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Abstract

Prostate cancer almost exclusively metastasizes to skeletal
sites, indicating that the bone provides a favorable microen-
vironment for its localization and progression. A natural yet
understudied factor in bone that could facilitate tumor
localization is elevated extracellular calcium ([Ca2+]o). The
present study found that elevated [Ca2+]o (2.5 mmol/L)
enhanced proliferation of skeletal metastatic prostate cell
lines (PC-3 and C4-2B), but not the nonskeletal metastatic,
epithelial-derived prostate cell line LNCaP. The proliferative
effect of elevated [Ca2+]o was associated with higher expres-
sion of the calcium-sensing receptor (CaSR), a heterotrimeric
G-protein–coupled receptor that is the predominant cell-
surface sensor for [Ca2+]o. Knockdown of the CaSR via RNA
interference reduced cell proliferation in vitro and metastatic
progression in vivo . CaSR signaling in PC-3 cells was evaluated
by measuring the elevated [Ca2+]o-dependent inhibition of
cyclic AMP accumulation, induced by either prostaglandin E2
or forskolin. Elevated [Ca2+]o stabilized expression of cyclin
D1, a protein required for cell cycle transition. Furthermore,
elevated [Ca2+]o triggered activation of the Akt signaling
pathway and enhanced PC-3 cell attachment. Both pertussis
toxin (a G-protein inhibitor) and LY294002 (an inhibitor of Akt
signaling) reduced cell attachment. These data suggest that
elevated [Ca2+]o following increased bone remodeling could
facilitate metastatic localization of prostate cancer via the
CaSR and the Akt signaling pathway. Taken together, [Ca2+]o
is a candidate mediator of prostate cancer bone metastasis.
(Cancer Res 2006; 66(18): 9065-73)

Introduction

Prostate cancer is the second leading cause of cancer-associated
mortality in American men, causing >30,000 deaths each year in
United States (1). Although patients with localized prostate cancer
can survive long periods of time, a large percent of diagnosed
prostate cancer patients develop skeletal metastases. With the
progression of skeletal metastasis, prostate cancer patients suffer a
variety of complications, such as bone pain, fractures, spinal cord
compression, and bone marrow suppression. The metastasis of
prostate cancer to the skeleton dramatically lowers the patient’s
ability to maintain their usual activities and lifestyle and severely
threatens their lives (2, 3).

Skeletal metastases of prostate cancer are found most frequently
in the spine, followed by the femur, pelvis, rib cage, skull, and
humerus (4, 5). These are bones that normally experience high
rates of turnover. Bone turnover is continuous and relies on two
opposite processes: bone formation and bone resorption. With an
in vivo model, our laboratory and others have reported that
prostate cancer preferentially localizes to skeletal sites with highly
active bone turnover (3, 6, 7). Stimulation of bone turnover by
parathyroid hormone (PTH) increased the localization of prostate
cancer to the skeleton whereas inhibition of bone resorption by
zoledronic acid, a potent inhibitor of osteoclast activity, suppressed
skeletal lesions by prostate cancer cells (6, 7). Recently, it was
reported that zoledronic acid also decreases the risk of skeletal
complications in men with androgen-independent prostate cancer
and bone metastases (8–10). These findings suggest that bone
turnover facilitates the spread of prostate cancer to bone, but the
mechanisms for this are as yet unclear.
During the process of bone turnover, organic and inorganic

bioactive products are generated and released. Calcium is the main
inorganic component. Normally, physiologic ionized calcium levels
are kept within a narrow range of 1.1 to 1.3 mmol/L (11). In active
bone resorptive lacunae, extracellular calcium ([Ca2+]o) can reach
levels as high as 8 to 40 mmol/L, whereas in the proximity of the
nonresorbing bone surfaces, [Ca2+]o isf2 mmol/L (12, 13). [Ca2+]o
is important for bone formation and physiologic homeostasis of
a multitude of body functions. [Ca2+]o regulates proliferation,
differentiation, and apoptosis, three important cellular processes
that determine cell fate in addition to the regulation of cell
migration (14). Hence, local elevation in the concentration of free
ionized [Ca2+]o may influence the metastatic behavior of tumors.
[Ca2+]o functions mainly through the extracellular calcium-

sensing receptor (CaSR; ref. 14). The CaSR is a heterotrimeric G-
protein–coupled receptor, with at least 2 Ga subunits involved in
its transmembrane signaling, Gai and Gaq. Activation of the CaSR
inhibits the generation of cyclic AMP (cAMP) and activates
phospholipase C to produce inositol 1,4,5-triphosphate (15, 16). It
has also been reported that protein kinase C, extracellular signal–
regulated kinase (ERK), p38, and Akt are involved in the
intracellular signaling (17–20). Expression of the CaSR is found in
many normal tissues including parathyroid, kidney, skeleton,
intestine, heart, as well as malignant tissues, such as breast cancer
and colorectal cancer (14, 21–24). CaSR mRNA and protein
expression have also been identified in human-derived prostate
cancer cell lines (25) and microarray data have suggested that
expression of the CaSR is associated with prostate cancer
metastatic behavior (26). Nevertheless, it still remains unclear
what the role of [Ca2+]o is in the microenvironment of the prostate
carcinoma lesion in bone. The purpose of this study was to
determine the effects of [Ca2+]o on prostate cancer cell prolifer-
ation and attachment via signaling through the CaSR. These
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studies will facilitate a better understanding of the role of [Ca2+]o
in the pathophysiology of prostate cancer skeletal metastasis.

Materials and Methods

Cell lines and culture. LNCaP, C4-2B, PC-3, and PC-3 stably expressing
luciferase (PC-3/Luc+; refs. 27–30) were maintained at 37jC and 5% CO2 in
RPMI 1640-10% fetal bovine serum (FBS) and 1% penicillin-streptomycin

(Invitrogen Corp., Carlsbad, CA).

Reagents. pENTRTM/H1/TO vector, LipofectAMINE Plus reagents,

Zeocin, and Trizol reagent were from Invitrogen. CHAPS was from U.S.
Biochemical Corp. (Cleveland, OH). The pharmacologic inhibitors

LY294002, PD98059, and pertussis toxin were purchased from Calbiochem

(San Diego, CA). Treatments with pharmacologic inhibitors were done

30 minutes before challenge. Rabbit anti-Akt, pAkt (Ser473), ERK, and
pERK antibodies were obtained from Cell Signaling Technology, Inc.

(Beverly, MA). Rabbit anti-CaSR antibody was from Abcam Ltd. (Cam-

bridge, MA). Mouse anti-cyclin D1 was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse anti-a-tubulin antibody, forskolin,

prostaglandin E2 (PGE2), isobutylmethylxanthine, and bovine serum

albumin (BSA) were obtained from Sigma-Aldrich Co. (St. Louis, MO).

[3H]cAMP was purchased from ICN (Irvine, CA). The luciferase assay
system was from Promega Corp. (Madison, WI).

Construction of CaSR short hairpin RNA. CaSR short hairpin RNA

(shRNA) plasmid was constructed by inserting double-strand oligonucleo-

tides, which contain the CaSR sequence (5¶-GGAACTATTCCATCATCA-
ACT-3¶; accession no. NM_000388), into the pENTRTM/H1/TO vector per

recommendations of the manufacturer. The plasmid construction was

confirmed by DNA sequencing. As a control, a LacZ shRNA plasmid was
constructed using the same vector and procedure.

Transfection and selection. All transfections were done with Lipofect-
AMINE Plus reagents and their recommended protocol (Invitrogen).

After transfection, Zeocin-resistant clones were selected with 800 Ag/mL
Zeocin. The expression of target genes was validated with Western blot

analysis.

RT-PCR. Total RNA from different prostate cancer cell lines was isolated

with Trizol reagent. The possible contamination of genomic DNA was
avoided with Qiagen RNeasy mini kit (Qiagen, Inc., Valencia, CA) and

treatment with DNase I. Total RNA (1 Ag) was reverse transcribed in a 20-AL
reaction volume containing random hexamers with a reverse transcription

assay system (Roche Applied Sciences, Indianapolis, IN). Reverse transcrip-
tion was done at 25jC for 10 minutes, 48jC for 30 minutes, and 95jC for

5 minutes. As a control, total RNA (1 Ag) was treated with RNase before

reverse transcription.
PCR primers were obtained from Invitrogen. The sequences of the

primers were as follows: CaSR, 5¶-TCAACCTGCAGTTCCTGCTGG-3¶ ( for-
ward) and 5¶-TGGCATAGGCTGGAATGAAGG-3¶ (reverse; ref. 31); 28S rRNA,
5¶-TTGAAAATCCGGGGGAGAG-3¶ ( forward) and 5¶-ACATTGTTCCAA-
CATGCCAG-3¶ (reverse; ref. 32).

Adenylyl cyclase stimulation and cAMP assay. The adenylyl cyclase
stimulation and cAMP-binding protein assays were done as previously

described with minor modification (33). Cells were plated in triplicate at
2 � 104/cm2 into 24-well plates. When cells became confluent, medium was

replaced with 0.5 mL of calcium- and magnesium-free HBSS (Invitrogen)

containing 0.1% BSA and 1 mmol/L isobutylmethylxanthine at 37jC for
15 minutes. PGE2 (1 ng/mL) was added in the presence or absence of

calcium or neomycin (a well-characterized CaSR agonist) for 15 minutes

at 37jC. After aspirating the medium, cAMP was extracted by adding

250 AL/well ice-cold 5% perchloric acid and incubating overnight at 20jC.
After thawing, the pH was adjusted to 7.5 with 4 N KOH, and the neutralized

extract was then assayed for cAMP with a cAMP-binding protein assay. The

cAMP-binding protein assay was done by incubating [3H]cAMP with stan-

dards or unknowns and a cAMP-binding protein sufficient to bindf30% of
radioactivity for 90 minutes on ice. The samples were then incubated with

dextran-coated charcoal for 20 minutes and centrifuged to remove unbound

from bound cAMP-binding protein-[3H]cAMP complexes. The radioactivity
of the supernatants was determined with a liquid scintillation spectropho-

tometer and cAMP levels calculated by the log-logit method with the
GraphPad Prism 3 program (GraphPad Software, San Diego, CA).

Viable cell enumeration assay. Prostate cancer cells were plated in

triplicate in 24-well plates at a density of 104/cm2 in complete growth

medium. The following day, medium was changed to Ca2+-free DMEM
(Invitrogen) supplemented with 1% FBS, 100 units/mL penicillin, 100 Ag/mL
streptomycin, and 2 mmol/L L-glutamine, which was either used alone or

containing 0.5 mmol/L CaCl2 (low concentration) or 2.5 mmol/L CaCl2
(elevated concentration). Viable cell numbers were determined on indicated
days by the trypan blue dye exclusion method with a hematocytometer as

previously described (34). The cell enumeration assay for CaSR shRNA–

expressing and control cells was done similarly, except refreshing with

complete medium rather than with Ca2+-free DMEM.
In vivo localization of PC-3 prostate cancer cells. To evaluate the

skeletal progression of prostate cancer, luciferase-positive PC-3 cells (LacZ

control or CaSR shRNA) were inoculated into the left ventricle of male
athymic mice (5-6 weeks old) as previously described (6). All experimental

animal procedures were done in compliance with institutional ethical

requirements and approved by the University of Michigan Committee for

the Use and Care of Animals. In vivo bioluminescent imaging was carried
out at the University of Michigan Small Animal Imaging Resource facility.4

Before imaging, mice were injected i.p. with 100 AL of 40 mg/mL luciferin
dissolved in PBS. Imaging was done under 1.75% isofluorane/air

anesthesia on a cryogenically cooled IVIS system equipped with a
50-mm lens and coupled to a data acquisition PC running LivingImage

software (Xenogen Corp., Alameda, CA). Ventral images were acquired

12 minutes after injection. Pseudocolor images of photon emissions were
overlaid on grayscale images of mice to aid in determining signal spatial

distribution. Photon quantifications were calculated within regions of

interest.

Cell attachment. PC-3/Luc+ prostate cancer cells were plated and
cultured to exponential growth phase, trypsinized, enumerated, and

resuspended in calcium-free DMEM containing 10% serum supplemented

with indicated calcium concentrations and/or neomycin (300 Amo/L).
Cells were then seeded at 2 � 104/0.5 mL/well in 24-well plates. Cells were
incubated for 4 hours at 37jC and 5% CO2. Following incubation, the

unattached cells were rinsed away with PBS whereas the attached cells

were lysed by adding 100 AL of 1� Passive Lysis Buffer (Promega). The
luciferase activities were measured with the Promega luciferase assay

system and a Monolight 2010 luminometer (Analytical Luminescence

Laboratory).

Western blotting. Cells were washed in ice-cold 1� PBS, scraped, and
pelleted by centrifugation (500 � g , 5 minutes). The cell pellet was

resuspended for 15 minutes in 1� lysis buffer [20 mmol/L MOPS, 5 mmol/L

MgCl2, 0.1 mmol/L EDTA, 200 mmol/L sucrose (pH 7.4), containing 1%

CHAPS and phosphatase and protease inhibitors]. Cell suspensions were
centrifuged at 13,000 � g for 10 minutes to remove nuclei and cell debris.

The protein concentration was determined by the method of Bradford.

Lysates containing equal amounts of protein were separated by SDS-PAGE

and transferred to polyvinylidene difluoride membrane (Bio-Rad Laborato-
ries, Hercules, CA). The membrane was blocked with 5% nonfat milk in

TBS-0.1% Tween 20. Blots were incubated with primary antibodies (1:1,000)

for 2 to 3 hours at room temperature or overnight at 4jC. Following
washing in TBS-0.1% Tween 20, blots were incubated with horseradish

peroxidase–labeled secondary antibodies (1:10,000) for 1 hour at room

temperature. After washing, the signals were detected by standard

enhanced chemiluminescence. The signals were quantitated with back-
ground subtraction using a UMAX scanner and Scion image and normalized

to untreated controls.

Statistical analysis. Student’s t test for independent analysis or ANOVA
was applied to evaluate differences with the GraphPad Instat software
program. P < 0.05 was considered statistically significant. All assays were

repeated at least twice with similar results.

4 http://www.med.umich.edu/msair/.
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Results

[Ca2+]o stimulated prostate cancer cell growth. To explore
whether calcium released during bone turnover may support
prostate tumor growth, the effect of extracellular calcium on cell
proliferation was observed with trypan blue viable cell count. PC-3,
a highly tumorigenic and skeletal metastatic cell line (29), had
increased cell numbers over time in the presence of elevated
[Ca2+]o (2.5 mmol/L) versus low [Ca2+]o (0.5 mmol/L; Fig. 1). Cells
cultured for 6 days in medium that contained elevated [Ca2+]o
showed a substantial increase in viable cell number at day 6 when
compared with cells maintained in low [Ca2+]o. Cell enumeration
of LNCaP, a low tumorigenic and metastatic prostate cancer cell
line, and its highly skeletal metastatic variant C4-2B were also
determined (27, 28). In the presence of elevated [Ca2+]o, C4-2B cell
numbers increased similarly to PC-3. In contrast, LNCaP cells had
similar cell numbers regardless of the [Ca2+]o levels.
The CaSR is the major receptor on the cell membrane for sensing

[Ca2+]o and is present in normal tissue and many types of tumors
(14, 21–24). Expression of the CaSR in prostate cancer cell lines was
measured by RT-PCR. Total RNA from LNCaP, C4-2B, and PC-3 was
evaluated for the expression of the CaSR and the specific RT-PCR
products for CaSR (318 bp) and 28S RNA (100 bp) were clearly
detected (Fig. 1B). The highest expression of CaSR was detected in
C4-2B. Moderate expression of the CaSR was detected in PC-3 and
minimal expression of CaSR was detected in LNCaP. Detection of
CaSR protein in these prostate cancer cell lines was also
determined. Similar to the RNA levels, C4-2B and PC-3 expressed

detectable CaSR levels whereas LNCaP expressed much lower levels
of CaSR protein (Fig. 1C).
Reduced expression of CaSR restricts PC-3 proliferation. The

CaSR has been reported to mediate cell proliferation in normal and
malignant cells, including osteoblasts, fibroblasts, astrocytoma,
multiple myeloma, and testicular cancer (20, 35–38). Nevertheless,
the role of the CaSR in prostate cancer has not been well
characterized. To further validate the role of CaSR in the mitogenic
effects of [Ca2+]o, an RNA interference strategy was applied. A
CaSR shRNA plasmid was stably transfected into PC-3 cells to
reduce CaSR expression (Fig. 2A). There was a significant reduction
in CaSR shRNA–transfected cell numbers over time as compared
with a LacZ vector control cell line (Fig. 2B).
Reduced expression of the CaSR suppresses tumor progres-

sion. To characterize the role of the CaSR in prostate cancer
progression, CaSR shRNA stable transfectant (n = 13) and LacZ
control (n = 15) of PC-3/Luc+ cells were inoculated into the left
ventricle of athymic mice. The localization and growth of tumor
cells were determined with bioluminescent imaging. Localization
of PC-3 cells was predominantly found at the craniofacial region.
A representative bioluminescent imaging from each group is
shown in Fig. 2C . The luciferase activity of PC-3 tumors at the
craniofacial region was significantly lower in the CaSR shRNA–
inoculated mice at the 3rd, 4th, and 5th week (Fig. 2D).
Activation of the CaSR receptor by elevated [Ca2+]o or the

CaSR agonist neomycin. The CaSR is a seven-transmembrane
G-protein–coupled receptor. Elevated [Ca2+]o results in activation

Figure 1. [Ca2+]o promoted prostate cancer cell growth
in vitro. A, prostate cancer cells were plated and the
number of viable cells determined at the indicated times via
trypan blue dye exclusion method. *, P < 0.05; **, P < 0.01,
versus 0.5 mmol/L [Ca2+]o at the same time point.
Points, mean (n = 3 samples per group); bars, SE. B, total
RNA was isolated from different prostate cancer cell lines,
1 Ag was reverse transcribed, and the mRNA levels of
CaSR were detected by PCR. RT-PCR product of 28S
rRNA was used as an internal control for equal loading.
RNase treatment of the RNA template was used to
verify absence of genomic DNA contamination. Top,
representative ethidium bromide–stained gel of RT-PCR.
Bottom, plot of data from multiple RT-PCRs wherein signal
intensity of CaSR versus 28S was quantified. Columns,
mean (n = 4 samples per group); bars, SE. *, P < 0.05;
**, P < 0.01, versus LNCaP. C, total proteins (100 Ag) from
cell lysates of different prostate cancer cell lines were
applied to SDS-PAGE and blotted with a specific CaSR
antibody. Top, representative Western blot of CaSR.
Bottom, plot of data from multiple Western blot analyses
wherein signal intensity of CaSR normalized to a-tubulin
was quantified. Columns, mean (n = 3 samples per group);
bars, SE. **, P < 0.01, versus LNCaP.
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of CaSR at the cell membrane. Activation of the CaSR, via either
Gai or Gaq, leads to the inhibition of adenylyl cyclase and, thus, an
inhibition in the generation of cAMP (14). In the presence of
0.5 mmol/L [Ca2+]o, PGE2 significantly induced cAMP in PC-3 cells
(Fig. 3A). This increase in cAMP in response to PGE2 was
significantly blocked in the presence of 2.5 mmol/L [Ca2+]o.
Neomycin, a CaSR agonist, also suppressed the accumulation of
cAMP in response to PGE2. Forskolin-induced cAMP elevation was
also inhibited by elevated [Ca2+]o (Fig. 3B).
[Ca2+]o stabilized the expression of cyclin D1 in PC-3 cells.

The expression of cyclin D1, a key component of cell cycle–
mediated cell proliferation, was evaluated in PC-3 cells in response

to increased levels of calcium. The level of cyclin D1 in PC-3 cells
declined significantly when cells were maintained in 0.5 mmol/L
[Ca2+]o medium without serum. In contrast, the level of cyclin D1
in PC-3 cells did not decline at the same magnitude in the presence
of 2.5 mmol/L [Ca2+]o (Fig. 4A and B).
CaSR mediated [Ca2+]o-dependent increase in prostate

cancer cell attachment. Cell attachment is a critical step during
the process of tumor metastasis. In PC-3 cells, cell attachment
was significantly enhanced with higher [Ca2+]o (Fig. 5A). Similarly,
the CaSR agonist neomycin promoted the attachment of PC-3
cells (Fig. 5B). Pertussis toxin, a G-protein inhibitor that restricts
CaSR signaling (39, 40), effectively decreased the attachment of

Figure 2. CaSR RNA interference. A, CaSR shRNA or LacZ vector control was stably transfected into PC-3/Luc+ cells and protein levels of CaSR were verified by
Western blot. Reduced CaSR expression was found in PC-3/Luc+ cells with CaSR shRNA versus LacZ shRNA control. B, cell enumeration revealed CaSR
shRNA transfectants had reduced numbers of cells over time. **, P < 0.01, CaSR shRNA groups versus LacZ control group. C, representative images of progression of
PC-3/Luc+ cell in the craniofacial region. D, CaSR shRNA suppressed the growth of PC-3 cells in the craniofacial region. PC-3/Luc+ stable transfectants of CaSR
shRNA and LacZ control were inoculated into left ventricle of athymic mice. Tumor localization and growth at the craniofacial region were determined by bioluminiscent
imaging. Luciferase activity of tumors was measured as photons/s/cm2. *, P < 0.05, CaSR shRNA (n = 13) versus LacZ control (n = 15).
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PC-3 cells in either elevated [Ca2+]o or neomycin-treated cultures
(Fig. 5C).
CaSR mediated [Ca2+]o-dependent increase in attachment

via the Akt signaling pathway. Elevated [Ca2+]o triggers Akt and
ERK signaling pathways, which are closely related to proliferation
(20, 37, 38). The aberrant activation of these two signaling
pathways in tumors are common. To elucidate the pathway that
mediates the [Ca2+]o-dependent increase in prostate cancer cell
attachment, activation of Akt and ERK signaling pathways was
evaluated. Figure 6A shows that activation of the CaSR with
elevated [Ca2+]o significantly increased the active form of Akt
(phospho-Akt) from 1 to 4 hours. Elevated [Ca2+]o (2.5 mmol/L)
also caused a more rapid and transient activation of the ERK
signaling pathway. The peak of the active ERK in response to
[Ca2+]o was found at 5 minutes (Fig. 6B). Interestingly, blocking
activation of phosphoinositide 3-kinase/Akt with the phosphoino-
sitide 3-kinase inhibitor LY294002 inhibited the attachment of PC-3
cells. In contrast, pharmacologic inhibition of the ERK signaling
pathway with PD98059 did not affect [Ca2+]o-dependent increase of
prostate cancer cell attachment (Fig. 6C).

Discussion

Prostate cancer characteristically spreads to skeletal sites (2, 3).
The preferential localization and growth of prostate cancer cells in
the skeleton indicates that the bone microenvironment provides a
favorable niche for its growth. Multiple bone microenvironmental
factors have been postulated to provide appropriate chemotaxis-
and growth-promoting stimuli required for tumor localization and

expansion (2, 41). [Ca2+]o is one of the major inorganic factors
released during adult bone remodeling. The levels of [Ca2+]o in
adults are stringently regulated and vary in a narrow range (1.1-1.3
mmol/L; ref. 11). However, in bones with active remodeling,
specifically in the proximal ends of the long bones, ribs, and
vertebral column, elevated [Ca2+]o exists. These regions are also the
preferential sites of prostate cancer metastasis. Unlike other
factors, the role of [Ca2+]o in facilitating the formation and growth
of prostate cancer skeletal metastasis has been much more elusive.
In the present study, the hypothesis that [Ca2+]o plays a role in
supporting prostate cancer cell growth was tested.
The effect of elevated [Ca2+]o on prostate cancer cell

proliferation was investigated using three commonly used
prostate cancer cell lines with different skeletal metastatic
potentials. PC-3 is a prostate cancer cell line generated from a
skeletal metastasis. It is highly tumorigenic and aggressive in
animal models (29). LNCaP is a prostate cancer cell line isolated
from lymph node. In animal models, LNCaP cells typically
generate tumors when inoculated s.c., but do not result in
metastasis. C4-2B is one of the androgen-independent variants of
LNCaP and is capable of metastasizing to bone (27, 28). The data
showed that elevated [Ca2+]o significantly promoted the prolifer-
ation of PC-3 and C4-2B cells, but not LNCaP.
Elevation of [Ca2+]o is mainly sensed by its cognate receptor, the

CaSR (14). In this report, higher CaSR mRNA and protein
expression was found in PC-3 and C4-2B cells as compared with
LNCaP cells. CaSR expression in prostate cancer cells was
correlated with the proliferative effect of elevated [Ca2+]o and the
cellular metastatic behavior. The activation of CaSR by elevated
[Ca2+]o was further confirmed in PC-3 cells. The CaSR is a
heterotrimeric G-protein–coupled receptor. Through Gai, high
[Ca2+]o induces inhibition of cAMP accumulation in parathyroid
cells and HEK293 cells stably transfected with the CaSR (42, 43). In
the present study, PGE2 and forskolin, as agonists, significantly

Figure 4. Elevated [Ca2+]o stabilized cyclin D1 expression in PC-3 cells.
A, PC-3 cells were plated (70,000/cm2) and, the next day, serum starved for
18 hours in basal medium containing 0.5 mmol/L [Ca2+]o. The medium was then
changed to 0.5 or 2.5 mmol/L [Ca2+]o–containing, serum-free medium and
whole-cell extracts were isolated at indicated time points. Representative
Western blot. B, plot of data from Western blot analysis, normalized by a-tubulin.
Points, mean (n = 3); bars, SE. Western blot analysis shows that cyclin D1
protein levels declined slightly but not significantly in the presence of 2.5 mmol/L
[Ca2+]o, whereas in cells cultured in 0.5 mmol/L [Ca2+]o, cyclin D1 decreased
significantly overtime. **, P < 0.01, versus 0.5 mmol/L [Ca2+]o at the same time
point.

Figure 3. Activation of CaSR by calcium and neomycin in PC-3 cells. Activation
of the CaSR was detected by the inhibition of either PGE2- or forskolin-induced
cAMP generation. PC-3 cells were cultured to confluence in 24-well plates
and adenylyl cyclase stimulation was done in the presence of 0.5 and 2.5 mmol/L
[Ca2+]o or neomycin (300 Amo/L) with PGE2 (1 ng/mL; A) or forskolin
(10 Amo/L; B ). cAMP levels are expressed as picomolar concentrations.
Columns, mean of triplicate samples; bars, SE. Representative of a minimum of
two replicate assays. *, P < 0.05; **, P < 0.01.
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stimulated the generation of cAMP. Elevated [Ca2+]o dramatically
suppressed either the PGE2- or forskolin-triggered increase of
cAMP. Neomycin, a well-characterized CaSR agonist, had a similar
inhibitory effect on PGE2-initiated cAMP generation. Furthermore,
interference in CaSR signaling by pertussis toxin clearly prevented
the CaSR-mediated increase in cell attachment. This suggests that
the CaSR is a mediator of [Ca2+]o-initiated effects on prostate
cancer cells.
To investigate roles of [Ca2+]o and its receptor (CaSR) in prostate

cancer skeletal progression, a RNA interference strategy was
applied. CaSR shRNA effectively decreased expression of the
CaSR in PC-3/Luc+ cells to f10% to 60% of control cells at the

protein level. Consistently, cell lines with reduced CaSR level by
shRNA showed significantly slower proliferation in vitro. An
intracardiac injection model was adopted to evaluate the involve-
ment of the CaSR in prostate cancer skeletal metastasis. In this
model, PC-3/Luc+ cells (either LacZ control or CaSR shRNA) were
inoculated into the left ventricle of 5- to 6-week-old male athymic
nude mice. Tumor localization and growth were tracked by
bioluminescent imaging weekly. The craniofacial region is the
predominant area where PC-3/Luc+ prostate cancer cells localize
and expand rapidly (6). After 5 weeks, 8 of 15 mice that were
injected with lacZ control PC-3/Luc+ cells developed evident
metastasis at the craniofacial region. The luciferase activities at this
region in these eight LacZ control mice were >106 photons/s/cm2

and at least three-fold of the background. In contrast, only
one mouse of the CaSR shRNA group showed luciferase activity
>106 photons/s/cm2 at this region. This suggests that in vivo
growth of PC-3/Luc+ cells was significantly lowered by CaSR
shRNA. Taken together, these data strongly support that the CaSR
plays a role in facilitating prostate cancer expansion by promot-
ing tumor proliferation.
The mitogenic effect of [Ca2+]o is consistent with recent studies

showing similar findings in other CaSR-expressing tumor cells
(20, 37, 38). Elevated [Ca2+]o in the range of 2.5 to 7.5 mmol/L, as
well as CaSR agonists, induces cell proliferation when compared
with low [Ca2+]o (0.5 mmol/L)–treated cells. The signaling
mechanism of the [Ca2+]o-triggered mitogenic effect is still
controversial. Reports suggest it could be mediated by p38
mitogen-activated protein kinase (MAPK) or cross-activation of
epidermal growth factor receptor/ERK signaling (20, 36). Because
cell proliferation relies on the progression of cell cycle, [Ca2+]o may
exert its mitogenic effect through regulation of cell cycle proteins.
Using Western blot analysis, we found that elevated [Ca2+]o
stabilized cyclin D1 expression under serum-free conditions. These
findings suggest that elevated [Ca2+]o is a mitogenic factor for
prostate cancer growth in bone.
Tumor cell attachment to extracellular matrix is a critical step in

the spread of cancer (44). The current study provides evidence that
elevated [Ca2+]o enhanced attachment of prostate cancer cells
expressing CaSR. Neomycin, a well-characterized CaSR agonist, had
a similar effect, validating the CaSR as a key component in the
mechanism. Pertussis toxin, a G-protein inhibitor, reduced the
increase induced by elevated [Ca2+]o or neomycin. A recent report
showed that the CaSR is essential for hemopoietic cell adherence to
collagen, which is the most prominent extracellular matrix protein
in bone (45). Hence, data from the present study and other reports
suggest that [Ca2+]o could play an important role not only in
stimulating growth but also in early stages of prostate cancer
localization to bone.
Akt is an antiapoptotic molecule and is also involved in

proliferation and adhesion/migration (46). Elevation of Akt
phosphorylation at Ser473 is very common in malignant prostate
cancer and other malignant tumors (47). Alterations of the Akt
signaling pathway are closely associated with tumorigenesis and
progression (47). The present study also showed that elevated
[Ca2+]o induced activation of both ERK and Akt signaling
pathways. The activation of ERK signaling pathway by elevated
[Ca2+]o was rapid and transient. In contrast, the active Akt (pAkt-
Ser473) started later and remained stable up to 4 hours. Because
inhibition of the Akt signaling pathway by the phosphoinositide
3-kinase inhibitor (LY294002) decreased the [Ca2+]o-mediated
increase in cell attachment, it seems that Akt, but not ERK, is

Figure 5. Activation of CaSR enhanced attachment of PC-3 cells. Cell
attachment was determined in PC-3/Luc+ cells by evaluating luciferase activity of
adherent cell monolayers 4 hours after plating. A, dose response of [Ca2+]o
showing that increased [Ca2+]o promotes cell attachment. Points, mean of
triplicate samples; bars, SE; treatment is expressed as a percent of control, and
control is set at 100%. *, P < 0.05; **, P < 0.01, versus group without [Ca2+]o.
B, neomycin mimics [Ca2+]o-mediated increase in cell attachment. Data
expressed as in (A ). **, P < 0.01. C, pertussis toxin (PTX ) suppressed the
attachment of prostate cancer cells. Data expressed as in (A ). *, P < 0.05;
**, P < 0.01.
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involved in the [Ca2+]o-mediated increase in cell attachment. It
follows that Akt could be an important target of [Ca2+]o actions
during the establishment of prostate cancer skeletal metastasis.
Although the major mechanisms of bone metastasis still remain

poorly understood, the interaction between tumor and bone
cannot be underestimated. Parathyroid hormone–related peptide
(PTHrP) is a peptide that binds the same PTH/PTHrP receptor as
PTH and is similar in promoting bone resorption. PTHrP is
commonly overexpressed in multiple tumors with skeletal

metastasis (48). Previously, we reported that PC-3 prostate cancer
cells, when injected into left ventricle of nude mice, preferred to
localize at the hind limb and craniofacial regions. PTH adminis-
tration enhanced this skeletal localization (6). A recent report
presented evidence that ectopic expression of PTHrP converted
noninvasive prostate cancer cells into ones that caused skeletal
progression (49). Consistently, several reports showed that
inhibition of osteoclastic activity and bone resorption prevented
bone metastasis and skeletal lesions by prostate cancer (6–10).

Figure 6. [Ca2+]o activates Akt and ERK signaling pathways in PC-3 cells. A, elevated [Ca2+]o stimulated Akt phosphorylation. PC-3 cells were plated in complete
growth medium and, the next day, serum starved for 18 hours in calcium-free DMEM containing 0.5 mmol/L [Ca2+]o. Following this period, 2.5 mmol/L [Ca2+]o or vehicle
control was added, and at the indicated time points the whole-cell extracts were isolated. Top, Western blot analysis showed a time-dependent increase in Akt
phosphorylation at Ser473 (pAkt-Ser473) in response to 2.5 mmol/L [Ca2+]o. Representative Western blot image. Bottom, plot of data from Western blot analysis. Points,
mean (n = 4); bars, SE. **, P < 0.01, versus time point 0. B, cells were plated and treated as in (A ). Top, Western blot analysis showed an increase in ERK
phosphorylation in response to 2.5 mmol/L [Ca2+]o. Representative Western blot image. Bottom, plot of data fromWestern blot analysis. Points, mean (n = 4); bars, SE.
**, P < 0.01, versus time point 0. C, inhibition of phosphoinositide 3-kinase/Akt, but not ERK, signaling pathway suppressed [Ca2+]o-mediated increase of attachment in
PC-3 cells. The attachment of PC-3 cells was determined as described in Fig. 5 in the presence of either phosphoinositide 3-kinase inhibitor LY294002 (LY ; 20 Amo/L)
or MAPK inhibitor PD98059 (PD ; 40 Amo/L). Columns, mean (n = 3); bars, SE. **, P < 0.01.
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Interestingly, a recent clinical study reported that higher levels of
serum PTH were significantly and negatively associated with
survival in androgen-independent prostate cancer (50). A feedback
loop between CaSR and PTHrP exists. In prostate cancer and breast
cancer, elevated-[Ca2+]o stimulates PTHrP secretion (18, 22, 25).
The findings in the present study therefore suggest that the PTHrP-
[Ca2+]o-CaSR axis may act as a potential mechanism to facilitate
and further support prostate cancer localization and growth in the
skeleton. Prostate cancer cells manipulate the bone microenviron-
ment by PTHrP production and the subsequent release of ionized
[Ca2+]o, as well as through other factors. The CaSR in prostate
cancer cells, therefore, senses the change in [Ca2+]o and provides
signals to facilitate the ability of cancer to thrive in the skeleton.
The interaction may be critical for prostate cancer skeletal
metastasis and associated complications. Taken together, the
current study supports [Ca2+]o as a mediator of prostate cancer
pathophysiology.

Disrupting the tumor-bone interaction by targeting both tumor
and bone microenvironment could lead to novel, effective
therapeutic approaches. Indeed, antagonizing the tumor cell
CaSR with calcilytic drugs that prevent its activation in
conjunction with antiresorptive agents, such as bisphosphonates,
may result in a novel therapeutic approach to control both
osteolysis and tumor cell proliferation. Further studies are
warranted to gain more insight into the specific role of high
[Ca2+]o and, in particular, the CaSR in mediating tumor cell
proliferation in skeletal metastasis.
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