collected at the time of surgery in pa-
tients who underwent craniotomy for glioma resection with human
study approval. All operations were performed by Dr. Peter Black at
the Brigham and Women’s Hospital in Boston. A senior neuro-
pathologist at the hospital evaluated all specimens and classified
them in accordance with World Health Organization standard crit-
eria. At the time of surgery, all tissue specimens were immediately
snap frozen and stored in liquid nitrogen for RNA isolation.

Infecting H-500 cells with CaR constructs in rAAV
High-efficiency gene transfer into H-500 cells was accomplished us-
ing a recombinant Adeno-Associated Virus (rAAV)-based method.
The CaR sequence with a naturally occurring, dominant negative
mutation (R185Q), as well as the same vector containing the cDNA
for the beta galactosidase protein (referred to hereafter as BG) were
under the control of a cytomegalovirus immediate-early (CMV-IE)
promoter element, and packaged as previously described by our
collaborator (292). The BG served as the control for non-specific
effects of rAAV infection. Cells were seeded (1000 cells/well) in 96-
well plates in 0.1 ml of growth medium and cultured overnight.
About 1000 virus particles/cell (as optimized by pilot studies) were
used to infect each well. Cells were washed once with serum-free

RPMI 1640. Virus particles were then added, and the culture was
incubated for 90 min in the serum-free medium at 37°C in a cell-
culture incubator. Equal volumes of RPMI 1640 containing 20%
serum were added to the cells to achieve a final serum concentration
of 10%. The cells were then cultured for 48 h, and experiments with
low and high calcium concentrations were performed. No studies
were done on cell growth or response to calcium besides the PTHrP
and mRNA expression measurements with infected H-500 cells.

Measurements of PTHrP in media 
PTHrP was measured using a two-site immunoradiometric assay
(IRMA) (Nichols Institute Diagnostics, San Juan Capistrano, CA)
that detects PTHrP (1-72) with a sensitivity of 0.3 pmol/L. At 3.4
pmol/L our inter- and intra-assay variance were 8.8% and 4.0%
respectively. PTHrP assays were initiated immediately after re-
moving the conditioned medium to minimize loss of peptide.
PTHrP concentrations were calculated from a standard curve gener-
ated by adding recombinant PTHrP(1-86) to the treatment medium
(i.e. unconditioned medium). Calcium with or without inhibitors
had no effect in the PTHrP assay.

The effects of Ca2+
o as well as MAPK and PKC inhibitors on

PTHrP release were determined by seeding H-500 or PC-3 cells in
96-well plates (1×104 cells/well) in 0.1 ml of growth medium. After
48 h, the growth medium was removed and replaced with 0.1 ml of
Ca2+-free DMEM containing 4 mM L-glutamine, 0.2% BSA, 100
U/ml penicillin-100 µg/ml streptomycin, and 0.5 mM CaCl2. Two h
later, this medium was removed and replaced with 0.225 ml of the
same medium or that supplemented with additional CaCl2 (to a fi-
nal concentration of 2.5, 5.0, or 7.5 mM) for 6 h. In other experi-
ments the medium was supplemented either with the kinase inhibi-
tors described or with 7.5 mM CaCl2 together with the same inhibi-
tors, in the PC-3 cells the inhibitors were preincubated for 0.5 h
before stimulation. In the experiment with ADP the concentrations
used were 10-7, 10-8, and 10-9 M. Six h later, the conditioned medium
was collected for determination of PTHrP release. The 6 h time
point was chosen for subsequent experiments because it yielded
PTHrP values falling on the linear portion of the PTHrP assay,
whereas at 4 and 24 h, PTHrP was at the lower or upper portion of
the curve, respectively. The fold increase in PTHrP release at high
calcium compared to low calcium did not vary over the first 24 h.
Furthermore the 6 hour time point was also chosen since results
from our laboratory previously had shown no change on prolifer-
ation of the H-500 cells in this time frame as assed by MTT assay a
colometric assay (224). 

Determination of HGF secretion 
To study HGF secretion, U87 cells were grown to 70-75% conflu-
ence in complete growth medium in 24-well plates. They were then
serum-starved overnight in growth medium minus FBS containing
0.2% BSA along with various concentrations of EGF. Medium sam-
ples were cleared by centrifugation, and HGF was measured in this
conditioned medium with an ELISA. The ELISA employs a quanti-
tative sandwich, enzyme-linked immunoassay technique, utilizing a
monoclonal antibody specific for HGF that is bound to microtiter
wells. Assay sensitivity was 125 pg/ml. Data are expressed as pico-
grams per microgram protein.

Western blot analysis
For the determination of PTTG, iNOS, AKT, ATF-2, ERK1/2, p38
MAPK, SEK1, or phosphorylation, monolayers of H-500, PC-3, or
U-87 cells were grown on six-well plates. Cells were incubated for 18
h in serum-free, Ca2+-free DMEM containing 4 mM L-glutamine,
0.2% BSA, and 0.5 mM CaCl2. This medium was removed and
replaced with the same medium supplemented as described in the
papers. At the end of the incubation period, the medium was re-
moved, the cells were washed twice with ice-cold phosphate-buff-
ered saline (PBS) containing 1 mM sodium vanadate and 25 mM
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NaF, and then 100 mL of ice-cold lysis buffer was added [20 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM
NaF, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM so-
dium vanadate, 50 mM glycerophosphate, and a cocktail of protease
inhibitors]. The protease inhibitors were aprotinin, leupeptin, soy-
bean trypsin inhibitor, pepstatin, and calpain inhibitor (10 mg/ml
of each), all from frozen stocks, as well as 100 mg/ml of Pefabloc.
The sodium vanadate, NaF, and Pefabloc were freshly prepared on
the day of the experiment. The cells were scraped into the lysis
buffer, sonicated for 5 sec, and then centrifuged at 6,000 × g for 5
min at 4°C. The supernatants were frozen at –20°C. After thawing,
equal amounts of supernatant protein (100 µg) were separated by
SDS-PAGE. The separated proteins were electrophoretically trans-
ferred to nitrocellulose membranes (Schleicher and Schuell) and in-
cubated with blocking solution (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% Triton X-100, and 0.25% BSA) containing 5% dry milk
for at least 1 h at room temperature. AKT, ERK1/2, p38 MAPK,
SEK1, and ATF-2 phosphorylation were detected by immunoblot-
ting using an 18-h incubation with 1:1000 dilutions of rabbit poly-
clonal antisera specific for phospho-AKT, phospho-ERK1/2, phos-
pho-p38 MAPK, phospho-SEK1, or phospho-ATF-2, respectively.
For iNOS and PTTG 1:2000 and 1:1000, respectively, dilutions of
specific primary rabbit polyclonal antisera was used. Blots were
washed for five 15-min periods at room temperature (1% PBS, 1%
Triton X-100, and 0.3% dry milk) and then incubated for 1 h with a
secondary goat anti-rabbit, peroxidase-linked antiserum (1:2000) in
blocking solution. Blots were then washed again (5 × 15 min). Bands
were visualized by chemiluminescence according to the manufac-
turer’s protocol (Supersignal, Pierce Chemical). The same mem-
brane was used after stripping (Restore Western Blot Stripping,
Pierce) to measure non-phospho AKT, ERK1/2, p38 MAPK, and
SEK1. Protein concentrations were measured with the Micro BCA
protein kit (Pierce).

Immunoprecipitation
After serum starvation for at least 48 h, PC-3 cells were stimulated
with 7.5 mM calcium and at the indicated time points, cells were
washed with ice-cold PBS and lysed with immunoprecipitation
buffer containing 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 0.2 mM sodium vanadate, and pro-
tease inhibitors (as described above). The cell lysate was centrifuged
at 10,000 × g for 10 min. For immunoprecipitation, equal amounts
of protein were incubated with polyclonal EGFR antibody over-
night, and then incubated with protein A/G agarose beads for a
further 1 h at 4°C. Bound immune complexes were washed three
times with immunoprecipitation buffer containing protease and
phosphatase inhibitors and detergents. The pellets were eluted by
boiling for 5 min with 2 × Laemmli sample buffer. Supernatant
proteins were separated by 7.0% SDS-PAGE, transferred to nitrocel-
lulose membranes, and immunoblotted with monoclonal anti-
phosphotyrosine antibody (PY99). The stripped membrane was
then reblotted with EGFR antibody.

DNA synthesis
Two methods for measuring DNA synthesis were used: [3H]thymi-
dine and BrdU uptake. H-500 cells were seeded in 24-well plates.
The cells were cultured for 72 h and then serum-starved for 4 h, af-
ter which calcium (0.5-7.5 mM) alone or with NPS R-467, NPS S-
467, PD98059, SB203580, or LY294002 was added along with
[3H]thymidine (1 µl/ml; 50 µCi/ml), and the cells were cultured
again for 24 h in 1 ml media. Incorporation of [3H]thymidine in
H-500 cells was measured by removing the medium and lysing the
cells with 0.5 ml of 10% trichloroacetic acid. The resultant DNA
pellet was dissolved in 0.5 ml of 200 mM NaOH. Incorporated
radioactivity was measured by counting in a scintillation analyzer
on a 3H program (Tri-carb 2900TR, Packard Bioscience, USA). The
effect of calcium on [3H]thymidine was verified by using BrdU.

U-87 cells were seeded in 96-well plates and transfection with
siRNA was performed using a cocktail consisting of OptiMEM (In-
vitrogen), siPort lipid, and 20 nmol oligonucleotide that was de-
signed in our laboratory. U-87 cells were pulsed with 5-bromo-2’-
deoxyuridine (BrdU) for 4 h, and its incorporation was measured
using a kit obtained from Roche Diagnostic (Indianapolis, IN). 

TUNEL assay
The TUNEL reaction was performed to detect apoptosis. Cells were
plated on coverslips and treated as described for the DNA synthesis
assay. The cells were stained with an in situ cell-death detection kit,
(Roche Diagnostics, Indianapolis, IN) following the manufacturer’s
recommendations. Briefly, cells were washed with PBS once and
fixed with 4% formalin for 5 min. After fixation, the coverslips were
dried and then stored at -80°C. After the cells were washed with
PBS, they were permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate for 2 min on ice. Slides were rinsed twice with PBS
and then incubated for 60 minutes at 37°C with terminal deoxy-
nucleotidyl transferase (TdT) enzyme in reaction buffer. The slides
were rinsed three times with PBS and mounted with Vectashield
(Vector Laboratories, Burlingame, CA). Samples were analyzed by
confocal and fluorescence microscopy. TUNEL-positive nuclei were
detected by the bright color in condensed or ruptured nuclei. Two
researchers blinded to the status of the samples counted the
apoptotic cells as well as the total number of cells in eight different
fields from two independent experiments. The total number of cells
ranged from 26 cells to 105 cells per field.

Northern blot analysis
To study effects on the expression of iNOS, PTHrP, PTTG mRNA,
we performed Northern blot analysis as described before (38).
Briefly, cellular RNA was isolated (50) using the Trizol reagent (In-
vitrogen, Carlsbad, CA) following the manufacturer’s instructions.
The RNA recovered was quantitated by spectrophotometry, and al-
iquots of 20 µg of total RNA from treated cells were loaded on a for-
maldehyde agarose gel after denaturation. The gel was stained with
ethidium bromide to visualize RNA standards and ribosomal RNA,
in order to document equal loading of RNA from the various ex-
perimental samples. The RNA was then blotted onto nylon mem-
branes (Duralon, Stratagene, La Jolla, CA). Blots were hybridized
with a cDNA probe for PTTG, PTHrP, and iNOS and washed under
high stringency conditions as described previously (156). An iNOS
cDNA probe was prepared by one-step RT-PCR using 2 µg total
RNA derived from H-500 cells using the following primers: 5’- TGC
TAT TCC CAG CCC AAC AAC -3’ (iNOS sense, 120-140), 5'- TTT
TGC CTC TTT GAA GGA GCC -3' (iNOS antisense, 486-466). The
PCR product was then subcloned into the TOPO TA cloning kit (In-
vitrogen) following the manufacturer’s instructions and sequenced
to confirm its homology with the corresponding region of the rat
iNOS mRNA (NM_ 012611.1). A full-length human PTHrP cDNA
probe (1.7 kb) was generously provided by Dr. E. Schipani, Massa-
chusetts General Hospital, Boston, MA and a rat PTTG probe was
donated by professor Shlomo Melmed, Cedars-Sinai Research Insti-
tute, Los Angeles, CA. Equal loading was also confirmed by reprob-
ing the membranes with GAPDH cDNA. Specific radioactive signals
were analyzed on a Molecular Dynamics, Inc. PhosphorImager
(Sunnyvale, CA) with the ImageQuant program.

Reverse Transcriptase-PCR
One-step RT-PCR (kit from Qiagen, Santa Clarita, CA) was used for
determining the presence of: 1 PTTG transcript(s) using a pair of
primers that would yield a 352-bp product spanning nucleotides
165 to 517 of the human PTTG cDNA (NM_004219). Primer se-
quences are; 1) sense – 5’-AGT TTC AAC ACC ACG TTT TGG C -
3’; 2) antisense – 5’-GCT TTT CAA GCT CTC TCT CCT CG -3’; 2
PTHR1 transcript(s) using a pair of primers that would yield a 411-
bp product spanning from nucleotides 181-592 of the rat PTHR1
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cDNA (NM_020073). Primer sequences are 1) sense, 5’-CAG ATT
TTC CTG CTG CAC CG-3’; 2) antisense, 5’-TGA ACT TGA GGC
ACT CGC TGT-3’. In brief, we used the following procedure for RT-
PCR: 2 µg total RNA was mixed with a master cocktail containing
RT-PCR buffer, sense and antisense PTTG primers, dNTPs, RNase
inhibitor, and an enzyme mixture containing reverse transcriptase
(Omniscript and Sensiscript) and HotStart Taq DNA polymerase at
the concentrations recommended by the manufacturer (Qiagen) to
a final volume of 50 µl. The temperature-cycle protocol was as fol-
lows: 30 min at 50°C for RT reaction, followed by denaturation and
activation of HotStart DNA polymerase for 15 min at 95°C, and
PCR amplification (30 sec at 94°C, 30 sec at 58°C, and 1 min at
72°C for 40 cycles). A final extension for 10 min at 72°C was per-
formed after the end of 40 cycles. In order to eliminate amplification
from contaminating genomic DNA, we omitted RT as a negative
control for the RT-PCR reaction for each sample. RT-PCR products
were fractionated on 1.5% agarose gels. The presence of a 352-bp or
411-bp amplified product, respectively, was indicative of a positive
PCR reaction arising from the presence of a PTTG- or PTHrP-re-
lated sequence within the cDNA.

Quantitative real-time PCR
To amplify human pituitary tumor transforming gene (PTTG1)
(NM_004219), human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (J_02642), rat PTTG (NM_022391), rat vascular en-
dothelial growth factor (VEGF) (NM_031836), rat inducible nitric
oxide synthase (iNOS) (NM_012611.1) and rat GAPDH (M_17701)
cDNA, sense and antisense oligonucleotide primers were designed
based on the published cDNA sequences using the Primer Express
ver. 2.0.0 (Applied Biosystems, Foster City, CA). Oligonucleotides
were obtained from Genosys (Woodlands, TX). The sequences of
the primers were as follows: 5’- CGG CTG TTA AGA CCT GCA ATA
ATC -3’ (human PTTG sense, 18-41), 5’- TTC AGC CCA TCC TTA
GCA ACC -3’ (human PTTG antisense, 119-99), 5’-TTC AAT GGC
ACA GTC AAG GC-3’ (human GAPDH sense), 5’-TCA CCC CAT
TTG ATG TTA GCG -3’ (human GAPDH antisense), 5’- ATG ACC
CTG GCG TGA AGA TTT -3’ (rat PTTG sense, 127-147), 5’- AAG
CAG CAA CAG AGA CCA GAG C -3’ (rat PTTG antisense, 227-
206), 5’- AGC CTT GTT CAG AGC GGA GAA-3’ (rat VEGF sense
500-520), 5’- TAA CTC AAG CTG CCT CGC CTT-3’ (rat VEGF an-
tisense 606-586), 5’-GAT TCA GTG GT CCA ACC TGC A-3’ (rat
iNOS sense, 621-641), 5’- CGA CCT GAT GTT GCC ACT GTT-3’
(rat iNOS antisense, 738-718), 5’-TTC AAT GGC ACA GTC AAG
GC-3’ (rat GAPDH sense), and 5’-TCA CCC CAT TTG ATG TTA
GCG-3’ (rat GAPDH antisense). cDNA was synthesized with the
Omniscript RT Kit (Qiagen, Valencia, CA) using 2 µg total RNA in a
20 µl reaction volume. For real-time PCR, the cDNA was amplified
using an ABI PRISM 7000 Sequence Detection System (PE Applied
Biosystems, Foster City, CA). The dsDNA-specific dye SYBR Green I
incorporated into the PCR reaction buffer QuantiTechTM SYBR PCR
(Qiagen, Valencia, CA) to allow for quantitative detection of the
PCR product in a 25-µl reaction volume. The temperature profile of
the reaction was 95°C for 10 min, 40 cycles of denaturation at 95°C
for 15 sec, annealing at 60°C for 30 sec, and extension at 72°C for 30
sec. An internal housekeeping gene control, GAPDH, was used to
normalize differences in RNA isolation, RNA degradation, and the
efficiencies of the RT. The size of the PCR product was first verified
on a 1.5% agarose gel, followed by melting curve analysis. Inter-
sample differences <0.5 cycles were accepted for calculating the
average crossing point (Cp). 

Microarray 
Total ribonucleic acid (RNA) was quantified by measuring ultravio-
let (UV) absorption ratio at 260/280 nm and checked for quality us-
ing a Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
Preparation of the biotin-labeled complementary RNA (cRNA) tar-
get was performed using the BioRobot 9604 (Qiagen, Valencia, CA,

USA) and a PTC-225 DNA Engine TetradTM Cycler (MJ Research,
Inc., Boston, MA, USA). Single-stranded cDNA was prepared from
2 µg of total RNA using a T7-(dT) 24-oligonucleotide primer and
SuperscriptTM II RNaseH-reverse transcriptase (200 U/µl). Included
in this reaction was a mixture of six bacterial RNAs of known con-
centration for use as positive controls (2.5 pg/ml of araB/entF, 8.33
pg/ml of fixB/gnd and 25 pg/ml of hisB/leuB). Double-stranded
cDNA was then generated with E. coli DNA polymerase I (10 U/µl)
and RNase H (2 U/µl). After purification using a Qiagen QIAquick
purification kit, the double-stranded cDNA served as a template to
prepare biotin-labeled cRNA via in vitro transcription (IVT), per-
formed in the presence of biotinylated nucleotides. The labeled-
cRNA transcripts were purified using RNEasy columns (Qiagen)
and assessed for quantity and quality using the same methods de-
scribed above. The biotin-labeled cRNA was then randomly frag-
mented by incubating 2 µg of the sample in the presence of magne-
sium for 20 min at 94°C. This resulted in fragmented target with a
size range between 100 and 200 bases.

Hybridization and Scanning. The biotinylated cRNA target was hy-
bridized to two ADME-Rat Expression Bioarrays (Motorola Life Sci-
ences). For each array, 2 µg of the fragmented target cRNA was added
to 260 µl of hybridization buffer, denatured, and then injected into
hybridization chambers, sealed, and incubated for 18 h at 37°C while
shaking at 300 rpm. Each array was rinsed in a stringent 46°C wash
in 0.75× TNT solution for 60 min, followed by Streptavidin labeling
for 30 min (RT), then the 0.75× TNT and 0.05% TNT in series. The
slides were spin-dried in an Eppendorf 5810R centrifuge (2000 rpm
for 3 min) (swinging bucket rotor). Processed arrays were scanned
using an Axon GenePix Scanner, and array images were acquired and
analyzed using CodeLinkTM Expression Analysis Software.

Motorola cDNA chip data analysis. The “normalized intensity”
probe data generated by the CodeLink Expression Analysis Software
(Amersham) were exported into Microsoft Excel. The data were
then separated into two classes: high dose and low dose. The Excel
function TTEST (low dose data, high dose data, 2, 2) was applied to
each gene probe. Probes with p-values greater than the PVAL-
THRESH of 0.05 were eliminated. The Excel function AVERAGE
(high dose data)/ AVERAGE (low dose data) was next applied.
Probes with ratios between the RATIO-THRESH of 2.0 and 1/RA-
TIO-THRESH of 0.5 were removed. The remaining probes were
candidates for significantly changed mRNAs. These genes demon-
strated acceptable p-values and exhibited at least a two-fold change
between the high- and low-dose calcium treatments.

Messenger RNA silencing 
U-87 cells were plated in 96-well plate with 60-70% confluency.
Twenty four hours after plating, cells were transfected with either
negative control or two different PTTG mRNA silencing oligonucle-
otides, purchased from Ambion (Austin, TX). For human PTTG
RNA silencing (siRNA), we first tested two different siRNA oligonu-
cleotide sequences designated as PTTG1.1 and PTTG1.2. The sense
and antisense sequences used were: PTTG1.1, 5’-GAU CUC AAG
UUU CAA CAC Ctt-3’ (sense) and 5’-GGU GUU GAA ACU UGA
GAU Ctc-3’ (antisense); PTTG1.2, 5’-GUC UGU AA A GAC CAA
GG GAtt-3’ (sense) and 5’-UCC CUU GGU CUU UAC AGA Ctt-3’
(antisense). For a negative control, we used the following oligonu-
cleotides (Ambion): 5’-AGU ACU GCU UAC GAU ACG Gtt-3’
(sense) and 5’-CCG UAU CGU AAG CAG UAC Utt-3’ (antisense).
Chemically synthesized annealed oligonucleotide of the above men-
tioned PTTG siRNA sequences were used. The 100-nm final con-
centration of siRNA sequences were used for transfecting the U87
cells. Efficacy of silencing was determined by real-time PCR of
human PTTG gene 48 h post transfection, and PTTG1.2 siRNA
sequence was found to have 70-80% efficiency in reducing human
PTTG mRNA, compared with negative control, whereas PTTG (1.1)
was less than 50% efficient. Therefore, we used PTTG (1.2) to study
the role of PTTG in the growth of U87 cells.
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Measurement of Ca2+
i by fluorimetry in cell populations 

Coverslips with H-500 cells were loaded for 2 h at room temperature
with Fura-2/AM in 20 mM HEPES, pH 7.4, containing 125 mM
NaCl, 4 mM KCl, 1.25 mM CaCl2, 1 mM MgSO4, 1 mM NaH2PO4,
0.1% bovine serum albumin (BSA), and 0.1% dextrose and then
washed once with a bath solution (20 mM HEPES, pH 7.4, contain-
ing 125 mM NaCl, 4 mM KCl, 0.5 mM CaCl2, 0.5 mM MgCl2, 0.1%
dextrose, and 0.1% BSA) at 37°C for 20 min. The coverslips were
then placed diagonally in a thermostatted quartz cuvette containing
the bath solution using a modification of the technique employed
previously in this laboratory (12). In the experiment with agonists
for other G-protein-coupled receptors, angiotensin II was used at
10-8 M, ADP at 10-8 M, thrombin peptide agonist at 10-5 M, and car-
bachol at 10-4 M. The angiotensin II, ADP, thrombin peptide ago-
nist, and carbachol were added into the bath solution. Excitation
monochrometers were centered at 340 and 380 nm, and emission
light was collected at 510 ± 40 nm through a wide-band emission fil-
ter. The 340/380-excitation ratio of emitted light was used to esti-
mate Ca2+

i as described previously (12).

Biological NO imaging by DAF-FM Diacetate 
H-500 Cells were plated on coverslips in a 6-well plate. After 72 h at
70-80% confluency, the cells were challenged with 0.5 mM or 7.5
mM calcium for 18 h in serum-free, Ca2+-free DMEM containing 4
mM L-glutamine and 0.2% BSA. The cells were then washed twice
with RPMI 1640 media without phenol red. The cells were then
loaded for 1 h with 1 ml RPMI 1640 (without phenol red) contain-
ing 10 µM DAF-FM diacetate (4-amino-5-methylamino- 2’,7’-di-
fluorofluorescein diacetate) (Molecular Probe, Eugene, OR), 0.1%
pluronic acid, and 1 mM probenecid at 37°C in a 5% CO2 incubator
with no light. Finally, the coverslips were washed twice in RPMI
1640 media without phenol red.

Direct visualization of NO production. The coverslips incubated in
37°C RPMI 1640 media without phenol red were placed horizon-
tally under the microscope lens. Photomicrographs with the fluores-
cent NO indicator were acquired with a laser scanning confocal mi-
croscope (LSCM, Leica TCS-NT, Heidelberg, Germany) equipped
with an argon-krypton laser at an excitation wavelength of 488 nm
and a band-pass filter for 500-550 nm (250). Simultaneous visuali-
zation of cell morphology by differential interference contrast (DIC)
microscopy was performed to confirm equal cell numbers on the
coverslips. The fluorescence images were obtained as a 1024 × 1024
pixel frame. All other settings, including scanning speed, pinhole
diameter, and voltage gain, remained the same for all experiments.
The images were stored on magneto-optical storage devices. 

Measurement of NO by fluorometry in cell populations. The cover-
slips were placed diagonally in a thermostatted quartz cuvettes con-
taining 37°C RPMI 1640 medium without phenol red. Excitation
monochrometers were centered at 490 nm, and emission light was
collected at 520 ± 40 nm through a wide-band emission filter.

Statistics
The data are presented as the mean ± SEM of the indicated number
of experiments equal to N. Data were analyzed by one-way ANOVA
followed by Fisher’s PLSD test or by Dunnett’s multiple comparison
test or Student’s t-test when appropriate. A P value of <0.05 was
considered to indicate a statistically significant difference unlikely
due to chance.

CALCIUM HOMEOSTASIS
Extracellular calcium is delicately regulated in the blood, and the
handling of calcium that keeps it in equilibrium is, as mentioned
above, termed the calcium homeostatic system. This system regulat-
ing calcium homeostasis involves several hormones and organs. The
hormones involved comprise, amongst others, the parathyroid hor-
mone, vitamin D and calcitonin. The organs are mainly the para-
thyroid glands, kidneys, skeleton and intestine. In the body most of

the calcium (around 99%) is stored in the bone. Thus the extracellu-
lar ionized calcium concentration constitutes a minor fraction of to-
tal body calcium. Of the extracellular calcium approximately 46% is
protein bound (mainly to albumin), around 7% is bound to small
ions, (e.g., phosphate) and the remaining 47% is ionized. Thus less
than 1% of the calcium in the body is present in an ionic form in the
extracellular compartment, and it is this small fraction of the cal-
cium that is believed to be the biologically active species. The extra-
cellular concentration of ionic calcium (Ca2+

o) in the blood is kept
constant, with extremely small changes (1.1-1.35 mmol/l) (254),
and minute-to-minute calcium homeostasis is maintained through
the rapid actions of parathyroid hormone (PTH) (77). PTH release
is regulated through minute changes in the extracellular calcium
concentration that are sensed by the calcium-sensing receptor (CaR)
(24), although phosphate and 1.25(OH)2 Vitamin D3 also play a
non-redundant role by incompletely understood mechanisms of
feedback. Calcium is not only very important extracellularly but
maybe even more so intracellularly. Here Ca2+ serves as an intracel-
lular messenger that participates in muscle contraction, neurotrans-
mission, enzyme and hormone secretion as well as several other key
functions, e.g., blood clotting (53). Thus intracellular calcium con-
trols and is a part of a plethora of essential cellular functions, rang-
ing from release of hormone and muscle contraction to gene expres-
sion. These functions in turn can control cell growth, proliferation
and cell death. The reservoir for intracellular calcium is extracellular
calcium, and the intracellular calcium is therefore dependent on that
in the extracellular compartment. Outside the cell calcium probably
plays just as important roles for the organism as inside the cell. The
extracellular calcium ion is important as the cation participates in
neuromuscular activity, secretion, signal transduction, blood clot-
ting, and the membrane potential across the cell membrane; it also
functions as a reservoir of calcium that is used, for example, in every
heart beat, and it controls the release of hormones crucial for cal-
cium homeostasis. The many roles of the divalent cation, calcium, in
the physiology of the body stress the importance of a very tight regu-
lation of the extracellular calcium concentration and availability. 

HORMONE SYSTEMS AND RECEPTORS INVOLVED IN 
EXTRACELLULAR CALCIUM HOMEOSTASIS
PTH and PTH receptor
As mentioned above PTH, calcitonin, and 1,25(OH)2 vitamin D3 are
the three major Ca2+

o-regulating hormones, the so-called “calcio-
tropic hormones” (260, 262). The overall action of PTH on calcium
homeostasis is to increase the level of Ca2+

o. Early studies showed an
inverse sigmoidal relation between Ca2+

o and PTH (21, 86, 228).
This inverse sigmoidal relation suggests a negative feedback from
Ca2+

o to the parathyroid gland and subsequentially the release of
PTH. The molecular mechanism for this feedback, the CaR, was in-
deed discovered in 1993 (24). PTH release is mainly inhibited by
high calcium, low phosphorus and low 1,25(OH)2 vitamin D3. Para-
thyroid hormone (PTH) is an 84 amino acid polypeptide. Its
mRNA, in addition to encoding the mature peptide, also encodes a
‘pre’ or signal sequence of 25 amino acids and a basic ‘pro’ peptide
of 6 amino acids. The PTH gene has been mapped to chromosome
11 (176). PTH exerts its actions through the PTH receptor
(PTHR1), which like the receptors for peptide hormones such as se-
cretin, vasoactive intestinal peptide, glucagon and calcitonin be-
longs to class B of the seven transmembrane receptors, also termed
G -protein-coupled receptors (139). PTHR1 has an extracellular
amino terminal of about 185 amino acids, seven transmembrane
spanning helixes (approximately 290 amino acids), and an intracel-
lular domain, the carboxy-terminal cytoplasmic tail, of 110 amino
acids (160). The PTH peptide is thought to act on the PTHR1
mainly in kidney and bone, although the receptor has been found in
many organs not involved in calcium homeostasis, such as rat aorta,
heart, bladder, stomach, ileum, and pregnant uterus. Furthermore,
knock out mice with no PTHR1 die intrauterine and studies have
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suggested an association with abrupt cardiomyocyte death, suggest-
ing that this receptor is important for the normal intrauterine devel-
opment of the heart (201). The PTH peptide shares significant
amino acid homology with parathyroid hormone related peptide
(PTHrP), especially in the first 13 residues. PTHrP exists in 3 iso-
forms in humans: 139,141, and 173 amino acids. PTHrP is fre-
quently expressed in the same cells that express the PTH receptor, or
in cells immediately adjacent to them. This spatial proximity of
PTHrP to the receptor, together with the fact that little if any PTHrP
circulates under normal physiological conditions, have suggested
that PTHrP acts as a paracrine or autocrine factor. PTHrP has sev-
eral important physiological roles encompassing promotion of cal-
cium mobilization from bone during lactation (278) transport of
maternal calcium across the placental membrane (141), and the
regulation of chondrocyte growth and differentiation in the growth
plates of developing long bones (144).

Vitamin D and Vitamin D receptor
The overall effect of vitamin D on calcium homeostasis is to increase
the level of Ca2+

o; its actions are slower than the rapid effects of
PTH. Vitamin D is not a vitamin as such, since a vitamin is generally
defined as a compound that the body is not able to produce. In the
skin 7-dehydrocholesterol is converted to previtamin D3 by ultravio-
let radiation (113). Previtamin D3 is subsequently spontaneously
converted to vitamin D3, cholecalciferol. Vitamin D from the diet is
in two forms cholecalciferol and ergocalciferol. Vitamin D is hy-
droxylated in the liver to 25(OH)-(ergo- or) cholecalciferol. There is
little evidence that the active forms of ergocalciferol and cholecalcif-
erol differ in their mode of action, however, more is known about
vitamin D3. Lastly 25(OH)-cholecalciferol is hydroxylated in the
proximal tubular cells of the kidney to the active metabolite,
1,25(OH)2-cholecalciferol (1,25(OH)2 vitamin D3), by the enzyme
1-alpha-hydroxylase (also termed CYP27B1) (148) and the less po-
tent metabolite 24,25(OH)2-cholecalciferol by the 24-hydroxylase
enzyme (also termed CYP24) (271). The 1-alpha-hydroxylase is the
enzyme that will determines the rate of production of 1,25(OH)2 vi-
tamin D3. 1-alpha-hydroxylase is upregulated by several factors, the
most important are: high serum parathyroid hormone (PTH),
hypocalcemia, hypophosphatemia and low 1,25 vitamin D3.
1,25(OH)2 vitamin D exerts its effects on calcium homeostasis
through the vitamin D receptor (VDR). The VDR is a sterol receptor
that is mainly found in the nucleus of the cell. The receptor is widely
expressed throughout the cells of the body, but the effects of the
VDR on calcium homeostasis are mainly in the epithelial cells of the
intestine and kidney. This was demonstrated in the VDR knock out
mice. Bone formation and mineralisation were found by two groups
to be severely impaired in VDR knockout mice (150, 309). However,
when the mutant mice were maintained on a rescue diet (calcium/
phosphorous/ lactose enriched) they had a normal development,
and the impaired bone formation and mineralization were rescued
(8). As the nuclear receptor is expressed in most cells, including
many that are not involved calcium homeostasis, 1,25(OH)2 vitamin
D has been found to have other physiological roles that are less well
understood, including cytokine production, cell growth and differ-
entiation and secretion of hormones (51). 

Calcitonin and calcitonin receptor
The third and last calciotropic hormone is the calcitonin (CT). The
overall effect of CT in calcium homeostasis is to reduce the level of
Ca2+

o. The parafollicular cells (C cells) of the thyroid gland produce
and release the hormone. CT is a 32 amino acid peptide with an N-
terminal disulfide bridge and a C-terminal prolineamide residue.
CT receptors are seven transmembrane receptors in superfamily B,
and share homology with PTHR1 (151). In the case of the human
CT receptors at least five splice variants have been described (145).
In pharmacological doses CT reduces bone resorption and renal re-
absorption of calcium (267), but the significance of these actions in

the normal calcium homeostasis is still debated. Data that CT may
not be redundant in calcium homeostasis came from studies in
mice. CT knockout mice exhibited no identifiable developmental
defects at birth, and had normal baseline calcium values. However,
the knockout mice responded more to exogenous human PTH as
evidenced by a greater increase in serum Ca2+ and urine deoxypy-
ridinoline crosslinks, an effect that could be prevented by CT (111).
Surprisingly the mice had higher trabecular bone volume. These
findings support a hypothesis that CT inhibits bone resorption in
the face of an acute hypercalcemic challenge but may also imply that
calcitonin is important in regulation of normal bone formation. As
described above there is a positive relationship between Ca2+

o and
the release CT. This positive feedback loop of calcium on CT secre-
tion is most likely mediated by the CaR (82, 165). 

CALCIUM AND CALCIUM-SENSING RECEPTOR (CaR)
It was early described that extracelullar calcium in the blood is kept
nearly constant. The coefficient of variation of the serum ionized
calcium concentration about its mean value is 2% or less in normal
people (186). Furthermore, the inverse sigmoidal relationship be-
tween PTH and Ca2+

o was recognized in the 1980-1990s, and Dr.
Schwarz and Dr. Brown were among the international group that
delineated the physiologic nature of the sigmoidal relationship (228-
230, 232, 262). The release of PTH by the parathyroid glands is
regulated by a seven transmembrane receptor (7TM), the calcium-
sensing receptor (CaR, abbreviated by some as CaSR). The CaR was
cloned more than a decade ago by expression cloning by a group of
researchers led by Dr. Brown (24). The CaR is extremely sensitive to
changes in Ca2+

o, so that decreases in Ca2+
o will, in matter of

minutes, result in the release of PTH, an effect mediated by the CaR
(24, 25, 86, 231, 233). This is illustrated by the Hill coefficient of
around 3 for the CaR response to calcium in a heterologous system
of cells transiently transfected with wild type CaR (12). The level of
extracellular calcium at which Ca2+

o is maintained is called “set
point”. The set point from the perspective of the parathyroid gland is
defined as the calcium concentration causing half-maximal in-
hibition of PTH secretion. The CaR needs to be so sensitive to Ca2+

o

deviations because life-threatening states may develop if extracellu-
lar calcium levels change from normal to either hypo- or hyper-
calcemic levels, and a rapid response of the CaR is crucial since rapid
changes in Ca2+

o are much more dangerous than changes that
develop gradually. The CaR functions as a “thermostat” detecting
Ca2+

o rather than temperature and the CaR act as a “calciostat”,
deciding the rate of PTH synthesis and secretion by the parathyroid
glands. The rapidity of the secretory responses of PTH and CT to
perturbations in extracellular calcium restores Ca2+

o to its normal
level within minutes to hours. The CaR is now known to be ex-
pressed not only in the calciotropic hormone-secreting organs
(parathyroid gland and C-cells of the thyroid glands), but also in
tissues that regulate the extracellular calcium concentration by
translocating calcium ions into or out of the bodily fluids: kidney
and, at lower levels, bone and intestinal cells (254). The kidney plays
a major role in calcium homeostasis. In the kidney, the CaR is widely
expressed along nearly the entire nephron. The cellular localization
and apparent function(s) of the CaR seem to depend upon the site of
the nephron in which it is expressed (286). The overall effect is to in-
hibit reabsorption of calcium from the ultrafiltrated fluid. In the gut
and bone, the expression and function of the receptor is still some-
what controversial (for review see Tfelt-Hansen et al. 2005) (254). In
the literature there is an on-going search for more regulators of the
minute-to-minute regulation of calcium homeostasis. This has been
shown to be needed as rats with no PTH or CT due to thyropara-
thyroidectomy still recover from hypocalcemia induced by calci-
tonin (282). And in rats 1.25(OH)2 vitamin D3 only participates in
the long term regulation of serum calcium (281). Seen in this light
the presence of the CaR in these four organs – all major players in
Ca2+

o homeostasis-enables Ca2+
o to act, in effect, as a fourth calcio-
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tropic hormone, or as a “first messenger”. Increases in the extracellu-
lar ionized calcium concentration stimulate the CaR to lower Ca2+

o

by promoting CT secretion, increasing urinary calcium excretion
and inhibiting PTH secretion. The missing calcitropic factor indeed
may be extracellular calcium, but other factor have been suggested
such as fibroblast growth factor-23 (236) although this cytokine
seems to have much slower actions than needed in a minute-to-
minute regulation of calcium.

DISEASE WITH MUTATIONS IN THE CaR
The nonredundant physiological importance of the calcium-sensing
receptor in humans was proven by the discovery of diseases caused
by mutations in the receptor that lead to either loss-of-function or
gain-of-function of the protein (105). Heterozygous (i.e., the muta-
tion is present in only one allele and the other allele carries wild type
CaR) gain-of-function mutations cause autosomal dominant hypo-
parathyroidism (ADH). Most patients have asymptomatic hypo-
calcemia with relative or absolute hypercalciuria. Heterozygous loss-
of-function mutations give rise to familial hypocalciuric hypercal-
cemia – FHH, also termed familial benign hypocalciuric hypercal-
cemia (FBHH) by somein which most patients have an asymptom-
atic form of hypercalcemia with relative or absolute hypocalciuria.
The homozygous or compound heterozygous variant of inactivating
CaR mutations, on the other hand, produce neonatal severe primary
hyperparathyroidism (NSHPT), a severe, sometimes deadly disease
if left untreated. The mouse models with heterozygous or homo-
zygous inactivation of the CaR gene have phenotypes comparable to
the respective human conditions (108). Thus one way in which the
mutated receptors may exert their effects on calcium homeostasis is
through a reduced level of expression of wild type receptors, as in
the heterozygous knock out mice. 

Clinically FHH is mostly a benign state of hypercalcemia with few
or no symptoms. The diagnosis of FHH is made in a patient with a
family history of mild to moderate hypercalcemia averaging ap-
proximately 2.75 mM (total calcium), with an inappropriately low
rate of urinary calcium excretion. The best distinction between
FHH and other forms of hypercalcemia is often made by determin-
ing the ratio of calcium clearance to creatinine clearance (Ca/Cr).
A value below 0.01 is found in about 80% of cases of FHH, while a
similar proportion of cases of primary hyperparathyroidism caused
by hyperplasia or parathyroid adenoma have values higher than this
(23). While benign and asymptomatic hypercalcemia is typical of
most FHH families, two families have been found to have calcium
concentrations that average 3.13 and 3.35 mM, causing a neonatal
severe hyperparathyroid-like state in some affected infants (11, 12).
Due to the lack of symptoms in most cases, patients with FHH are
often undiagnosed until a routine blood sample shows an un-
expectedly high serum calcium level or family screening is done due
to the birth of a child with NSHPT (163). Patients with FHH usually
have normal PTH levels, despite the hypercalcemia, although in
some cases the PTH levels are elevated (32, 101). 

Neonatal severe primary hyperparathyroidism is clinically overt
in most cases within the first half year. The infant has, as indicated
by the name, severe, symptomatic hypercalcemia driven by PTH, as
well as bony changes characteristic of hyperparathyroidism. Infants
with NSHPT may have hypotonia, polyuria, dehydration, and fail-
ure to thrive. The mass of the parathyroid glands in NSHPT is often
increased dramatically. Pathological investigation reveals chief cell
hyperplasia. The hallmark of the disease is the associated hyperpara-
thyroid bone disease. This bone disorder often leads to multiple low
energy fractures (65, 87). Fractures in the ribs can produce a “flail
chest” syndrome that secondarily causes respiratory difficulties. Bio-
chemical analysis reveals hypercalcemia, hyperparathyroidism, and
relative hypocalcuria (55). In the literature, levels of serum total cal-
cium are reported to be moderately elevated (e.g., 3-3.25 mM) to as
high as 7.7 mM in the most severe cases (23). PTH levels are often
observed to be 10-fold higher than the upper limit of normal. Early

diagnosis is crucial, as untreated NSHPT can be a severe neurode-
velopmental disease that may be lethal when not treated surgically
with total parathyroidectomy (55). Lately a wider clinical spectrum
for the condition has become apparent; and the growing availability
of genetic testing of the CaR gene has documented that some infants
have milder hyperparathyroidism and a distinctively less severe clin-
ical presentation and natural history than that just described. In
these patients with the calcimimetics (CaR agonists, reviewed later)
in theory might represent a means of lowering the serum calcium
concentration and determining whether the patient derived any
symptomatic benefit, thereby potentially providing a long term,
effective medical therapy.

Patients with autosomal dominant hypoparathyroidism have an
inherited form of hypocalcemia and are often clinically asymptom-
atic, similar to most patients with FHH. As stated above the genetic
background is a gain of function mutation of the CaR. A few pa-
tients may develop seizures, neuromuscular irritability and calcifica-
tion of the basal ganglia. A paraclinical landmark of the disease is
the mild to moderate hypocalcemia, with serum PTH levels that are
inappropriately within the lower half of the normal range or frankly
subnormal (as opposed to normals who respond vigorously to the
hypocalcemia) (197). They often have relative or absolute hypercal-
ciuria, with normal or elevated levels of urinary calcium excretion,
respectively, despite the low serum calcium. Their renal calcium
excretion has been found to be higher than that of patients with
typical hypoparathyroidism in some studies, and, analogous to the
diagnosis of FHH, a high urinary Ca/Cr ratio (e.g., the ratio of the
calcium to creatinine concentrations in the urine) may be better
than hypocalcemia alone for differentiating ADH from primary hy-
poparathyroidism. However, not all studies showed this difference
in the level of urinary calcium excretion between idiopathic hypo-
parathyroidism and ADH (182, 298). It is important to prevent
renal complications such as nephrocalcinosis, nephrolithiasis, and
renal impairment. These renal complications are often iatrogenic
and caused primarily by the hypercalciuria where the clinician has
tried to correct the low serum calcium with calcium and vitamin D
treatment. Therapy with calcium supplements and vitamin D me-
tabolites should be administered only to patients with symptomatic
ADH, and the aim should be to increase the serum calcium con-
centration only to a level that will make the patient asymptomatic
(189). The development of the calcilytic class of drugs (a CaR
antagonist, reviewed later) may, in theory at least, provide an
optimal treatment of symptomatic ADH patients by “resetting” the
parathyroid and kidney to maintain a more nearly normal serum
calcium concentration without hypercalciuria. 

IS CaR THE ONLY CALCIUM SENSING MECHANISM?
Recently an orphan receptor, GPRC6A, in the superfamily C of the
7TM’s was deorphanized and was found to resemble the CaR in its
amino acid homology and several of its pharmacological properties
(287). GPRC6A, like the CaR, is sensitive towards certain L-amino
acids, but unlike the CaR, GPRC6A is a sensor of basic amino acids
(288). The CaR senses aromatic amino acids most effectively (58). It
was subsequently shown that this receptor is also sensitive towards
extracellular calcium (albeit at high concentrations) and calcimi-
metics (194), allosteric activators of the CaR, which may implicate
GPRC6A as a second calcium-sensing receptor (CaSR2). Another
possible mechanism underlying some calcium-induced effects, e.g.
in osteoblasts, is the calcium-binding intracellular protein, calcyclin
(273). Lastly it should be noted that calcium could also have effects
through ion channels such as L-type calcium channels, this is indeed
the case in calcium regulated release of calcitonin by C-cell of the
thyroid in vitro (165). Although data that the CaR is crucial for the
calcitonin release is quite solid the L-type calcium channel may play
an additional role (72), the data suggest that the L-type calcium
channel is a calcium sensing mechanism involved in the calcium
homeostasis. 
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THE CALCIUM-SENSING RECEPTOR 
AND ITS SIGNALING APPARATUS 
CLONING AND STRUCTURE
The CaR was discovered, by an expression cloning technique, in
Xenopus laevis oocytes, using a bovine cDNA library. A single clone
of 5.3-kb showing the same pharmacological properties as the
Ca2+

o-sensing apparatus was found in a cDNA library prepared
from mRNA extracted from bovine parathyroid glands (24). Soon
afterward, the nucleic acid hybridization technique was used to
clone the CaR in humans (6, 81), rats (210), mice (115), and rab-
bits (31). The nucleotide sequences of these receptors are approxi-
mately 85% identical to the original bovine parathyroid CaR, while
the amino acid sequences are more than 90% identical (using
http://www.ncbi.nlm.nih.gov/BLAST/), implying that functionally
important mutations in the receptor are discarded through evolu-
tion. The CaR belongs to family C II of the superfamily of the seven
transmebrane receptors (26). The 7TMs constitute the largest
group of cell surface membrane receptors, and they carry signifi-
cant importance in clinical medicine, as approximately 50% of the
current prescription drugs target the 7TMs. The human CaR is
1078 amino acid residues long and, like all 7TMs, has three struc-
tural domains (Figure 1): a hydrophilic N-terminal end of 612 resi-
dues that is an unusually large extracellular domain (ECD) charac-
teristic of the family C receptors of the 7TMs; a hydrophobic trans-
membrane domain (TMD) of 250 amino acids, and an intracellular
domain (ICD) 216 amino acids long, which is the hydrophilic C-
terminal end of the protein. The receptor is modified by N-linked
glycosylation, which is important in promoting the cell membrane
expression of the receptor. The cell surface CaR consists primarily
of a dimer linked by covalent disulfide bonds involving two
cysteine residues in each monomer (e.g., cys129 and cys131) (13,
69, 124). The location of the binding sites for Ca2+

o in the CaR is, at
present, somewhat of a conundrum. The ECD is thought to con-
tain one or more binding sites for Ca2+

o in the CaR, but a mutated
CaR expressed without the ECD also responds to Ca2+

o and other
polyvalent cations, implying that the TMD also senses Ca2+

o (116,
209). 

INTRACELLULAR SIGNALING APPARATUS OF THE CaR
There are five protein kinase C (PKC) (Figure 1) and two protein ki-
nase A (PKA) phosphorylation sites in the CaR (14). Phosphor-
ylation of these PKC sites inhibits activation of phospholipase C
(PLC) by the CaR, a major downstream mediator of the receptor’s
biological responses; this phosphorylation thereby acts as a negative
feedback system, since PKC is also activated by CaR and is often
situated downstream of PLC. The ICD directly or indirectly binds
the scaffolding proteins filamin-A, beta arrestin and caveolin (10,
107, 135, 195). All three also bind to signaling partners activated by
the CaR. This binding to filamin-A was recently found to inhibit the
degradation of the CaR (312).

The CaR, like other 7TMs, acts through G-proteins. The first step
following activation of the receptor is the release of a guanosine di-
phosphate (GDP) bound to the G-protein complex of Gαβγ. Subse-
quently, the Gαβγ complex is bound to the ligand-bound 7TM and
activated, which releases the complex from the receptor. Then GTP
binds to Gα in the Gαβγ complex, and the activated Gα is dissoci-
ated from Gβγ. There are three main groups of Gα subunits: 1) Gαs

which activates adenylate cyclase (AC) to produce cyclic adenosine
monophosphate (cAMP) from ATP; 2) Gαi, which inhibits AC and
inward calcium channels and activates outward potassium channels;
and 3) Gαq, which activates PLC and thereby the production of in-
ositol trisphosphate (IP3) and diacylglycerol (DAG). Before the CaR
was cloned, it was recognized that activation of parathyroid cells
with high calcium induced PLC activity and thereby IP3 production
and also inhibited hormone-dependent cAMP production, suggest-
ing that the CaR activated Gαq as well as Gαi (45, 97). Counter in-
tuitively, two studies have suggested that the CaR is linked to the Gαs

signaling pathway in growth hormone- and ACTH-producing pro-
ducing pituitary adenoma cells respectively (66, 219), although this
has not been confirmed by others, it might be due to stimulation of
a calcium stimulated adenylate cyclase not through Gαs.

A wide range of intracellular signaling pathways of the CaR have
been recognized using a heterologous system comprising human
embryonic kidney (HEK) cells with or without stably transfected
CaR (HEK-CaR) (Figure 2). Many of these intracellular signaling

The extracellular calcium-sensing receptor

Cysteine

N-glycosylation site

PKC site
HOOC

Figure 1. Schematic representation of the prin-
cipal predicted topological features of the ex-
tracellular Ca2+-sensing receptor cloned from 
human parathyroid gland. The extracellular do-
main contains approximately 600 amino  acids, 
and the transmembrane and intracellular do-
mains each contain approximately 200 amino 
acids. Also illustrated are the protein kinase C 
(PKC) phosphorylation sites, N-glycosylation 
sites, and cysteines (260).
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pathways have also been shown to be active in CaR-mediated signal-
ing in other cells naturally expressing the CaR. In parathyroid cells
and HEK-CaR cells, the CaR activates phospholipase (PL) A2, C,
and D (134). PLC produces IP3, which then activates the IP3 recep-
tor in the endoplasmic reticulum, resulting in release of calcium
from intracellular stores, thereby producing spikes in the cytosolic
free calcium concentration (Ca2+

i). The elevation in Ca2+
i is sus-

tained by the opening of calcium-dependent calcium channels on
the cell membrane. The first step in the production of inositol lipids
is the activation of phosphoinositol 4-kinase, which converts PI to
PI4P. The CaR has been shown to activate phosphoinositol 4-kinase
through Gαq in parallel to activation of PLC in HEK-CaR cells
(117). Mitogen-activated protein kinases (MAPKs) are also acti-
vated by phosphorylation of their respective upstream kinases.
MAPK is an important intracellular signaling pathway that often
acts through the nucleus, e.g., in the regulation of the cell cycle, but
it can also regulate events close to the cell membrane, such as release
of peptides. Kifor et al. have shown that the CaR in HEK-CaR cells
and parathyroid cells activates MAPKs. More specifically, the CaR
activated extracellular signal regulated kinase (ERK1/2, also termed
the p42/44 MAPK), which, in turn, phosphorylated and activated
PLA2 (136). Soon after that finding, Handlogten et al. showed that
the CaR promotes ERK1/2 phosphorylation in HEK-CaR cells; as a
control, they used HEK cells stably transfected with a dominant-
negative CaR (Arg796Trp) (93). They also showed that the CaR acti-
vates PLA2 through Gαq, PLC, calmodulin, and calmodulin-de-
pendent kinase but not through Gas or ERK1/2 in HEK-CaR cells.
The difference in the results of these two studies regarding the role
of ERK1/2 in PLA2 activation remains to be clarified. In cells ex-
pressing the CaR at a lower level than in parathyroid cells and HEK-
CaR cells, MAPK and phosphatidylinositol 3-kinase (PI3K), a classi-
cal prosurvival pathway, have both been found to be activated by the
CaR. The role of the CaR and these pathways in testicular Leydig cell
cancer, prostate cancer, breast tissue, and astrocytoma cells will be
discussed in detail later. 

AGONISTS OF THE CALCIUM-SENSING RECEPTOR
The CaR is a promiscuous receptor with many ligands. CaR agonists
are divided into type I and type II. Type I are direct agonists, whereas
type II are allosteric modulators, i.e., they require the presence of
calcium to activate the CaR; the type II modulators left shift the cal-

cium dose-response curve. The type I ligands are all poly-charged
cations, both inorganic and organic. Inorganic di- and trivalent ca-
tions have been tested for their potency on the CaR, and they rank as
follows: La3+>Gd3+>Be2+>Ca2+=Ba2+>Sr2+>Mg2+ (81, 177). The best
known type I organic polycationic CaR agonists are neomycin, sper-
mine, and amyloid β-peptides (204, 305, 306). Neomycin, gadolin-
ium, and spemine are often used to show that an effect of Ca2+

o is
likely to be mediated through the CaR. Slight changes in Ca2+

o (mi-
cromolar) regulate CaR activity; most likely due to a lower affinity of
the CaR for Ca2+

o than of other receptors for their ligands where the
EC50 are much lower, e.g. EC50 for angiotensin II receptor type I is
around 10-8 M (94). Furthermore, the affinity towards calcium can
be substantially decreased by changing serine residues at position
147 and 170 in the ECD to alanine (20). A CaR-S170A mutant
showed no significant response to Ca2+

o even at 50 mM. And CaR-
S147A showed an impaired function as compared with wild-type
CaR both with respect to the potency of Ca2+ (4-fold increase in
EC50) and maximal response (79% of wild-type response). The low
affinity of the CaR, together with the steepness of the relationship
between Ca2+

o and CaR activity, makes the CaR a perfect “calciostat”
to inform the cell of the exact concentration of Ca2+

o in the immedi-
ate vicinity of the cell membrane. The Hill coefficient, a measure of
how well the receptor responds to small changes in agonist, is 3 to 4
in HEK-CaR cells (12). In dispersed parathyroid cells in vitro, the
CaR is even more sensitive to Ca2+

o: PTH secretion is maximal at
0.75 mM and minimal just below 2 mM ionized Ca2+

o (204). HEK-
CaR cells and other cells expressing the CaR at lower levels than the
parathyroid chief cells, such as primary testicular Leydig cancer cells,
have higher EC50 values (~3-4 mM) (12, 224). 

As mentioned earlier, type II agonists are allosteric modulators of
the CaR, i.e., they potentiate the effect of Ca2+

o on the CaR, and
comprise two groups: small molecular drugs and amino acids.
Drugs targeting the CaR as type II agonists are termed “calcimimet-
ics” (178). NPS R-467 and R-568 and AMG 073 have all been used in
experimental studies and clinical trials and lately in the treatment of
uremic secondary hyperparathyroidism (27, 85, 153, 188, 237).
AMG 073 is the drug of choice in the clinic because NPS R-467 and
NPS R-568 are degraded by a cytochrome P-450 enzyme, CYP2D6
(Amgen, unpublished data). Five to seven percent of the population
expresses CYP2D6 as an isoenzyme with reduced enzymatic activity.
The calcimimetic binds to the TMD and enhances the affinity of the

Extracellular
space

Nucleus

Cytosol

IP3R

Endoplasmatic
reticulum

MAPKKK

MAPKK

MAPK

MEK SEK1

ERK JNK p38

ATF-2

?

?

Inhibition
of cAMP
production

Figure 2. Signaling pathways 
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CaR for calcium. Some L-amino acids have been found to be type II
agonists of the CaR, whereas the respective D-amino acids are sev-
eral-fold less potent in stimulating the receptor (59, 60). Thus the
CaR’s capacity to respond to both extracellular calcium and L-
amino acids may enable it to act as a receptor that senses nutrients
in the gut, for example. Most likely, the amino acids bind to the CaR
in the ECD (315). This may be of pharmacological relevance, as the
calcimimetics NPS R-467 and L-phenylalanine have synergistic ef-
fects on the CaR (314). 

CELLULAR PROCESSES REGULATED BY THE CaR IN TISSUE 
NOT INVOLVED IN CALCIUM HOMEOSTASIS
Soon after the CaR was cloned, it was described in various cell types
not considered to be a part of the calcium homeostatic mechanism.
Such cell types include astrocytes (40), neurons (221), lens epithelial
cells (42), pituitary cells (66), breast ductal cells (46), testis (169),
keratinocytes (180), chondrocytes (37), human β-cells of the pan-
creas (243), bone marrow cells (115), adipocytes (52), monocytes
(296), vascular smooth muscle cells from aorta (240), cardiomyo-
cytes (257, 280), endothelial cells (289), and fibroblasts (167). While
the physiologic roles of the CaR in these cells that do not participate
in mineral ion homeostasis still remain to be fully defined, studies of
the functions of the CaR in these diverse cell types have widened our
knowledge of the range of regulatory functions of the CaR. These
CaR-modulated processes include: (1) regulation of proliferation of
colonic and ovarian surface epithelial cells (109, 166), testis Leydig
cell cancer cells (255), fibroblasts (167), cardiomyocytes (257), and
keratinocytes (17); (2) differentiation of keratinocytes (272), goblet
cells (17), and mammary epithelial cells (46); (3) apoptosis of testicu-
lar Leydig cell cancer cells (255), fibroblasts, HEK-293 cells stably
transfected with the CaR, and prostate cancer cells (152); (5) chemo-
taxis of preosteoblastic cells (294) and macrophages (296); (6) secre-
tion of peptides, e.g., CT (71, 72, 82), PTH, PTHrP (156, 259), ACTH
(66), gastrin (29), insulin (243, 244), and growth hormone (219); (7)
ion channel/transporter activity, e.g., aquaporin-2 water channels
(226, 227), non-selective cation channels (43, 306), voltage-depend-
ent Ca2+ channels, calcium-activated potassium (K+) and other K+

channels (295, 304, 307); (8) gene expression, of the pituitary tumor-
transforming gene (261); (9) extracellular cell to cell calcium measure-
ments, two reports have nicely showed stimulation of cells with hor-
mones may cause readily measurable changes in Ca2+

o (33, 110)
(caused by rise in the cytosolic calcium concentration and sub-
sequent pumping of calcium into the extracellular space), which may
be so potent that in may be sensed by the CaR on adjacent cells (110);
(10) Homing of stem cells, hematopoietic stem cells from CaR knock
out mice have been reported to be lacking in the endosteal niche (2).
As seen in the extended list of CaR functions above, the CaR has been
found not only in normal tissues but also in many cancers, including
astrocytoma, breast cancer, colon cancer, prostate cancer, ovarian
surface epithelial cell cancer, and testicular cancer (218, 254). This
knowledge may be important as extracellular calcium has been found
to induce changes in the cell cycle and secretion of growth factors,
two crucial features of most forms of cancer (254). 

The widespread expression of the CaR throughout the body im-
plies expanded biological roles that are unrelated to its major role in
Ca2+ homeostasis; these “non-homeostatic” roles, however, are not
well defined. From the data available, the CaR emerges as a multi-
modal sensor that integrates signals from various metabolic inputs
(26). Depending on the composition of the local extracellular mi-
lieu, the CaR can act as a sensor for extracellular Ca2+, ionic
strength, pH, amino acids and positively charged molecules (60,
202, 203). This exceptional flexibility appears to place the CaR in
positions of responsibility for maintaining homeostasis not only at
the physiological level but also under pathophysiological conditions. 

Several provocative, new lines of evidence indicate interesting
(and sometimes unanticipated) roles for the CaR in tumor growth,
progression, and/or metastasis and therefore underscore the need to

reevaluate this receptor in the context of cancer biology. Later in this
thesis I will describe how the CaR fulfills several aspects of Paget's
“seed and soil” hypothesis (184), which posits that that tumor (the
“seeds”) will metastasize to locations that provide a fertile “soil” in
which those particular tumor cells can grow. Indeed, under the
changing microenvironments necessary for the initial growth and
differentiation of cancer cells, with the subsequent modulation of
cancer cell invasion and site-permissive metastasis, the CaR appears
to be well poised as an effector of tumor cell behavior in the context
of these parameters. 

PTTG AS A MARKER OF MALIGNANCY
The CaR is involved in the regulation of cell division as indicated
above. A newly discovered protein identified as having an important
role in cell division is the pituitary tumor transforming gene
(PTTG) (317). PTTG, also termed securin, is a pituitary tumor-spe-
cific oncogene, as it is expressed in pituitary tumors but at very low
level in normal pituitary cells. The oncogene is currently the best
available marker of pituitary adenomas (258). Available data in-
creasingly implicates PTTG overexpression in the malignancy
grades in thyroid, colon and astroglial cancers. Furthermore, there is
an increasing body of evidence suggesting that PTTG and its bind-
ing protein participate in the genesis of some cancers (258).

In the cell cycle equal separation of sister chromatids is a key step
for chromosomal segregation. Sister chromatid separation occurs
once in the cell cycle in somatic cells during a brief mitotic step
called anaphase. Anaphase is triggered by a protease called separase,
which is normally kept inactive by an associated inhibitor: the PTTG
(174, 175, 317). When PTTG is inactivated by ubiquitination by the
anaphase-promoting complex or cyclosome (95, 192, 310), this
leads to separase activation, loss of chromosomal cohesion, and the
onset of anaphase (174, 175). Loss of chromosomal cohesion allows
segregation of sister chromatids toward opposite spindle poles dur-
ing anaphase and thereby the creation of cells with equal numbers of
chromosomes. Under aberrant conditions, when sister chromatids
are pulled to the same pole, aneuploid daughter cells are produced.

In the field of neurohormonal malignancies the cloning of PTTG
has been a promising discovery, since it was soon after revealed that
about 90% of all pituitary adenomas overexpress this gene com-
pared with normal pituitary, which expresses very little PTTG. Sev-
eral reports have shown that, although PTTG was upregulated in all
histological subtypes, its expression is highest in ACTH-secreting
and nonfunctioning pituitary tumors (164, 222, 313). Therefore
PTTG and possibly FGF-2 and FGF-R-1 are currently the best avail-
able markers of pituitary tumors. The high level of expression of
PTTG in all pituitary adenoma subtypes suggests that the protein is
involved in the genesis of pituitary tumors. That this is likely the
case was implied by a mouse model where the overexpression of
PTTG in the pituitary gland induced in focal pituitary hyperplasia
and adenoma formation (1). 

PTTG has been shown to induce proliferation and malignant
transformation in vitro and to promote tumor formation in nude
athymic mice implanted with NIH-3T3 fibroblasts that overexpress
PTTG (191). NIH-3T3 fibroblasts overexpressing PTTG were also
shown to induce angiogenesis through the production of basic fi-
broblast growth factor (bFGF) (121). PTTG is thought to work in
collaboration with a PTTG-binding protein necessary for the trans-
location of PTTG from the cytoplasm to the nucleus (47). PTTG has
been found to be expressed in many malignant tissues but not in the
corresponding nonmalignant tissue. The normal tissues that express
PTTG mRNA include the testis, thymus, and fetal liver, as assessed
by northern analysis (283). Although expression of PTTG is limited
to a few tissues, PTTG knock-out mice have been found to have tes-
ticular hypoplasia and to display diabetes due to impaired pancre-
atic b-cell development (284, 285). PTTG is abundantly expressed in
the testis, and its expression is stage-specific-being highest in sper-
matocytes and spermatids during the rat spermatogenic cycle (190).
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ADENOMAS EXPRESSING 
THE CALCIUM-SENSING-RECEPTOR
CaR EXPRESSION IN PRIMARY HYPERPARATHYROIDISM 
The expression of the CaR in the body is highest in the chief cells of
the parathyroid glands. The role of the CaR in parathyroid neoplasia
has, therefore, been found to be extensive. Adenomas are the most
common cause of primary hyperparathyroidism (HPT). In primary
HPT, the calcium set point of the pathologic parathyroid gland(s) is
shifted to the right, as in familial hypocalciuric hypercalcemia, but
the alteration in Ca2+

o-regulated PTH release is not due to loss-of-
function mutations in the CaR gene (114). All human studies (70, 84,
131, 137, 303) but one (80) have found that the amount of the CaR
protein expressed on the cell surface and/or the amount of its mRNA
are downregulated in adenomas from patients with primary HPT. 

In a mouse model of primary HPT it was found that the parathy-
roid glands proliferated and the CaR was downregulated before
there was HPT biochemically (159). Whether this observation is an
association or CaR downregulation is playing a part in the prolifera-
tion of the glands is discussed below.

CaR EXPRESSION IN SECONDARY HYPERPARATHYROIDISM 
In secondary hyperparathyroidism the etiology of the disease is not
the parathyroid gland but may be due to renal insufficiency or lack
of vitamin D. In hyperplastic parathyroid glands from patients with
secondary HPT (e.g., in patients with renal failure), as for primary
HPT, the amount of the CaR protein expressed on the cell surface
and the amount of its mRNA are downregulated (84, 162, 276). In a
human study, the parathyroid glands of 56 subjects, 52 from uremic
patients with secondary HPT and 4 from normal subjects, were
studied for CaR content. This study showed an association of de-
creased CaR protein with enhanced proliferation of parathyroid cells
in secondary HPT by immunochemical techniques (302). This
observation suggests that the CaR may participate in the genesis of
the hyperplasia. To study this in detail the field has used animal
models.

In a rat study using a model of secondary HPT, 5/6 nephrec-
tomized rats received a high-phosphate diet to produce uremic sec-
ondary HPT; downregulation of the CaR was found at both the
RNA and protein levels, suggesting an association between the de-
crease in CaR expression and parathyroid proliferation as seen in
humans (22). Ritter et al. (213), however, showed that parathyroid
cellular hyperplasia precedes the downregulation of the CaR in the
rat 5/6 nephrectomized model of secondary HPT. The same group
found that feeding a low-phosphate diet to the rats with secondary
HPT reversed the downregulation of the CaR and the secondary
HPT, but again, this was preceded by normalization of PTH and
parathyroid-gland growth (214). Lewin et al. (149) performed iso-
genic kidney transplantation in rats with uremic secondary HPT
and found that the PTH levels normalized rapidly despite the con-
tinued downregulation of both the CaR and the vitamin D receptor
in the same rat model. This study suggests that normalization of
levels of the CaR and vitamin D receptor are not necessary to reestab-
lish the normal set point of the parathyroid glands. In contrast to
these findings, increased parathyroid mass and manifest hyperplasia
were reported in CaR knock-out mice, a finding that favors the in-
volvement of the CaR in the inhibition of parathyroid cellular pro-
liferation (108). Recently, a Japanese report showed that the calcimi-
metic NPS R-568 reversed the downregulation in CaR expression on
the parathyroid glands in the rat model of uremic secondary HPT
(170). The cause-and-effect relationships of the CaR, parathyroid
hyperplasia, and altered set point in the pathophysiology of primary
and secondary HPT, however, require further study. In the parathy-
roid glands, there are two mRNA transcripts of the CaR; they arise
from two different promoters (48). The transcripts differ in the
reading of exon 1, and a study showed that one transcript (type 1A)
is downregulated in parathyroid adenomas. The significance of the
splice variants in parathyroid gland adenomas and other forms of

neoplasia is presently unknown, but could be a part of the explan-
ation of the conflicting data. 

CaR EXPRESSION IN NON-PARATHYROID ADENOMAS
The CaR has been shown to be expressed in human gastrinomas,
with the levels of expression varying in the eight samples investigated
by quantitative PCR (83). Gastrinomas are notorious for being diffi-
cult to diagnose, and a widely used diagnostic method is to infuse
calcium intravenously and study its effect on the gastrin levels. Itami
et al. incubated CaR-expressing gastrinoma cells in vitro with cal-
cium and observed an enhanced release of gastrin that could not be
obliterated by the calcium channel blocker nifedipine (122).   Also
favoring a role for the CaR in the calcium-induced release of gastrin
in gastrinomas is the finding of a small Japanese study of healthy
humans that the calcimimetic KNR568 increased serum gastrin
levels transiently (118). In a clinical study investigating the effects of
oral calcium and peptone (amino acids, type II CaR agonists) in
women with absorptive hypercalciuria and in normal controls, Bevi-
lacqua et al. found that the effects of calcium and peptone on gastrin
release were increased in the hypercalciuric group, indicating the
presence of more-responsive CaR in these patients than normals
(16). Taken together, these data strongly suggest that CaR is the me-
diator of the calcium-induced gastrin release. In a related tumor, the
insulinoma, the CaR is likewise reported to be expressed (132, 140).
Normal human β-cells of the pancreas also express the CaR and re-
spond to an increase in Ca2+

o by decreasing insulin release in re-
sponse to low and high glucose levels in one study (243) and to in-
crease insulin release in other studies (88). Two studies found that
the responses to an increase in Ca2+

o were opposite in insulinomas
and normal β-cells, i.e., an increase in Ca2+

o leads to an increase in
insulin release in insulinomas (133, 291). The effect of Ca2+

o seems
to be mediated through the CaR, as nifedipine did not change the ac-
tion of Ca2+

o (140). In a study on human pituitary adenomas the
CaR has been reported to expressed in nonfunctioning and growth
hormone adenomas (219). The type I agonists of the CaR induced
increase in cAMP, and in growth hormone producing adenomas cal-
cium augmented the effect of growth hormone releasing hormone
on growth hormone release from the adenoma cells. These data
shows that the CaR is active in at least three endocrine adenomas.
Whether a functional CaR on these adenomas is important in the
development and progression of the diseases is unknown. It could be
speculated from the data on pituitary adenomas that the CaR some-
how modulates the effect of growth hormone releasing hormone on
growth hormone release; this could have clinical implications in the
diagnosis and perhaps treatment of the diseases. Whether the effect
of a CaR-specific agonist, such as AMG 073, on gastrin, insulin, and
growth hormone release will be useful in clinical tests for adenomas
remains to be tested. CaR expression has also been found on prema-
lignant adenomas, e.g. from the colon; the literature on these adeno-
mas will be described in the section on malignant tumors below. 

MALIGNANT TISSUES EXPRESSING 
THE CALCIUM-SENSING-RECEPTOR 
In the last part of this thesis I will describe the role of the CaR in ma-
lignant tissues as well as that of pituitary tumor transforming gene
with a special focus on the data obtained in my studies. It is epi-
demiologically debated whether or not dietary calcium has a pre-
ventive effect on colon cancer (147). Investigating the expression of
the CaR in biopsies from human colonic mucosa and in cancerous
lesions, Sheinin et al. found expression of CaR at the mRNA and
protein levels in both normal and malignant tissue (235). In normal
tissue, the CaR was expressed primarily in chromogranin A-positive
enteroendocrine cells, whereas in the biopsies of adenocarcinomas,
the CaR was expressed primarily in the differentiated areas. Two
groups have shown that expression of the CaR tended to be down-
regulated with increasing degree of malignancy of the colonic ade-
nocarcinoma (34, 129). Furthermore, two other studies investigating



D A N I S H  M E D I C A L  B U L L E T I N  V O L . 5 5 N O . 1 / F E B R U A R Y  2 0 0 8 29

the effects of polymorphisms in the ICD of the CaR showed a pos-
sible clinical significance of the CaR in colon adenocarcinomas.
Both studies found that polymorphisms in the CaR were associated
with the risk of advanced adenoma (193, 241). The presence of the
CaR has also been established in both the large and small intestines
of rats (39, 76). Overall, the presence of the CaR in the colon seems
indisputable, as seven different human epithelium/adenocarcinoma
cell-derived cell lines have been shown to express the CaR (34, 76,
130). Kallay et al. found that decreasing Ca2+

o from a normal level to
subphysiologic levels increased the in vitro proliferation of Caco-2
cells, a human colon adenocarcinoma cell line, suggesting that nor-
mal stimulation of the CaR has antiproliferative effects on the ade-
nocarcinoma. They also found that low calcium induced activation
of the transcription factor c-Myc through PKC (128) and that the ef-
fects of calcium could be mimicked by the type I agonist gadolin-
ium, again pointing toward the CaR as the mediator of the antipro-
liferative response to calcium. Chakrabarty et al. showed that, in ad-
enocarcinoma cell lines in vitro, stimulation of the CaR promotes
expression of E-cadherin and suppression of β-catenin/T cell factor;
events that are both thought to inhibit the growth of the tumor cells
(34). In a subsequent study, they saw that the epithelial cells acquire
CaR expression as they differentiate and migrate towards the apex of
the crypt (35). Ca2+

o, as well as 1,25(OH)2 vitamin D, stimulated the
CaR promoter. Thus, the CaR seems to be present in the differenti-
ated epithelial cells, and stimulating the cells with calcium upregu-
lates the CaR. Therefore, the role of the receptor in colon cancer
seems to be as a tumor suppressor in colon adenocarcinoma, and
loss of CaR expression or polymorphisms in the ICD of the CaR
correlate with a severe prognosis. 

The CaR has been found to be functionally expressed in human
astrocytes and astrocytoma cell lines (40, 43, 44). Ubiquitously ex-
pressed in the CNS, astrocytes are support cells for neurons, acting
as spacers that organize the spatial distribution of the neurons.
Changes in Ca2+

o in the CNS are observed when secretory granules
are delivered into the synaptic cleft, during seizures, and as a result
of cell death due to ischemia or cancer (300). In the astrocytoma cell
lines, the CaR has been shown to regulate the cell cycle, peptide re-
lease, and two ion channels (43, 44, 308). In the human U373 astro-
cytoma cell line, stimulation of the CaR induced proliferation and
activation of a nonselective cation channel (43), whereas in the
human U-87 astrocytoma cell line, activation of the CaR led to the
release of parathyroid hormone-related peptide (PTHrP) and acti-
vation of a midi-type outward potassium channel (44, 308); both
cell lines are high-grade astrocytoma cell lines. Thus, the functions
of the CaR observed in astrocytoma cells depend on the properties
of individual clones of the malignancy, and this points to a complex
etiology of the disease. 

McNeil et al. found expression of a functional CaR in ovarian sur-
face cell cancer (167). The authors showed that increasing extracel-
lular calcium produced a marked proliferative response in normal
ovarian surface epithelial cells and that the signaling pathways in-
volved in the CaR-mediated response were the MAPK and src path-
ways (109). In support of this we found that the CaR also signals a
proliferative response to calcium through MAPK in primary cul-
tured rat Rice H-500 testicular Leydig cancer cells (255), and these
data will be reviewed in the subsequent chapter. 

REGULATION OF PTHrP RELEASE BY THE CALCIUM-
SENSING-RECEPTOR IN MALIGNANT IN VITRO MODELS
PTHrP was discovered as a hypercalcemia-inducing systemic factor
in humoral hypercalcemia of malignancy (HHM) as described earlier
(89) and was later shown to be the humoral factor in approximately
80% of HHM cases. Other humoral factors causing HHM are
1,25(OH)2 vitamin D3, tumor necrosis factor á, interleukin (IL) 1,
and IL-6 (Figure 3). Many important functions of PTHrP other
than its actions in normal physiology have since been described,
e.g., it participates in cell-cycle events, such as differentiation, prolif-

eration, and apoptosis. PTHrP is crucial for bone development and
important in the regulation of smooth muscle cell contraction
(248). In the breast and placenta, PTHrP participates in regulating
local calcium homeostasis. These effects of PTHrP are reported to
be systemic, paracrine, autocrine, and, recently, intracrine. The N-
termini of the three isoforms of human PTHrP are structurally simi-
lar to that of PTH; therefore, PTHrP acts on the PTH receptor 1
(PTHR), the same receptor by which PTH exerts its effects as de-
scribed earlier. Of note, PTH is presently, along with perhaps stron-
tium ranelate, the only efficient anabolic drug in the treatment of
osteoporosis. Ca2+

o has been found to regulate PTHrP release in ke-
ratinocytes (104), cervical epithelial cells (143), oral squamous can-
cer cells (168), JEG-3 cells (102), breast duct cells (278), astrocy-
toma cells (40), breast cancer cells (225), testis tumor cells (215),
and prostate cancer cells (223). In astrocytoma (40), meningioma
(40), breast cancer (225, 278), prostate cancer (223, 301), and tes-
ticular cancer (259), the CaR probably mediates the effect of Ca2+

o

on PTHrP release. These studies will be the focus of the last part of
this chapter, in addition to the discussion of astrocytoma and
meningiomas reviewed above.

CaR AND PTHrP IN PROSTATE CANCER 
Prostate cancer is known to metastasize frequently to bone. PTHrP
has been described as a central mediator of osteolysis and growth of
bone metastases (90). Sanders et al. reported the expression of CaR
mRNA and protein in two human prostate cancer cell lines, PC-3
and LnCaP (223). The PC-3 cells responded to stimulation with
Ca2+

o and type I agonists with a dose-dependent response, approxi-
mately two-fold increase in PTHrP release. To further prove that the
CaR is involved in the Ca2+

o-evoked PTHrP release, they infected the
PC-3 cells with the dominant-negative Arg185Gln CaR in a recom-
binant adeno-associated viral (rAAV) vector. The infected cells
showed a blunted response to Ca2+

o as compared with that of cells
infected with empty vector. This result strongly supports the claim
that the CaR is the mediator of the Ca2+

o-induced PTHrP release in
PC-3 cells. In the extracellular bone matrix, there are embedded
growth factors (90). One of these growth factors, transforming
growth factor β (TGFβ), was found to act additively with Ca2+

o on
the release of PTHrP by the PC-3 cells. This leads to a potentially de-
structive cycle, with Ca2+

o and TGFβ as stimulators of PTHrP re-
lease, owing to the release of these two substances from the resorbed
bone. Of note, the concentration of Ca2+

o in the bone microenviron-
ment in HHM can reach much higher levels than those of systemic

Humoral hypercalcemia of malignancy
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Figure 3. Schematic drawing of the pathophysiology of humoral hypercal-
cemia of malignancy (HHM). A tumor produces a systemic hypercalcemia-
elevating hormone or cytokine that, in turn, activates bone degradation. 
The degradation of calcified bone matrix is the proximate cause of the 
 hypercalcemia (253). Abbreviations: extracellular calcium (Ca2+

o), inter-
leukin (IL), parathyroid hormone-related peptide (PTHrP), Tumor necrosis 
factor alpha (TNFα), and 1.25 dihydroxy vitamin D (1.25 Vit.D). 
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Ca2+
o. In fact, the levels of Ca2+

o in the immediate vicinity of resorb-
ing osteoclasts can reach concentrations as high as 8 to 40 mM
(239). We found in a later study that, in same PC-3 cell line, MAPKs
are involved in the CaR-mediated PTHrP release (301). Serendipi-
tously, we found that the CaR activates ERK1/2 through a triple
membrane passing signaling pathway (TMPS) in the PC-3 cells.
7TMs use the epidermal growth factor receptor (EGFR) or other ty-
rosine kinase receptors as an intermediate signaling molecule in a
process termed TMPS (290). A brief description of TMPS; the 7TMs
activate intracellular signaling molecules, e.g., src or reactive oxygen
species (274), which, in turn, activate a membrane-bound metallo-
protease (200, 299) to cleave membrane-bound heparin-binding
EGF (HB-EGF) or TGFα. The released HB-EGF then activates its
receptor (the EGFR), which subsequently phosphorylates its own
intracellular domain and activates downstream proteins such as
MAPKs (155). ERK1/2 is maximally activated by the CaR at 30 min-
utes in PC-3 cells. These studies used NPS R-467 to show that the
CaR activated the ERK1/2 pathway. Another non-trivial approach
could have been the infection with a virus containing a dominant
negative CaR. This method has been used in later studies on the
phosphorylation of p38 MAPK (308). Inhibiting the Ca2+-induced
phosphorylation of ERK1/2 by inhibiting metalloproteinases
(GM6001), neutralizing the extracellular domain of the EGF and the
EGFR with antibodies, or inhibiting the EGFR with a specific inhib-
itor (AG1478) all showed that the CaR utilizes the EGFR as a down-
stream signaling molecule in the activation of ERK1/2. The platelet-
derived growth factor receptor (PDGFR) inhibitor, AG1296, had no
effect on Ca2+

o-induced ERK1/2 phosphorylation, showing that the
CaR specifically used the EGFR in the TMPS mechanism. The in-
hibitors of MMP and EGFR described above had the same effect on
Ca2+

o-induced PTHrP release; furthermore, the potency of the
MEK1/2 inhibitor, PD98059, on PTHrP release induced by Ca2+

o

was the same as that of the EGFR inhibitor (AG1478). These results
suggest that CaR-mediated PTHrP release occurs through the EGFR
and ERK1/2 signalling pathways in PC-3 cells. Similar results show-
ing that the CaR uses EGFR as a mediator in high Ca2+

o-induced
ERK1/2 phosphorylation were also observed in H-500 and HEK-
CaR cells as well, suggesting that this may be a widely used pathway
by the CaR (157, 264). The participation of the EGFR pathway in
CaR signaling makes the EGFR a promising drug target for treat-
ment of prostate cancer, since targeting the CaR itself could jeopard-
ize calcium homeostasis. The PC-3 cells are a model of malignant
hypercalcemia as described initially. Another choice could have been
the breast cancer cell line MDA-MB-231. They have also been
shown to induce malignant hypercalcemia due to bone metastases
with a functionally active CaR, Calcium induces PTHrP release from
these cells (225). The PC-3 cells were chosen since the evidence for
CaR-mediated PTHrP release was stronger, as the calcium induced
PTHrP release in PC-3 cells could be abolished by the dominant
negative CaR described above, whereas involvement of the CaR in
MDA-MB-231 cells was suggested by effects of type I agonist of the
CaR. To my knowledge it was never investigated whether the level of
CaR protein in prostate tumors is correlated to malignancy and or
bone metastasis. This could be interesting because an increased ex-
pression in higher malignancy grades would be suggestive of CaR as
an active player in the progression of the diseases. 

CaR AND PTHrP IN BREAST CANCER 
Breast tissue is active in calcium homeostasis during pregnancy and
lactation and must be able to concentrate the calcium in milk; these
observations have led to studies investigating a possible role for the
CaR in breast tissue. Cheng et al. found CaR expression in normal,
fibrocystic, and ductal carcinoma mammary epithelial cells (46),
and Sanders et al. found the CaR in the human breast cancer cell
lines MDA-MB231 and MCF-7 (225). Stimulation of MCF-7 cells
with calcium and neomycin induced Ca2+

i spikes, as measured by
Fura-2 (187). Confocal microscopic studies showed that the CaR

and calbindin-D-28k co-localized when the CaR was stimulated,
suggesting that calbindin-D-28k, which binds calcium, is recruited
to the CaR. Stimulating the MDA-MB231 cells with calcium and the
type I CaR agonist neomycin induced release of PTHrP, with a max-
imal, two-fold increase (225). In normal breast duct epithelial cells,
in contrast, stimulation of the CaR leads to decreased PTHrP release
(278). Highly speculatively this could suggest that a switch in the
function of the CaR takes place during the malignant transform-
ation. Also, stimulation of the human MCF-7 breast cancer cell line
with 100 µM of the type II agonist NPS R-568 or calcium decreased
the estrogen receptor α protein, whereas both CaR ligands upregu-
lated transcription of the receptor. The estrogen receptor a is
thought to play an important role in the function and growth of
breast cancer (126), as estrogen receptor positive breast tumors dis-
play a greater tendency to grow in the bone and this finding could
enhance the progression of the disease. Of note in this study, the ef-
fect of the calcium ionophore A23187 was opposite to that of cal-
cium, indicating that calcium did not act in a nonspecific manner as
a result of its influx through calcium channels. Although the doses
of NPS R-568 were very high in this study, these data indicate that
the CaR, in addition to its effect on PTHrP release, modulates the
important estrogen receptor a in breast cancer. Breast cancer and
prostate cancer are known to metastasize to bone, and the meta-
stases are often mixed osteolytic and osteosclerotic lesions (90). Tu-
mors that stimulate new bone formation, through a complex stimu-
latory effect by growth factors and other agents on the osteoblast,
are thought to result in osteosclerotic metastases. This new bone
formation may indeed cause hypocalcemia although this is not
common. Breast cancer cells metastatic to bone will be exposed to a
locally high level of Ca2+

o, which, through stimulation of the CaR,
can, in turn, induce two promalignant features, PTHrP release and
estrogen receptor α regulation. Thus, the stimulation of PTHrP re-
lease by the CaR constitutes a vicious cycle in bone metastases of the
breast and prostate cancer cell lines. Growth factors in addition to
PTHrP that can induce such vicious cycles are endothelin-1, vascu-
lar endothelial growth factor, IL-8, and IL-11 (49). Bone itself
stimulates the tumor by releasing insulin-like growth factors and
TGF-β as described above. Secreted factors transmit the interactions
between tumor and bone and provide novel therapeutic targets to
interrupt the vicious cycle of bone metastases. Investigation of the
effects of the CaR on the effects and/or production of endothelin-1,
vascular endothelial growth factor, IL-8, and IL-11 might further
clarify the role of the CaR in these malignant cycles. 

PTHrP AND CaR IN HUMORAL HYPERCALCEMIA 
OF MALIGNANCY
The Rice H-500 rat Leydig cells are a primary cell culture of a rat
Leydig cell tumor and represent a xenotransplantable model of
HHM used in four of the studies in this thesis. The H-500 model is
not the only transplantable model of humoral hypercalcemia of ma-
lignancy; additional such tumors include: the PTHrP producing
cancer cell lines LC-6 established from human large-cell lung cancer
(67), the human lung SCC cell line (RWGT2) from explanted meta-
static tumor tissue (91), the C-26 cells that were originally isolated
from a chemically induced mouse colon adenocarcinoma (61), and
the Walker carcinosarcoma (WCS) 256, a rat mammary carcinoma
cell line also producing PTHrP (106). The H-500 cell model was
chosen as a model of HHM to investigate possible roles of the CaR,
rather than any of the other models mentioned above, since Rizzoli
et al. found that challenging Rice H-500 rat Leydig tumor cells with
Ca2+

o stimulated the release of a PTH-like bioactivity (215). Two ad-
ditional studies published at almost the same time showed that the
CaR was present on these cells and that type 1 agonists of the CaR
such as calcium stimulated PTHrP release (30, 224). In the study by
Sanders et al. they found that the CaR was expressed at both the pro-
tein and mRNA levels and that stimulation of the H-500 cells with
Ca2+

o resulted in a dose-dependent increase in PTHrP release by
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more than three-fold. The type I agonist neomycin had the same ef-
fect as Ca2+

o on PTHrP release (224). Buchs et al. also showed that
the presence of the ionophore ionomycin did not block the calcium-
induced PTHrP release in H-500 cells (30). These results point to-
ward the CaR functioning as the mediator of the calcium-induced
PTHrP release. We later demonstrated that the response to Ca2+

o of
H-500 cells infected with a naturally occurring dominant-negative
Arg185Gln CaR (11) construct in a rAAV vector (292) was shifted to
the right and downward in comparison to the response of cells in-
fected with β-galactosidase, a protein of the same size as the CaR
(Figure 4) (259), thereby showing that the Ca2+

o-induced PTHrP re-
lease is, at least in part, through the CaR. Therefore, stimulation of
the CaR by Ca2+

o in HHM leads to an increase in PTHrP release. The
released PTHrP then increases systemic Ca2+

o. This process consti-
tutes a malignant, vicious cycle, and pharmacological blockade of
the CaR, its downstream signaling apparatus, or the secreted PTHrP
may represent a fruitful therapeutic approach. The post-receptor
mechanism by which the CaR stimulates PTHrP release seems to be
through a de novo synthesized transcript, as the pan polymerase in-
hibitor, actinomycin D, inhibits the effect of Ca2+

o on the expression
of PTHrP mRNA as well as on protein release. It was shown subse-
quently that the effect of the CaR on PTHrP release seems to be
through PKC, MAPK, and PI3K, as the effects of 7.5 mM Ca2+ on
PTHrP release were blocked by inhibiting PKC and the three
MAPKs-MEK1/2 (upstream of ERK1/2), p38 MAPK, and c-Jun N-
terminal kinase (JNK)-and by inhibiting protein kinase B (AKT)
(255). The stimulation of the MAPKs by Ca2+

o was independent of
PKC, since the phosphorylation of ERK1/2, p38 MAPK, and stress-
activated protein kinase ERK kinase 1 (SEK1) (the kinase upstream
of JNK) by Ca2+

o could not be blocked by the pan PKC inhibitor
GF-109203X, despite the ability of the PKC-activator, phorbol 12-
myristate 13-acetate, to phosphorylate ERK1/2 (Figure 5). This may
be explained by the finding that H-500 cells loaded with the cal-
cium-sensitive dye, fura 2, did not exhibit Ca2+

i spikes in response to
high Ca2+

o, which suggests either that the CaR is expressed at too
low a level on the cell membrane to produce Ca2+

i spikes (30) or that
the CaR mediates its effects on MAPK in a PLC-independent path-
way in H-500 cells. The same phenomenon, that CaR activation
does not lead to Ca2+

i spikes, was also reported in intact gastric mu-
cosal cells that expressed a functionally active CaR (33). Filamin-A
and beta-arrestin binds to the CaR (107, 195) and have been shown
to interact with MAPKs (161), providing a possible explanations for
the PLC-independent activation of MAPKs downstream of the CaR.
In support of this hypothesis other receptors also coupled to the
Gαq like angiotensin II receptor type I have been shown to activate

MAPKs independent of Gαq through the scaffolding protein β-ar-
restin (5). In H-500 cells, the phosphorylation of the ERK1/2 was
delayed, and ERK1/2 activation reached a maximum at 30 to 60
minutes and was sustained up to 2 hours before declining (Figure 5).
In dispersed parathyroid and HEK-CaR cells, the phosphorylation
of ERK1/2 by high Ca2+

o was maximal at 10 to 30 minutes (136).
This difference in the kinetics of MAPK activation may be explained
by the fact that prolonged activation of ERK1/2 by EGF, in contrast
to brief activation by PDGF, leads to translocation of phosphor-
ylated ERK1/2 to the nucleus and to proliferation in Swiss 3T3 fi-
broblasts (172). As described later in this thesis, stimulating the CaR
in H-500 cells indeed enhanced proliferation and protected the cells
from apoptosis through the p38 MAPK and PI3K pathways but, sur-
prisingly, not through the ERK1/2 pathway (255). The overall mes-
sage from the studies investigating the possible role of the CaR as a
mediator of calcium-induced PTHrP release by prostate, breast, and
testis cancer is that the CaR induces PTHrP release from the tumor
cells and that the effect of the CaR appears to be most pronounced
in the H-500 cells, as the fold increase in PTHrP was the highest, at
least in the models tested. One could speculate that this is due to pri-
mary culture versus cell line as the H-500 cells represent the former
and the PC-3 and MDA-MB-231 the latter. In the nonmalignant
murine Leydig TM3 cell line, indication of a cell membrane bound
calcium sensing mechanism has been found (4), but this study did
not test whether the CaR was present. Furthermore, the presence of
the CaR in human testis or testis cancer has to my knowledge not
been investigated. This could be highly interesting as the CaR might
have the same function in the Leydig cells as in the GH producing
pituitary adenoma, that is modulating the regulatory hormone ef-
fect on the Leydig cell; this hypothesis is of course highly speculative. 

INDUCTION OF NITRIC OXIDE SYNTHASE AND NITRIC 
OXIDE PRODUCTION BY CALCIUM-SENSING RECEPTOR IN 
A MODEL OF HUMORAL HYPERCALCEMIA OF MALIGNANCY 
Nitric oxide (NO) is a small hydrophobic molecule with chemical
properties that allow it to serve as both an intra- and extracellular
messenger. In malignant tissues, the mutagenic effect of chronically
high levels of NO is thought to play a role in carcinogenesis. NO also
participates in the proliferation, apoptosis, and angiogenesis of can-
cer cells (146). NO is produced by three isoforms of the enzyme NO
synthase (NOS). These are neuronal (n), inducible (i), and endothe-
lial (e) NOS (also termed I, II, and III, respectively) (7). These en-
zymes converts L-arginine to the free radical NO and citrulline in
the presence of several cofactors. iNOS is classically upregulated in
inflammation by interferon-γ, tumor necrosis factor α, endotoxin,
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bol 12-myristate 13-acetate.
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and IL-1β (277) and is constitutively active as a homodimer. Of note
in the context of calcium, iNOS activity is independent of intracellu-
lar calcium and calmodulin, distinguishing it from nNOS and
eNOS. IL-1β was found to induce NO production in cultured rat
Leydig cells expressing iNOS mRNA (252). In Leydig cells, NO func-
tions as a negative regulator of testosterone production in vitro (63,
275). Furthermore, the role of NO as a negative modulator of ster-
oidogenesis in Leydig cells was shown by the decrease in serum tes-
tosterone levels produced by agents promoting NO production and
the increase in serum testosterone levels induced by the general NOS
inhibitor, L-NAME (3). Immunohistochemistry of rat testis also
showed the presence of iNOS in both normal and inflamed Leydig
cells (179). These studies suggest that NO has an important role in
the physiology and pathophysiology of the Leydig cell. 

Since the CaR is functionally expressed on H-500 Leydig cancer
cells, and because NO seems to be an important second messenger
in Leydig cells, we hypothesized that the CaR would regulate NO
production in H-500 cells. Using high-quality oligonucleotide
microarray analysis, northern blotting, and real-time PCR, we
showed that iNOS mRNA was upregulated by Ca2+

o, with a max-
imum at 18 hours (256). In contrast, the mRNAs of eNOS and nNOS
were not regulated by Ca2+

o. Upregulation of iNOS mRNA was fol-
lowed by upregulation of iNOS protein, as assessed by western blot
analysis. To prove that the Ca2+

o-induced iNOS upregulation was
mediated through the CaR, we infected H-500 cells with the domin-
ant-negative CaR (Arg185Gln) delivered in adeno-associated virus
as described above; this substantially reduced the stimulation of
iNOS mRNA by Ca2+

o as compared with the stimulation of cells in-
fected with virus containing a β-galactosidase construct. Validation
of GAPDH as a “house keeping gene” was accomplished by investi-
gating the expression of beta-actin in mRNA from H-500 cells
stimulated with increasing calcium; no difference in expression was
found between the two. The use of three “house keeping genes” or
more is now often used as GAPDH and beta-actin are now known
to be regulated by a plethora of stimuli. Using this methodology
would have strengthened our work. To investigate whether CaR-in-

duced iNOS upregulation also augments NO production, we used
the NO-specific dye DAF, which is a diaminofluorescein (138). With
this dye, NO production can be determined in real-time using fluor-
escence measurements. Figure 6a shows confocal micrographs of
H-500 cells on coverslips treated overnight with low or high concen-
trations of calcium and subsequently loaded with 10 µM DAF-FM
in a medium containing low levels of calcium. The cells treated over-
night with high calcium had higher fluorescence intensity, with exci-
tation at 488 nm and emission at 500-550 nm. To quantify this in-
crease, we performed spectrofluorimetry under similar conditions.
The cells treated with high calcium overnight had a 2.7 ± 0.7-fold
higher fluorescence intensity as compared with cells treated with
low calcium (P<0.05) (Figure 6b). To assess whether the upregu-
lated NO had modulated the growth of the H-500 cells, we chal-
lenged the cells with competitive inhibitor of NOS, L-NAME, and a
selective iNOS inhibitor, 1400W; neither of the compounds had any
effect on Thymidine uptake or PTHrP release (data not shown in
the paper). This suggests that the NO produced by iNOS in the H-
500 cells by CaR stimulation is not involved in the CaR-mediated
DNA synthesis. As the H-500 cells do not produce steroid hormones
(212), the function of the NO produced by the CaR does not appear
to be the regulation of steroid hormone production. Therefore,
overall the function of NO upregulation by the CaR in the H-500 re-
mains to be clarified. It could be speculated that the effect of NO
may be in angiogenesis, as it has been demonstrated that NO pro-
motes neovascularization in xenograft tumors, which increases in-
vasiveness, metastatic ability and tumor growth (73, 146). A reason-
able question about the design of this study is how we can be sure
that elevated Ca2+

o does not act on NO by raising intracellular cal-
cium levels. Two factors argue against this. First, intracellular cal-
cium is not a cofactor or known regulator of iNOS (unlike eNOS
and nNOS). Second, intracellular calcium does not increase when
H-500 cells are exposed to high extracellular calcium concentrations
(259). In support of our observation that the CaR regulates iNOS in
cancer cells, a later study showed that a calcilytic could downregu-
late the iNOS induced by calcium in astrocytomas cells (62). As re-
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Figure 5. Time course of the phosphor-
ylation of ERK1/2, p38 MAPK, SEK1, 
and ATF-2 by high Ca2+

o. A) ERK1/2 is 
maximally phosphorylated at 30 to 60 
min in response to high Ca2+

o. PMA (100 
nM) induces ERK1/2 phosphorylation at 
5 min, but the PKC inhibitor GF109203x 
(BIS) has no effect on calcium-induced 
ERK1/2 phosphorylation. B) A similar 
time course is seen with stimulation 
of p38 MAPK phosphorylation by high 
Ca2+

o, whereas ATF-2 (downstream 
of p38 MAPK) is maximally phos-
phorylated at 2 h. The PKC inhibitor 
GF109203x has no effect on high Ca2+

o- 
induced p38 MAPK phosphorylation. 
C) Phosphorylation of SEK1 is already 
maximal at 5 min and persists for 60 
min. GF109203x has no effect on high 
Ca2+

o-induced SEK1 phosphorylation. 
The western blots are representative of 
three or more experiments (259). ATF: 
activating transcription factor, p38: p38 
mitogen-activated protein kinase, SEK: 
stress-activated protein kinase activa-
tor.
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viewed earlier, the intracellular, downstream mediators of the CaR
identified thus far include G-proteins, PLC, PKC, MAPKs, and
transactivation of the EGF receptor (254, 301). The data presented
here suggest that the CaR may also use NO as a second messenger.
While the CaR is ubiquitously expressed in the body, its most im-
portant functions are the regulation of PTH release and the renal
handling of calcium (254). Nitroprusside, an NO donor, has been
reported to abolish PTH release and cAMP accumulation in bovine
parathyroid cells in vitro (78, 79). PTH release was inhibited at all
calcium concentrations, and a calcium chelator failed to prevent the
inhibition. Therefore, we hypothesize that regulation of NO pro-
duction by the CaR may not be limited to cancer cells such as H-500
cells. In support of this hypothesis, in a paper from the spring of
2006 Ziegelstein et al. found that in human endothelial cells express-
ing the CaR stimulation of the receptor induced increased NO pro-
duction, and this could be blocked by siRNA of the CaR. They also
measured NO by the DAF-FM method (316). Although the NO pro-
ducing enzyme in these cells most likely is eNOS, although this was
not investigated. 

THE ROLE OF THE CALCIUM-SENSING RECEPTOR 
IN CELL PROLIFERATION AND APOPTOSIS 
Cancer accounts for most of the deaths in the western world, and
understanding the regulation of tumor growth is crucial to the suc-
cess of treatment of malignant diseases. An emerging body of litera-
ture suggests a role for the CaR in the regulation of the development
of cancer. In HMM where a distant tumor is producing a humoral
factor, in our model PTHrP, is inducing the hypercalcemia, one line
of treatment is to reduce the size of the primary tumor; thus the un-
derstanding the regulation of the growth of the tumor is key. Stimu-
lation of the CaR leads to growth arrest in colonic crypt cells, pan-
creatic carcinoma cells, and keratinocytes, whereas it induces prolif-
eration in astrocytoma cells, osteoblasts, fibroblasts, myeloma, and

ovarian surface cancer (17, 43, 130, 166, 167, 207, 293, 297). In 1998,
Lin et al. reported that stimulation with Ca2+

o prevented the apopto-
sis of AT-3 prostate cancer cells induced by Sindbis virus (152).
Shortly afterwards, Chattopadhyay et al. showed that the CaR in-
duced cellular proliferation in U373 human astrocytoma cells (43).
In support of this it was later reported that transfecting an activating
mutation of the CaR, Thr151Met, into NIH/3T3 cells supported
colony formation in soft agar, in contrast to the non-transfected
NIH/3T3 cells (112). We therefore investigated whether stimulating
the CaR in H-500 cells would affect cell-cycle regulation (255). We
found that Ca2+

o stimulation for 24 hours induced the uptake of the
[3H]thymidine (a measure of DNA uptake/proliferation) in a dose-
dependent manner. We also showed, by the use of the specific type II
agonist, NPS R-467, and its less active stereoisomer, NPS S-467
(178), that the effects of Ca2+

o were mediated through the CaR. An
approach using the virus containing the dominant negative CaR was
not considered because the amount of virus need for these studies
were very large as the DNA synthesis was done in 24 well plates. In
order to state that this is proliferation, as written in paper III (255),
the DNA synthesis assay should have been followed by actual count-
ing of cell number, which we have done in later studies (240). One
could also argue that the [3H]thymidine may change the endogenous
production of thymidine. This was not investigated. Keeping these
problems in mind, the DNA synthesis assay is still considered valid
to use and the [3H]thymidine uptake is a strong indicator of cell
cycle changes. To investigate the intracellular signaling pathway(s)
involved, we challenged the H-500 cells with calcium with or with-
out the presence of inhibitors of MEK1/2, p38 MAPK, and AKT. As
described earlier, we found that, in contrast to CaR-mediated PTHrP
release, p38 MAPK and AKT, but not ERK1/2, were involved in the
CaR-mediated proliferation. Several reports have described similar
findings: In myoblasts, insulin-induced proliferation occurred
through the AKT and ERK1/2 pathways but not through the p38

Figure 6. Calcium stimulates NO produc-
tion in H-500 cells. Cells were plated on 
coverslips; after 72 h, at 80-90% conflu-
ency, the coverslips were treated with 
0.5 mM or 7.5 mM calcium for 18 h and 
washed and loaded with the DAF-FM 
dye. A) NO production is upregulated 
in H-500 cells on coverslips treated 
with 7.5 mM calcium. Green color sig-
nifies that the DAF-FM dye is bound 
to NO. Upper left panel, fluorescence 
photomicrograph of the cells; right up-
per panel, light photomicrograph; left 
lower panel, overlay of the two fluor-
escent and light photomicrographs. 
Representative confocal micrographs 
from four independent experiments. 
B) Spectrofluorimetric measurements 
of DAF-FM-loaded H-500 cells on cover-
slips treated overnight with 0.5 mM or 
7.5 mM calcium. The cells were excited 
at 490 nm, and emission was measured 
at 520 nm. Pooled data from five inde-
pendent experiments (P<0.05) (256). 
DAF-FM: 4,5-diaminofluorescein diacet-
ate-FM.
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MAPK pathway, whereas anti-apoptotic effects of insulin occurred
only through the PI3K/AKT pathway (57). A study investigating the
anti-apoptotic effects of EGF and TGFα in hepatocytes found that
the prosurvival effect of EGF was mediated through the AKT and
ERK1/2 pathways but not through the p38 MAPK pathway. In con-
trast, the prosurvival effect of EGF was through the ERK1/2 and p38
MAPK pathways, but not through the AKT pathway (216). Perhaps
activation of these pathways leads to different outcomes depending
on the cell type studied and the stimuli to which that cell is exposed,
because of different spatial and temporal patterns of activation. The
temporal importance of ERK1/2 activation has been shown in a pa-
per by Murphy et al. that nicely showed that stimulation of EGFR in-
duced a prolonged activation of ERK1/2 and induced proliferation,
whereas stimulation of PDGF activated ERK1/2 for a much shorter
time and did not produce any proliferatory response (172). The fac-
tors that may account for the observed differences are the level of ex-
pression of the receptor, its scaffolding proteins and signaling part-
ners, as well as compartmentalization of the involved proteins, but
the exact mechanism is currently poorly understood. 

Because our previous results showed that the CaR-mediated high
Ca2+

o-induced PTHrP release, we speculated that the CaR-mediated
stimulation of proliferation was through an autocrine mechanism
involving PTHrP, similar to the mechanism we recently described
for EGF in CaR-mediated PTHrP release in PC-3 prostate cancer
cells (301). Using the PTH peptide (7-34), known as an antagonist
of the PTHR1 (173), we found that blocking the PTHR1 had no ef-
fect on Ca2+

o-induced proliferation. Thus, CaR-mediated prolifer-
ation was not through an autocrine effect of PTHrP. Autocrine effects
of PTHrP have been shown to act through a nuclear localization sig-
nal, and Sepulveda et al. showed that PTHrP stimulated prolifer-
ation of PC-3 prostate cancer cells in an intracrine manner (269).
The same group reported that PTHrP, acting in an intracrine fash-
ion, also protected MCF-7 breast cancer cells from apoptosis in-
duced by serum starvation (270). The intracrine action of PTHrP
therefore might serve as a mediator of the actions of high calcium
on the proliferation (and potentially apoptosis) of H-500 cells. We
have data in favor of this notion, but they were not considered
sound enough to be included in our paper. The hypothesis was in-
vestigated by using two guanosine nucleotides analogs reported as
inhibitors of the PTHrP promoter (75). Both 6-thioguanine and 6-
thioguanosine abolished the effects of calcium on DNA synthesis
(data not shown), but they were omitted from the paper as a re-
viewer raised valid questions about the specificity of the drugs. An-
other approach to investigate the possibility of an intracrine effect of
PTHrP on calcium-induced DNA synthesis would have been to apply
the stable transfection of a PTHrP plasmid with mutated nuclear
localization signal (270), but the H-500 cells have in our hands been
impossible to stably transfect, whereas others have reported success
in performing this method (205). This latter study found that
PTHrP takes part in the growth of the tumor using an elegant ap-
proach, where antisense PTHrP-transfected H-500 cells displayed
reduced cell growth and tumor volume and almost maintained
eucalcemia, favouring our hypothesis that PTHrP acts pro-prolifer-
atory through an intracrine signalling mechanism. 

As described above, inhibition of the PI3K pathway negatively af-
fected CaR-induced DNA synthesis; thus we investigated by western
blotting whether the classical survival pathway the AKT pathway
was activated by stimulation with high Ca2+

o in H-500 cells. Indeed,
stimulation of the H-500 cells with Ca2+

o induced phosphorylation
of AKT from 15 to 60 minutes, with a maximum at 30 minutes.
Therefore, we investigated the possibility that elevated Ca2+

o had, in
addition to a pro-proliferative effect, an anti-apoptotic/“pro-sur-
vival” action. We used TUNEL staining to measure apoptotic cells in
the paradigm of apoptosis induced by serum withdrawal. Figure 7a
shows two representative photographs of TUNEL-stained H-500
cells at low or high concentrations of Ca2+

o. Quantification by two
investigators blinded to the treatments showed that 52.2 ± 8.6% of

the H-500 cells were TUNEL-positive (apoptotic) at 0.5 mM cal-
cium, whereas 29.8 ± 4.4% of the cells were TUNEL-positive at 7.5
mM calcium (P<0.05) (Figure 7b). This confirmed our hypothesis
that high Ca2+

o protects cells against apoptosis. Therefore, the in-
crease in DNA synthesis might, in part, be the result of the presence
of a greater number of apoptotic cells at low calcium. The addition
of the PTH receptor antagonist PTH (7-34) (0.1 µM) to cells grown
with high calcium did not reverse the protective effect of high Ca2+

o

against apoptosis induced by serum withdrawal (25.6 ± 5.5%
TUNEL-positive cells). Therefore, we next studied whether the ef-
fect of high Ca2+

o on cell survival was mediated by CaR. H-500 cells
under serum-free conditions had 23.3 ± 5.5% apoptotic cells in the
presence of 3 µM NPS R-467 plus 0.5 mM Ca2+

o as compared with
52.2  8.6% apoptotic cells at 0.5 mM Ca2+

o alone (P <0.05). On the
other hand, cells treated with the less potent stereoisomer, NPS S-
467 (3 µM plus 0.5 mM Ca2+

o), showed a lower protective action
(35.3 ± 8.3% TUNEL positive cells), and the number of apoptotic
cells observed was not statistically significantly different from the
number observed at 0.5 mM Ca2+

o alone. The TUNEL assay meas-
ures DNA fragmentation, a hallmark of apoptosis, but in rare cases
of apoptosis this is not seen although this was not the case in our
studies. The TUNEL assay could have been followed by the DNA
fragmentation method using e.g. 2% agarose gel. A third method to
support the DNA fragmentation assays that is widely used is western
blotting or ELISA as a means of assessing the activation of caspase
proteases. The caspase family of cysteine proteases plays a key role in
apoptosis (265). Caspase-3 is a key protease that is activated during

Figure 7. Calcium, acting via the CaR, protects H-500 cells from apoptosis 
induced by serum deprivation. (A) Representative fluorescent photomi-
crographs of TUNEL-stained H-500 cells on coverslips that had been incu-
bated with 0.5 or 7.5 mM calcium. Arrow indicates TUNEL-positive cells. (B) 
TUNEL-positive cells quantified as the percent of the total number of cells. 
3 mM NPS R-467 in the presence of 0.5 mM Ca2+

o had the same effect on 
protection against apoptosis induced by serum starvation as 7.5 mM Ca2+

o, 
while 3 mM NPS S-467 in the presence of 0.5 mM calcium was not signifi-
cantly different from 0.5 mM calcium alone. 0.1 mM PTH peptide 7-34 in the 
presence of 7.5 mM Ca2+

o had no effect on high calcium-induced protection 
against apoptosis. The results are pooled data from three independent ex-
periments with two data points from each experiment (* P<0.05 compared 
with low calcium) (255). PTH: parathyroid hormone.
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the early stages of apoptosis and is synthesized as an inactive proen-
zyme that is processed in cells undergoing apoptosis by self-proteo-
lysis and/or cleavage by another protease. The addition of measuring
caspase activation in our study would have strengthened the study.
Several studies have examined the effects of calcium with or without
calcimimetics on the proliferation/DNA synthesis of nonmalignant
and malignant cells. In a study of parathyroid chief cells, NPS R-467
inhibited cellular proliferation, whereas calcium stimulated prolifer-
ation (220). The authors suggested that the discrepancies may arise
from differences in the level of CaR expression. Thus, stimulation of
the CaR in a parathyroid gland cell with high CaR expression in-
hibits proliferation whereas the same stimulation in a cell expressing
a low level of the CaR induces proliferation. Alternatively, it may be
explained by biphasic growth responses seen with the activation of
many 7TMs. Available reports have shown that the calcimimetics
NPS R-467 and NPS R-568 induced proliferation of fibroblasts and
myeloma cells, although the authors did not use the inactive isomers
NPS S-568 or NPS S-467 as a negative control (158, 297). These
findings are compatible with our results in rat H-500 cells. As re-
viewed earlier for pancreatic adenoma cells and colonic adenocarci-
noma cells, high calcium decreased proliferation. Thus the cellular
response to high calcium mediated by the CaR depends on the cell
type as well as whether it is benign or malignant. Our data on DNA
synthesis and apoptosis favor CaR as a promalignant stimulator of
growth in H-500 cells that induces growth by prevention from pro-
grammed cell death and increases the rate of proliferation after 24
hours of stimulation. 

REGULATION OF PITUTARY TUMOR TRANSFORMING GENE 
IN TWO MALIGNANT MODELS IN VITRO
A hallmark of cancer cells is the transformation of normal cells that
divide in a controlled manner with respect to their surrounding cells
to malignant cells whose growth and invasion of surrounding tissue
are unregulated. Oncogenes are intracellular molecules that are
thought to be necessary for the transformation of a normal cell to a
malignant cell. Pituitary tumor transforming gene (PTTG) is con-
sidered such an oncogene (311). 

PTTG IN TESTIS LEYDIG CANCER 
The oncogenic roles of PTTG, along with its abundance in the testis,
as well as the upregulation of PTHrP release and DNA synthesis by
the CaR in our HHM model, led us to hypothesize that the CaR
could play a role in the regulation of PTTG in H-500 cells. Our in-
vestigation using northern blot analysis revealed that PTTG was ex-
pressed in H-500 cells and that stimulation by Ca2+

o induced an up-
regulation in the level of the PTTG (261). Real-time PCR with spe-
cific primers for PTTG showed that Ca2+

o upregulated PTTG
messenger RNA in a dose-dependent manner and reached a peak at
18 hours. H-500 cells infected with the dominant-negative CaR,
Arg185Gln, exhibited a blunted response to Ca2+

o as compared with
H-500 cells infected with β-galactosidase. This suggests that the cal-
cium-induced upregulation of PTTG was mediated through the
CaR. To assess the specificity of the CaR for inducing PTTG mRNA,
we used ADP, the ligand for another group of 7TMs, the purinergic
receptors, some of which, like the CaR, are coupled to Gαq11. In a
previous study, we showed that treatment of H-500 cells with ADP
produced a rapid and transient increase in Ca2+

i (259), thus con-
firming that H-500 cells express a functional ADP-sensitive receptor
linked to the PI-PLC system that elevates Ca2+

i in an agonist-de-
pendent manner. Because ADP is degraded by ectonucleotidases
within 15 to 30 minutes, we used instead ADPbS, a non-degradable
agonist of the ADP receptor. We next examined whether the effect of
activation of the purinergic receptor, like activation of the CaR,
would increase PTTG expression. Whereas, high Ca2+

o significantly
increased the expression of PTTG mRNA (6.06 ± 2.18-fold in-
crease), the cells treated with ADPbS (10-6 M) did not show any
change in their expression of PTTG mRNA (0.84 ± 0.06). Upregula-

tion of PTTG has been shown to induce proliferation and angiogen-
esis (121, 191). We therefore investigated whether the high-Ca2+

o-
induced CaR-mediated action on PTTG expression also regulated
the expression of the potent angiogenic factor, vascular endothelial
growth factor (VEGF). We found, using real-time PCR, that high
Ca2+

o indeed upregulated the mRNA of the VEGF gene in H-500
cells stimulated for 18 hours as compared with low calcium. Prior to
this study, the regulation of PTTG expression was known to be
1) inhibited by cyclosporine A and hydrocortisone in T lymphocytes
and 2) upregulated by estrogen and bFGF and downregulated by a
peroxisome proliferator-activated receptor γ agonist rosiglitazone in
pituitary adenomas (98, 99, 247). Our study showed for the first
time that a Gαq11-coupled 7TM, the CaR, upregulates PTTG expres-
sion in testis-derived rat Leydig cancer cells.

PTTG AND ASTROCYTOMA CELLS
The finding the PTTG was upregulated by the CaR in the H-500
cells led us to hypothesize that CaR may be upregulating PTTG in
most malignant, CaR-expressing cells. In order to test this hypoth-
esis, we used the U-87 cells. The U-87 astrocytoma cell line was
chosen to investigate the effects of CaR stimulation on the PTTG
oncogene because of its robust response to calcium in PTHrP release
and ion channel regulation (40, 44). 

PTTG expression has been positively correlated with several ma-
lignancies, including breast, prostate, and thyroid cancer (18, 92). In
2003, PTTG expression was reported to be present in developing
neurons and was potentially implicated as an important cell-cycle
regulator in human neurogenesis (19). These reports led us to pri-
marily investigate whether PTTG was expressed in astrocytomas, the
most common primary tumor of the brain. Astrocytomas, particu-
larly high-grade astrocytoma or glioma, carry a very poor prognosis.
Using PCR, we showed that PTTG and its binding protein were ex-
pressed in human primary astrocytes, astrocytoma, and glioblasto-
mas, suggesting that astrocyte-derived cells possess the complete
functional apparatus for PTTG (263). A comparison of the expres-
sion levels showed a trend towards greater expression of PTTG in
the malignant samples than in the astrocytes. Similar results was ob-
tained by a German group a year later in a larger sample size. They
used mRNA from normal brain as controls and found very low ex-
pression of the PTTG mRNA (36). PTTG has been implicated in an-
giogenesis and proliferation; thus secondarily we studied the prolif-
erative role of PTTG in astrocytomas by designing a small interfer-
ing RNA against PTTG mRNA and investigating its effect on
bromodeoxyuridine incorporation, a measure of DNA synthesis and
proliferation. Silencing PTTG mRNA via the small interfering RNA
methodology inhibited serum-induced incorporation of bromode-
oxyuridine by approximately 50% in the U-87 astrocytoma cell line
as compared with the incorporation by U-87 cells treated with a
scrambled oligonucleotide (Figure 8). The incorporation of bromo-
deoxyuridine was used to measure DNA synthesis and not [3H]thy-
midine incorporation as used in paper III, because the bromodeoxy-
uridine incorporation assay requires fewer cells and hence less small
interfering mRNA. As in paper III it would have added value to the
paper if I had counted the cells as mentioned earlier. Furthermore,
making a stable U-87 cell line with a PTTG loss-of-function muta-
tion and implanting them back in to an animal would also have
strengthened our hypothesis that PTTG is important in the growth
of the tumor. In addition, the use of astrocyte cells from PTTG
knock out animals (285) would also be a possible future path to in-
vestigating the role of the PTTG in astrocyte cells. Keeping this in
mind, we still concluded that PTTG plays a role in regulating the
growth of astrocytoma cells. To test our primary hypothesis that the
CaR could regulate PTTG expression and to characterize the regula-
tion of PTTG in astrocytomas, we stimulated the U-87 cells with
agents known to be important in either the regulation of the astro-
cytoma cell cycle or of PTTG in other tissues using doses known to
be effective based on the literature as well as data from our labora-
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tory and pilot studies (when no known dose was considered effect-
ive). In these cells, in contrast to the H-500 cells, Ca2+

o did not up-
regulate PTTG expression. Neither estradiol nor ciglitazone, a per-
oxisome proliferator-activated receptor γ agonist, both of which
regulate PTTG expression in pituitary adenoma cells, regulated
PTTG mRNA expression. The primary astrocytes as well as in the
human U-87 cells and other astrocytoma cell lines have previously
been shown to express this receptor and to be responsive to peroxi-
some proliferator-activated receptor γ agonist (41, 171). Three dif-
ferent peroxisome proliferator-activated receptor γ agonists in
suprapharmacologic doses were used in the pilot studies, and none
affected PTTG mRNA expression. Estrogen has been found to in-
crease the life of nude rats implanted with U-87 cells, suggesting the
existence of an estrogen receptor in the tumor (196). Stimulating
the U-87 cells with the two EGFR ligands, EGF and TGFα, upregu-
lated PTTG at both the mRNA and protein levels. EGF and TGFα
are known promalignant growth factors in astrocytomas. The effects
of the two ligands were through the EGFR, as the EGFR inhibitor,
AG1478, abolished the effect of EGF and TGFα on the PTTG tran-
script. Another promalignant growth factor, hepatocyte growth fac-
tor, upregulated PTTG in the U-87 cells. The fact that EGF, TGFα,
and hepatocyte growth factor all induced PTTG upregulation but
that recognized regulators of astrocytoma growth and PTTG expres-
sion, including calcium, had no such effect, points to the cell-select-
ive regulation of the PTTG oncogene. Following the same line of
argument, the lack of effect of calcium on PTTG regulation could
also be explained by the fact that stimulation of the CaR in U-87
cells did not change their proliferative rate when they were
challenged with calcium (44). This observation led us to speculate
that PTTG is only regulated by compounds that also affect the cell
cycle. This hypothesis is supported by data showing the IGF, a pro-
liferatory cytokine in U-87 cells and U-87 tumor cells in vivo (234),
also upregulated PTTG in U-87 cells (36).

THE ROLE OF THE CALCIUM-SENSING RECEPTOR 
AND SIGNALING PATHWAYS IN TWO IN VITRO MODELS 
OF MALIGNANT HYPERCALCEMIA. EXPRESSION AND 
REGULATION OF PITUITARY TUMOR TRANSFORMING 
GENE IN LEYDIG CELL TESTICULAR CANCER AND 
ASTROCYTOMA CELLS
Hypercalcemia is frequent in patients with malignant disease.
More than half of patients with hypercalcemia in a hospital setting

have an underlying malignant disease. In Denmark the annual
incidence of malignant hypercalcemia is approximately 150 per
million inhabitants (253). Survival for more than 6 month after
malignant hypercalcemia is diagnosed is unusual (208). Malignant
hypercalcemia is most often caused by osteolytic metastases, but
less frequently by osteosclerotic metastases and rarely humoral
hypercalcemia of malignancy. Humoral hypercalcemia of malig-
nancy (HHM) is often defined by a tumor producing hypercal-
cemia through a systemic hormone or cytokine (245). In ap-
proximately 80% of HHM patients, parathyroid hormone-related
peptide (PTHrP) is the causative factor. The complication of hy-
percalcemia carries a very poor prognosis, and there is only a 50%
survival three months after diagnosis (208). The disease has a ma-
jor impact on bone, and after 3 month of duration 50% of the
trabecular bone is lost (246), indicating that there is an uncoupling
of the osteoclastic bone degradation and the osteoblastic bone for-
mation. Of note, this uncoupling is not seen in primary hyperpar-
athyroidism, so it remains a conundrum as to whether the hyper-
calcemia-inducing factors PTH and PTHrP act through the same
PTHR1. The pathophysiology of malignant hypercalcemia is often
complex and to some extent unknown; it may be caused by
humoral factors secreted by the tumor locally or systemically that
activate the osteoblast, which, in turn, activates the osteoclast
through the RANK/RANK-ligand system to degrade the extracel-
lular bone matrix. TGFβ and other growth factors, such as insulin-
like growth factors 1 and 2, are embedded in the bone matrix (96);
TGFβ has been shown to activate the tumor to produce more
hypercalcemia-inducing cytokines, e.g., PTHrP (49). In case of
bony metastasizes, the seed and soil theory by Paget (184) predicts
that the tumor cells have to have features that allow them to be
seeded and that the tumor cells will then produce factors that in-
duce bone degradation. Secondarily, the bone should have a milieu
or soil that is fertile for the tumor to metastasize to bone. The em-
bedded growth factors in the bone matrix represent factors that
will favor the growth of the tumor or provide “a fertile soil”. In
HHM there is by definition no seeding to the bone, but the growth
factors produced by the tumor induce the osteoblast’s activation of
the osteoclastic bone-degradation, and the outcome is to some ex-
tent the same (Figure 3). The primary event is the production of
factors by the malignant transformed tumor cells that will activate
the osteoblast. Secondarily, degradation of the bone will release
embedded growth factors and cytokines that in turn will stimulate
growth and possibly the release of the bone-degradation-inducing
factor by the tumor cells, which in our studies was PTHrP. Most
divide malignant hypercalcemia into the two groups suggested by
Stewart et al. (245), but it is probably more correct to acknowledge
that the pathophysiology of most cases of malignant hypercalcemia
is a continuum between the classically defined HHM, where the
humoral factor is solely inducing the hypercalcemia, and malig-
nant hypercalcemia that is induced by bony metastases with no
systemic humoral impact (54). 

 Although the CaR was discovered primarily as a regulator of the
primary calcium-regulating hormone, PTH, as well as of calcitonin
and renal calcium handling, soon after it was cloned, the receptor
was found to be expressed in non-calcium homeostatic tissues, such
as fibroblasts, brain, and heart. Furthermore the CaR has now been
recognized to be widely expressed in malignant tissues. The overall
role of the CaR in cancer is diverse and depends on the particular
cell type being studied. In colon cancer, for example, the loss of CaR
expression carries a poor prognosis; for this reason stimulation of
the CaR through a high dietary intake of calcium has been proposed
as a chemopreventive measure. In cancer types such as Leydig, pros-
tate, breast, and ovarian cancers, stimulation of the CaR leads over-
all to expression of more malignant features of the tumor cells. An
interesting observation is that stimulating the CaR in normal breast
cells induced an inhibition of PTHrP, whereas the opposite was true
in breast cancer cells. 

Figure 8. Silencing PTTG mRNA by siRNA inhibits U-87 proliferation. Cells 
were plated at 60–70% confluence in 96-well plates (six wells each for 
negative control oligonucleotide and PTTG siRNA). Twenty four hours after 
plating, cells were transfected with the two oligonucleotides (CaR-specific 
and scrambled). Forty-eight hours after transfection, cells were pulsed with 
bromodeoxyuridine, and ELISA was performed to estimate cell prolifer- 
ation. Data are pooled from three independent experiments (P < 0.05) 
(263). PTTG: pituitary tumor transforming gene.
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DOWNSTREAM SIGNALING APPARATUS, DECIDING THE 
FATE OF THE CaR STIMULI?
The CaR, like all other cell surface receptors, communicates mes-
sages from the surface of the cell to inside the cell. Signals modulat-
ing the CaR’s activity are generated mainly through changes in sys-
temic or local calcium homeostasis, and changes in Ca2+

o will,
through the CaR, generate activity in intracellular signaling path-
ways downstream of the CaR. In our model of HHM, I found that
stimulating H-500 cells with high Ca2+ activated several major intra-
cellular signaling pathways: the PKC, AKT/PI3K, and MAPK path-
ways (Figure 9). These three signaling pathways may be seen as in-
formation highways inside the cell, although the full impact of the
pathways remains to be understood. Kifor et al. first recognized that
the CaR activated the MAPK pathway in parathyroid gland cells and
HEK-CaR (136). Subsequently, MacLeod et al. described the re-
quirement for MAPK in CaR-mediated PTHrP release in HEK-CaR
cells (156). In accordance with these results, I showed that the
ERK1/2, p38 MAPK, and SEK1/JNK pathways were required for
CaR-mediated PTHrP release in H-500 cells, which naturally ex-
press the CaR although at a lower level than the parathyroid cells.
Our results on the involvement of the ERK1/2 pathway in CaR sig-
naling is particularly interesting because of the involvement of the
ERK1/2 pathway in CaR-mediated PTHrP release but not cell prolif-
eration, whereas p38 MAPK and AKT/PI3K were involved in both
CaR-mediated proliferation and PTHrP release. Another intriguing
observation regarding the CaR signaling pathways is that PKC seems
to work in parallel to MAPKs, but the latter were not distal to PKC,
since inhibition of PKC did not change calcium-stimulated ERK1/2,
p38 MAPK, or SEK1 activation by high calcium. A valid concern is
that the western blotting showing the activation of the MAPK and
AKT pathways was carried out after challenging the cells with cal-
cium. This, of course, alone does not prove that the CaR mediated
these calcium-induced effects. It would have strengthened the argu-
ment if the western blots were performed by challenging the cells

with a type II CaR agonist, or if the cells had been infected with DN
CaR as in the studies on PTHrP release. But together with the data
showing that the CaR-induced PTHrP release can be inhibited by se-
lective inhibitors of the signaling pathways, these data in the con-
junction with the literature mentioned above are highly suggestive
of that the CaR is utilizing these pathways. Therefore, it is valid to
state that the CaR signals through various kinase pathways that lead
to different outcomes in our model of HHM. Such differences may
be useful in a clinical setting, for example, if one cellular function
regulated through a specific pathway is desired whereas another
function mediated through a distinct CaR pathway is unwanted.
Modulation of the latter could be a pharmaceutical target. One must
also keep in mind that the outcome of a signal through a specific in-
tracellular pathway activated by the CaR may depend on the type of
cell as well as on whether it is normal or neoplastic. In future
studies, the in vitro characterization of patient tumor cells may pro-
vide information that will allow the oncologist to design the most
successful treatment regime.

The H-500 cells seems to be less dependent of embedded growth
factors in the bone to sustain a high level of PTHrP release and un-
limited growth as the cells kept their cancer phenotype for at least 10
cell passages in vitro. Therefore, the primary event in this model of
HHM could be speculated to be the malignant transformation of
the Leydig cells enabling the cells to grow unrestrained and produce
PTHrP, and the factors released simultaneously with bone degrad-
ation and calcium release may play a lesser secondary role that
seems to augment the pace of the development of the disease.
PTHrP production seems to be a key factor for the H-500 cells, as
H-500 tumor cells treated with antisense to PTHrP showed less
growth and did not induce hypercalcemia in vivo (205). The use of a
PTHrP neutralizing antibody or a PTHrP promoter approach in
theory seems to be a very promising approach to treat rats with im-
planted H-500 cells. To my knowledge none of these studies have
been performed.

Figure 9. Schematic drawing of our results in the 
H-500 cells. CaR stimulation induces promalig-
nant features Stimulating the calcium-sensing 
receptor with extracellular calcium activates 
the intracellular signaling pathways PKC, MAPK 
and AKT/PI3K pathways in the H-500 cells. CaR 
stimulation also leads to upregulation of the 
oncogene PTTG and the nitric oxide-producing 
enzyme, inducible nitric oxide synthase (iNOS). 
CaR activation likewise leads to upregulation of 
the malignancy-associated hypercalcemic fac-
tor, PTHrP. Tumor growth is enhanced, as CaR 
stimulation will induce proliferation and protect 
against apoptosis. All features are promalignant 
and would be expected to worsen the disease. 
Abbreviations: protein kinase B (AKT), activat-
ing transcription factor-2 (ATF-2), calcium-sens-
ing receptor (CaR), extracellular regulated ki-
nase (ERK), alpha subunit of Gq subtype of the 
heterotrimeric G proteins (Gq/11), inducible ni-
tric oxide synthase (iNOS), Jun amino terminal 
kinase (JNK), mitogen-activated protein kinase 
(MAPK), MAPK kinase (MEK), nitric oxide (NO), 
p38 MAPK (p38), phosphatidylinositol 3-kinase 
(PI3K), protein kinase C (PKC), parathyroid hor-
mone-related peptide (PTHrP), pituitary tumor 
transforming gene (PTTG), and stress-activated 
protein kinase ERK kinase 1 (SEK1).

Summary: CaR and H-500 Leydig testis cancer
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The observation that the CaR upregulates the iNOS enzyme
opens the door to an entirely new understanding of the CaR in nor-
mal physiology both in tissues with high levels of expression of the
receptor, such as parathyroid gland and kidney, and in cell types
with low expression of the CaR, such as cardiomyocytes and fibro-
blasts. Two reports have suggested that the regulation of the myo-
genic tone maybe dependent of a CaR expressed on the endothelial
cells (181, 289). And this effect on myogenic tone seems to be
through the NO system, as indicated by one study that found that
downregulation of the CaR by siRNA decreased NO production in
response to calcium in human endothelial cells (316), strongly
suggesting that the CaR mediated these effects on NO. These studies
support our initial hypothesis that CaR utilizes the NOS/NO system
as a downstream signaling molecule. It would be interesting to study
whether the effects of the CaR on iNOS and VEGF in H-500 cells
will also be present in those tissues with particularly high or low
levels of expression of the CaR. Furthermore, studying the role of
NOS/NO downstream of the CaR in the parathyroid gland is an im-
portant to clarify whether this signaling pathway is important as
indicated by the studies by Gardner et al. (78, 79) . 

In the literature one report indicates the existence of the CaR by
immunohistochemistry in testicular cells (169). It could be of inter-
est to study whether the CaR is functionally expressed in the normal
testicular cells and in particular the Leydig cells. The CaR may be
sensing calcium in local fashion as described by Hofer et al. (110),
and the functions that I have described in this thesis for the CaR in
cell cycle and NO regulation could be investigated as they may be of
importance in normal Leydig cells. 

REGULATION OF PTTG BY THE CaR IN CANCER
Since the cloning of PTTG in 1997 from pituitary tumor cells, our
understanding of its structure, function, and clinical importance has
made impressive progress (258). A great body of data has enabled us
to understand the molecular and cell biological regulation of PTTG
and its biological functions. Increasing evidence regarding the roles
of PTTG in various cancers, including pituitary adenomas, is mak-
ing PTTG a candidate marker of malignancy and a chemothera-
peutic target (100, 222, 313). I found that the CaR upregulated the
PTTG mRNA in the testicular H-500 cells, whereas this was not the
case in astrocytoma U-87 cells; Moreover, the CaR stimulates
growth in H-500 cells but not in U-87 cells. In U-87 cells I found
TGF and HGF pathways to upregulate the PTTG, and others have
found that IGF-1 is also contributing to the upregulation (36).
These data indicate that the CaR uses PTTG in a proproliferative re-
sponse. Hence further studies are needed to analyze whether the
CaR utilizes the PTTG pathway to promote growth in the H-500
cells and other cancer cells with a functional CaR. If this hypothesis
is valid, one could speculate that the PTTG mRNA or protein may
be used as a marker of therapeutic effect of chemotherapy or even a
drug target, especially when the CaR is stimulating growth. 

CaR IN CANCER: THEORETICAL AND CLINICAL 
IMPLICATIONS
In this thesis I propose that the calcium released during malignant
bone degradation is a possible second candidate, in addition to
TGFβ, that may stimulate the tumor to increase its production of
hypercalcemia-inducing agents-in our studies, PTHrP. Our findings
in H-500 cells are summarized schematically in Figure 9. Stimula-
tion of the CaR by Ca2+

o leads to enhanced PTHrP release, through
the PKC, MAPKs, and PI3K pathways. The oncogene PTTG, known
to be necessary for normal testis development, is also upregulated
when the CaR is activated. This may be merely an association that
indicates that the rate of growth of the tumor cells is upregulated
but may also be an important signaling pathway in the cell down-
stream of the CaR but proximal to proliferation. Thus PTTG may be
a drug target in the vicious cycle of our HHM model. To validate
this hypothesis, I could have used the siRNA approach as used in

paper IV. Furthermore in paper II, I found that Ca2+
o upregulates

VEGF, perhaps the most potent growth factor in the stimulation of
new vessel formation. I speculate that the VEGF upregulation may
be mediated through the CaR. This has to my knowledge not been
tested. In H-500 cells, stimulating the CaR likewise upregulated the
constitutively active NOS enzyme, inducible NOS, but not the
mRNA of endothelial or neuronal NOS. The upregulation of iNOS
by the CaR seems to increase NO production, as high calcium con-
centration increased NO levels in the H-500 cells. A key characteris-
tic of the cancer cell is its capacity to grow, and the growth of a tu-
mor is decided primarily by the increase in its rate of proliferation
and the reduction in its apoptosis. In the case of proliferation, my
data could not confirm that the upregulated NO participated in the
CaR-induced DNA synthesis. I found that stimulating the CaR in
the H-500 cells leads to increased DNA synthesis through the p38
MAPK and PI3K signaling pathways, but not through the ERK1/2
signaling pathway or NO production. Last, stimulation of the CaR
protects H-500 cells from undergoing programmed cell death. Thus,
stimulation of the CaR induces several promalignant features in the
Leydig tumor, and blocking the CaR seems to be a promising drug
target in the treatment of this disease. On the other hand, since the
CaR is so ubiquitously expressed, and especially because of its key
role in calcium homeostasis, the positive effects of blocking the re-
ceptor pharmaceutically may be overshadowed by its adverse effects,
even in cells in which the CaR has a documented promalignant role,
such as H-500 cells. In PC-3 prostate cancer cells, we found that
EGFR mediates some of the effects of the CaR on PTHrP release;
thus, the EGFR is another possible membrane-bound target in the
treatment of hypercalcemia-inducing cancers in which a functional
CaR is expressed. Targeting the EGFR in colon cancer in which its
growth was induced by prostaglandin, acting through its respective
7TM, has also had promising experimental results (185). The triple
membrane spanning signaling or transactivation by CaR through
the EGFR was latter shown also to be present in HEK-CaR cells, fi-
broblast and H-500 cells (157, 264, 266). The importance of this
newly characterized pathway has not been established in parathy-
roid cells, which would be an important future study as the full story
of CaR’s signalling apparatus in the parathyroid cells has yet to be
elucidated.

Although direct blocking of the CaR in malignant disease may be
hazardous, I believe that understanding the mechanism of tumor
growth is crucial for success in treatment of malignant diseases.
Therefore, knowledge on the role of the CaR in malignant cells from
this series of studies may be useful in selecting appropriate and opti-
mal treatments of malignant hypercalcemia. The clinical treatment
of malignant hypercalcemia follows two approaches: the first prior-
ity is treatment of the underlying malignant disease by a surgeon or
an oncologist, and the second is correction of the hypercalcemia by
rehydration and bisphosphonates, and sometimes glucocorticoids,
in order to decrease the degradation of bone by osteoclasts. The use
of bisphosphonates is in accord with my results, as well as with the
work of Guise et al., which may be treating not only the hypercal-
cemia but also the underlying disease because of the decreased stim-
ulation of the CaR or TGFβ receptor on the tumor cell surface. On
another note, a third effect of the bisphosphonates seems to be a po-
tential direct inhibitory effect on cancer cell growth (49). This, of
course, raises the question of whether the bisphosphonates should
be introduced in a treatment regimen for patients with malignant
tumors proven to be sensitive to bisphosphonates even before
hypercalcemia is present. Although this potential effect has not been
fully established, as improved survival of patients with bone metas-
tasis treated bisphosphonates is still debatable (28). Most of the
models described in this thesis are based on cell lines or primary
cultures that are very homogeneous and in which it is possible to
modify experimental variables one at a time. In the complex clinical
situation with heterogeneous tumors, perhaps only some cells ex-
press the CaR, and there is great variety in patients’ responses, e.g.,
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their immune responses. Accordingly, the next step is to test my
hypothesis in animal studies and, ultimately, in clinical trials.

SUMMARY
The calcium-sensing receptor (CaR) is a seven transmembrane re-
ceptor incorporated into the cell membrane that is sensitive to extra-
cellular calcium and other cations. The finding that the CaR is ex-
pressed on cancer cells has opened the door to a new understanding
of the role of extracellular calcium as a promalignant stimulus
through the CaR and its signaling apparatus as demonstrated in this
thesis. I found, in a model of humoral hypercalcemia of malignancy
(HHM), that stimulation of the CaR worsens the promalignant fea-
tures of the testicular H-500 Leydig cancer cells that were used in my
studies. The CaR upregulated the release of parathyroid hormone-
related peptide (PTHrP), the main mediator of hypercalcemia in
HHM. The growth rate of the tumor was also increased by stimula-
tion of the CaR, as DNA synthesis and protection against apoptosis
were enhanced. The oncogene, pituitary tumor-transforming gene
(PTTG), was found to be upregulated by the CaR in the H-500 cells,
whereas calcium had no effect on PTTG expression in the U-87 as-
trocytoma cell line, but other proproliferative agents did upregulate
PTTG in the U-87 cells. This makes PTTG a potential marker of
malignancy and a therapeutic target in cancer, where the CaR is
promalignant. Nitric oxide synthase (NOS) exists in three isoforms,
and I found that the CaR upregulated the inducible NOS but not the
two other isoforms. This upregulation was accompanied by an in-
creased production of NO. NO has been shown to be potentially
promalignant, although such a role was not established in the H-500
cells. Therefore, the CaR stimulates several promalignant features in
the H-500 cells. In turn, blocking these effects by targeting a proxi-
mal downstream signaling molecule of the CaR may be a future clin-
ical approach, since blocking the CaR might have too many adverse
effects on calcium homeostasis. In conclusion, the CaR plays diverse
roles in cancer-acting as an inhibitor of cell proliferation in the
colon crypt cells giving rise to colon cancer but as a promalignant
receptor in most other cancer types, including Leydig cell cancers. 

ABBREVATIONS
7TM: seven transmembrane receptor/G protein-coupled re-

ceptor
AA: Arachidonic acid 
AC: adenylate cyclase 
AKT: protein kinase B 
ATF-2: activating transcription factor-2 
ATP: adenosine trisphosphate 
bFGF: basic fibroblast growth factor 
cAMP: cyclic adenosine monophosphate 
Ca2+

i:  intracellular calcium 
Ca2+

o: extracellular calcium 
CaR: calcium-sensing receptor
CNS: central nervous system 
DAF: nitric oxide binding dye in the group of diaminofluores-

ceins 
DAG: diacylglycerol
DNA: deoxyribonucleic acid 
ECD: extracellular domain 
EGF: epidermal growth factor 
EGFR: epidermal growth factor receptor
ERK1/2: extracellular signal-regulated kinases 1 and 2 
GDP: guanosine diphosphate 
Gαi: alpha subunit of Gi subtype of the heterotrimeric G pro-

teins 
Gαq11: alpha subunit of Gq/11 subtype of the heterotrimeric G

proteins
H-500 cells: primary cultured rat Rice H-500 Leydig testis can-

cer cells
HB-EGF: heparin-binding EGF 

HEK: human embryonic kidney 
HGF: hepatocyte growth factor 
HHM: humoral hypercalcemia of malignancy
HPT: hyperparathyroidism 
ICD: intracellular domain 
IGF-1: Insulin-like growth factor 1 
IL: interleukin 
IP3: inositol-1,4,5-trisphosphate
JNK: c-jun NH2-terminal kinase 
MAPK: mitogen-activated protein kinase 
MEK: MAPK kinase
NO: nitric oxide 
NOS: nitric oxide synthase 
p38: p38 MAPK 
PBF: PTTG binding factor 
PC-3 cells: human prostate cancer PC-3 cells 
PCR: polymerase chain reaction 
PDGFR: platelet-derived growth factor receptor
PI3K: phosphatidylinositol 3-kinase
PI4K: phosphatidylinositol 4-kinase
PIP2: phosphatidylinositol 4,5-bisphosphate 
PKC: protein kinase C 
PL: phospholipase 
PPARγ: peroxisome proliferator-activated receptor gamma 
PTH: parathyroid hormone 
PTHR: PTH receptor 1 
PTHrP: parathyroid hormone-related peptide 
PTTG: pituitary tumor transforming gene 
RNA: ribonucleic acid 
SEK1: stress-activated protein kinase ERK kinase 1
TGFα: transforming growth factor α 
TMD: transmembrane domain 
VEGF: vascular endothelial growth factor.
U-87 cells: human U-87 astrocytoma cell line
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