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Abstract
The extracellular Ca2+-sensing receptor (CaR) is increasingly implicated in the regulation of
multiple cellular functions in the gastrointestinal tract, including secretion, proliferation and
differentiation of intestinal epithelial cells. However, the signaling mechanisms involved remain
poorly defined. Here we examined signaling pathways activated by the CaR, including Ca2+

oscillations, in individual human colon epithelial cells. Single cell imaging of colon-derived cells
expressing the CaR, including SW-480, HT-29 and NCM-460 cells, shows that stimulation of this
receptor by addition of aromatic amino acids or by an elevation of the extracellular Ca2+

concentration promoted striking intracellular Ca2+ oscillations. The intracellular calcium
oscillations in response to extracellular Ca2+ were of sinusoidal pattern and mediated by the
phospholipase C/diacylglycerol/inositol 1,4,5-trisphosphate pathway as revealed by a biosensor
that detects the accumulation of diacylglycerol in the plasma membrane. The intracellular calcium
oscillations in response to aromatic amino acids were of transient type, i. e. Ca2+ spikes that
returned to baseline levels, and required an intact actin cytoskeleton, a functional Rho, Filamin A
and the ion channel TRPC1. Further analysis showed that re-expression and stimulation of the
CaR in human epithelial cells derived from normal colon and from colorectal adenocarcinoma
inhibits their proliferation. This inhibition was associated with the activation of the signaling
pathway that mediates the generation of sinusoidal, but not transient, intracellular Ca2+

oscillations. Thus, these results indicate that the CaR can function in two signaling modes in
human colonic epithelial cells offering a potential link between gastrointestinal responses and
food/nutrients uptake and metabolism.
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INTRODUCTION
The progression of colorectal cancer (CRC) from normal colonic epithelium to the
malignant phenotype is associated with diverse genetic and epigenetic alterations, including
mutations of the adenomatous polyposis coli (APC) or the β-catenin genes (Kinzler and
Vogelstein, 1996). Extensive experimental and epidemiological evidence also suggest that
individual differences in dietary intake contribute to more variation in cancer incidence than
any other factor (Doll and Peto, 1981). For example, several animal experimental studies
support the notion that dietary Ca2+ prevents the development of intestinal cancer (Lipkin
and Newmark, 1995b; Newmark et al., 2009; Newmark et al., 2001; Yang et al., 2008). In
line with animal experiments, many observational studies in humans suggested that Ca2+-
rich diets are associated with reduced risk of CRC and reduced risk of colorectal adenomas
(Baron et al., 1999a; Baron et al., 1999b; Duris et al., 1996; Garland et al., 1985; Huncharek
et al., 2009; Lipkin and Newmark, 1995a; McCullough et al., 2003; Park et al., 2009; Pence,
1993; Pietinen et al., 1999; Slattery et al., 1988; Terry et al., 2002; Wu et al., 2002; Zheng et
al., 1998). Although the precise mechanisms mediating the chemopreventive properties of
Ca2+ remain incompletely understood, its mode of action in colon epithelial cells is likely
associated with the activation of signal transduction pathways that regulate their
proliferation and differentiation (Ahnen and Byers, 1998; Holt, 1999; Holt et al., 1998;
Lamprecht and Lipkin, 2003).

The extracellular Ca2+-sensing receptor (CaR), a member of the C family of heptahelical G
protein-coupled receptors (GPCR), was originally cloned from parathyroid chief cells
(Brown and MacLeod, 2001). Inactivating and activating mutations of the CaR in humans
(Hendy et al., 2000) and genetic disruption of the CaR gene in mice (Ho et al., 1995)
established that the CaR functions in the control of Ca2+ homeostasis. In addition to its role
as a sensor of extracellular Ca2+ ([Ca2+]o), the activity of the CaR expressed in HEK-293
cells is also regulated by amino acids that, like [Ca2+]o, stimulate increases in intracellular
Ca2+ ([Ca2+]i) (Conigrave et al., 2000; Young and Rozengurt, 2002). These findings
indicated that the CaR is an allosteric protein that recognizes and responds to two different
agonists, namely Ca2+ and aromatic amino acids. Although a major physiological role of the
CaR is to correct small changes in [Ca2+]o concentration by regulating parathyroid hormone
secretion, subsequent studies demonstrated that the CaR is also expressed in other tissues
and organs not directly involved in Ca2+ homeostasis (Quarles, 2003) including the entire
gastrointestinal (GI) tract (Conigrave and Brown, 2006; Hebert et al., 2004). However, little
is known about the regulation of this receptor and the signaling pathways it activates in
colon epithelial cells. Interestingly, CaR expression in differentiated colonic carcinomas is
greatly reduced or completely lost (Kallay et al., 2000; Sheinin et al., 2000), suggesting that
the suppression of its expression may be associated with abnormal differentiation and
malignant progression.

Oscillatory changes in [Ca2+]i in response to receptor stimulation is a fundamental
mechanism of cell signaling in both non-excitable and excitable cells that can protect cells
from the cytotoxic effects of prolonged increases in [Ca2+]i. There are two predominant
patterns in [Ca2+]i oscillations termed transient and sinusoidal. Transient oscillations are
represented by repetitive, low frequency, [Ca2+]i spikes that return to the base-line level
whereas sinusoidal ones correspond to high frequency [Ca2+]i oscillations upon a raised
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plateau level. We previously demonstrated that the stimulation of the CaR by aromatic
amino acids and [Ca2+]o in human fibroblasts promoted, respectively, transient and
sinusoidal [Ca2+]i oscillations and that each type of oscillation is associated with the
activation of a different signaling pathway (Rey et al., 2006b; Rey et al., 2005; Young and
Rozengurt, 2002; Young et al., 2002). As the frequency of [Ca2+]i oscillations plays a key
role in signal transduction, an allosteric interaction of [Ca2+]o and amino acids on the
production of [Ca2+]i oscillations by the CaR could provide a novel mechanism that could
distinguish and integrate the effect of these luminal and basolateral agonists in the GI tract.
However, it is not known whether [Ca2+]o and amino acids induce different patterns of
[Ca2+]i oscillations via the CaR in human colon-derived epithelial cells.

The results presented here demonstrate, for the first time, that the CaR can initiate transient
and sinusoidal [Ca2+]i oscillations in human epithelial cells derived from normal colon and
from colorectal adenocarcinoma and that these oscillations are mediated by distinct signal
transduction pathways. Furthermore, our results indicate that re-expression and [Ca2+]o-
induced stimulation of the CaR inhibits cell proliferation, a response associated with
sinusoidal, but not transient, [Ca2+]i oscillations.

MATERIALS AND METHODS
Cell culture, transfection and Western blot

The human colorectal adenocarcinoma cell lines SW-480 and HT-29 were obtained from
ATCC. NCM-460 cells, an immortalized cell line derived from normal human colon
mucosal epithelium (Moyer et al., 1996), were obtained from Incell Corp. All the cell lines
were maintained as recommended by the providers. SW-480, HT-29 and NCM-460 cells
were transiently transfected as previously described (Rey et al., 2005) with the human CaR
expression vector pCR3.1-CaR (0.5 μg/21 cm2 dish) (Ray et al., 1997). A SW-480 cell line
constitutively expressing the CaR was established by transfection with pCR3.1-CaR and
selection with 800 μg/ml of Geneticin™ (Invitrogen Corp.). The vectors encoding a fusion
protein between protein kinase D (PKD) and red fluorescent protein (pPKD-RFP),
Clostridium botulinum C3 exoenzyme and the 14 and 15 domains of human filamin-A were
previously described (Rey et al., 2001; Rey et al., 2005; Yuan et al., 2001). Western blot
analysis was performed as described (Rey et al., 2006a) and images captured using a
luminescent image analyzer LAS-4000 mini (Fujifilm Life Sciences).

mRNA amplification
To detect the expression of sequences encoding CaR (accession U20759) and actin
(accession V01217J00691) we employed reverse transcriptase-PCR (RT-PCR) with specific
oligonucleotides primers designed using MacVector v11.02 (MacVector, Inc.). The cDNA
sequences used to design the primers were for CaR forward primer (843-864) 5′-
GAGCCCCTCACAAGGAGATTG-3′, CaR reverse primer (1448-1470) 5′-
CCAGGTCACCACACTCATCAAAG-3′; Actin forward primer (134-153) 5′-
TGGGTATGGGTCAGAAGGAC-3′, Actin reverse primer (618-636) 5′-
AATGTCACGCACGATTTCC-3′. RT-PCR was performed on 5 μg of total RNA extracted
from semi-confluent SW-480, HT-29 and NCM-460 cells using TRIzol reagent (Invitrogen
Corp.). First-strand cDNA was synthesized at 45°C by using the designed CaR and actin
antisense oligonucleotides described above and ThermoScript Reverse Transcriptase II
(Invitrogen Corp.) under the conditions suggested by the manufacturer. A fraction of the
obtained cDNAs were amplified by PCR using Platinum Taq DNA Polymerase High
Fidelity (Invitrogen Corp.), as suggested by the manufacturer, and the sense and antisense
primers specific for CaR and actin indicated above. As control, in a set of reactions the sense
primers for CaR and actin were not added to the obtained cDNAs during the PCR
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amplification step. The products of PCR were resolved in 1.4% Agarose (Invitrogen
Corp.)-1XTBE buffer (100 mM Tris, 90 mM boric acid, 1 mM EDTA, pH 8.4). The gel was
stained for 60 min with ethidium bromide (0.5 μg/ml) in 1XTBE, followed by two 15 min
washes with distilled water. The gel was viewed and images captured using a luminescent
image analyzer LAS-4000 mini (Fujifilm Life Sciences). The predicted sizes of the RT-PCR
products for CaR and actin are 627 and 502 bp, respectively.

Cell imaging
[Ca2+]i was measured in single cells loaded with the calcium indicator fura-2 as previously
described (Young and Rozengurt, 2002). Briefly, cells were incubated in saline solution
containing 138 mM NaCl, 4 mM NaHCO3, 0.3 mM Na2HPO4, 5 mM KCl, 0.3 mM
KH2PO4, 1.5 mM CaCl2, 0.5 mM MgCl2, 0.4 mM MgSO4, 5.6 mM D-glucose, 20 mM
HEPES, pH: 7.4 which was supplemented with 5 μM fura-2 AM for 45-60 min at 37°C
before [Ca2+]i imaging. The cells were then washed and placed in an experimental chamber
that was perfused with saline solution at 1.5 ml/min at 37°C. The chamber in turn was
placed on the stage of an inverted microscope connected to a digital imaging system. Ratios
of images (340 nm excitation/ 380 nm excitation, emission filter 520 nm) were obtained at
1.5 sec intervals. A region of interest covering 15 μm X 15 μm was defined over each cell,
and the average ratio intensity over the region was converted to [Ca2+]i using an standard
curve constructed with a series of calibrated buffered calcium solutions (Calcium
Calibration Buffer Kit #2, Invitrogen Corp.). Identification of cells transiently transfected
with pCR3.1-CaR (0.5 μg/21 cm2 dish), the plasmid encoding Clostridium botulinum C3
exoenzyme (0.5 μg/21 cm2 dish) or pFilA14/15 (1.0 μg/21 cm2 dish) was achieved by co-
transfection with pDsRed-Express (BD Biosciences) (0.1 μg/21 cm2 dish), a vector that
encodes a red fluorescent protein. Single live-cell imaging of the fluorescent biosensor for
diacylglycerol (RFP-PKD) was performed as previously described (Rey et al., 2005)
analyzing 50 cells/experiment, with each experiment done at least in duplicate. The selected
cells displayed in the figures were representative of 90% of the population of RFP-PKD
positive cells.

Production of retroviruses and establishment of a CaR-inducible expression NCM-460 cell
line

The complete CaR cDNA coding sequence, spanning nucleotides −14 to +3277, was excised
from pCR3.1-CaR (Ray et al., 1997) using HindIII/AflIII and the ends filled with Klenow
polymerase. This cDNA fragment was subcloned into the Klenow-filled SpeI/XbaI sites of
the entry vector pEN_TmiRc3 (Shin et al., 2006) immediately downstream of the
tetracycline (Tet) responsive element effectively eliminating the microRNA related
sequences in the new entry pEN-CaR vector. The pEN-CaR vector was used in a
recombination cloning reaction with pSLIK-Venus (Shin et al., 2006) to achieve Tet-ON
regulated expression of CaR in a lentiviral vector. The resulting lentiviral expression vector
pSLIK-CaR was transfected along with third-generation lentivirus packaging vectors into
HEK-293T cells using Lipofectamine 2000 (Invitrogen Corp.). Plasmids were cotransfected
by using 10 μg of pSLIK-CaR plasmid, 7.5 μg of each of the two packaging plasmids
pMDLg/pRRE and pRSVREV, and 5 μg of the vesicular stomatitis virus (VSV) G envelope
plasmid. The transfection medium was replaced after 12 h with fresh DMEM medium with
10% FBS and the viral supernatant collected 48 h after transfection and concentrated by
using a Centricon Plus-70 filter unit (Millipore). Logarithmically growing NCM-460 cells
were infected at a low MOI to ensure <30% infection frequency such that the majority of
transduced cells contained single viral integrants. Cells were collected 48–72 h later, and
Venus (YFP)-positive cells were FACS-sorted using a Becton Dickinson FACStar PLUS
machine. Venus-positive cells were propagated, and multiple aliquots frozen.
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Materials
Antibodies were obtained from: GE Healthcare, horseradish peroxidase-conjugated donkey
anti-rabbit or anti-mouse IgG; Cell Signaling Technology, anti-phospho Ser-916 that
recognizes the phosphorylation of Ser-916 in PKD and Ser-876 in PKD2; Alomone Labs,
Israel, anti-TRPC1; BD Biosciences, anti-RFP; Affinity Bioreagents, anti-CaR; Abcam,
anti-αtubulin. Fura-2 AM was purchased from Invitrogen Corp. All the other reagents were
the highest grade commercially available.

RESULTS
Generation of [Ca2+]i oscillations by the CaR in colon-derived epithelial cells

In order to determine whether [Ca2+]i oscillations were elicited in response to CaR
stimulation in human colon-derived epithelial cells, SW-480 cells, a cell line derived from
human colorectal adenocarcinoma in which the expression of endogenous CaR is non-
detectable by RT-PCR (Fig. 1A), were transiently co-transfected with a plasmid encoding
the human CaR (pCR3.1-CaR) and a plasmid encoding a red fluorescent protein (pDsRed-
Express) to facilitate the identification of the transfected cells. After 16 h, the cultures were
loaded with the Ca2+ indicator fura-2 before the addition of either Ca2+ or L-Phe, potent
activators of the CaR (Conigrave and Brown, 2006;Conigrave et al., 2000;Young and
Rozengurt, 2002;Young et al., 2002). Single cell imaging of fura-2 loaded SW-480 cells
expressing the CaR revealed that a rise in [Ca2+]o from 1.5 mM to 3.0 stimulate, in the
transfected cells, an increase in [Ca2+]i in 84% of the examined cells (n=90). Further
analysis of SW-480 cells expressing the CaR indicate that a rise in [Ca2+]o from 1.5 mM to
3.0 promoted sinusoidal [Ca2+]i oscillations (Fig. 1B) with a mean frequency of 3.5 ± 0.8
min-1 (n=36). Sinusoidal [Ca2+]i oscillations were also elicited by 5 mM [Ca2+]o and halted
when the [Ca2+]o was returned to 1.5 mM (Fig. 1B). Addition of 3 mM or 5 mM [Ca2+]o to
non-transfected SW-480 cells did not induce any detectable change in [Ca2+]i in the
examined cells (n=50) (data not shown).

We next examined whether L-Phe-mediated stimulation of the CaR in SW-480 cells elicited
a different type of [Ca2+]i oscillations than the ones initiated by [Ca2+]o. Single-cell
intracellular Ca2+ imaging revealed that 5 mM L-Phe promoted an increase in [Ca2+]i in
28% of the cells (n=98). In agreement with previous reports (Conigrave et al., 2000), L-Trp,
but not L-Leu, also promoted an [Ca2+]i increment in 26% of the cells (n=40). Although the
precise mechanism mediating the difference in responsiveness to [Ca2+]o and L-Phe or L-
Trp needs further investigation, it is tempting to speculate that the response to these aromatic
amino acids may involve the formation on the cell surface of less abundant CaR oligomers
(Bai et al., 1998), e. g. tetramers, whereas [Ca2+]o-mediated responses could be elicited by
both dimers and tetramers. Further analysis of SW-480 cells expressing the CaR indicate
that L-Phe promoted transient [Ca2+]i oscillations with a mean frequency of 1.5 ± 0.2 min-1
(n=36) (Fig. 1B). The transient [Ca2+]i oscillations elicited by L-Phe were dependent on the
continued presence of L-Phe and a threshold [Ca2+] above 1.0 mM (data not shown).
Addition of 5 mM L-Phe or 5 mM L-Trp to non-transfected SW-480 cells did not induce
any detectable change in [Ca2+]i in the analyzed cells (n=50) (data not shown). Our results
also indicate that the same cell could be sequentially stimulated to generate transient and
sinusoidal [Ca2+]i oscillations (Fig. 1B), indicating that neither type of [Ca2+]i oscillations
interfere with the subsequent cellular response to the alternative CaR agonist (Fig. 1B)

To extend these observations, we examined whether stimulation of the CaR in HT-29 and
NCM-460 cells, two human colon-derived epithelial cell lines with non-detectable
endogenous CaR (Fig. 1A), also generate transient and sinusoidal [Ca2+]i oscillations.
HT-29 and NCM-460 cells were transiently co-transfected with pCR3.1-CaR and pDsRed-
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Express and loaded with fura-2 before stimulation. As shown in Fig. 1C, intracellular Ca2+

imaging revealed that stimulation of CaR-expressing HT-29 and NCM-460 cells with 5 mM
L-Phe or 5 mM [Ca2+]o also promoted transient and sinusoidal [Ca2+]i oscillations,
respectively. In agreement with the results obtained with SW-480 cells, [Ca2+]o-mediated
stimulation of transiently expressed CaR elicited sinusoidal oscillations in 75% of HT-29
(n=20) and in 90% of NCM-460 cells (n=30) whereas L-Phe promoted an increment in
[Ca2+]i in 25% (n=20) and 35% (n=30) of HT-29 and NCM-460 cells, respectively.
Addition of 5 mM L-Phe or 5 mM [Ca2+]o to non-transfected HT-29 or NCM-460 cells did
not induce any detectable change in [Ca2+]i in the examined cells (data not shown). These
studies provide, for the first time, a strong indication that the CaR can function in two
signaling modes in human colon-derived epithelial cells. These results also indicate that the
signaling pathways that regulate the generation of transient and sinusoidal [Ca2+]i
oscillations in response to the stimulation of the CaR are functional in human cells derived
from normal colon mucosal epithelium and colorectal adenocarcinomas.

PKC inhibition interferes with CaR-mediated [Ca2+]i oscillations
In order to avoid the limitations associated with transient transfection, i. e. variable number
of transfected cells and fluctuating amounts of expressed protein, we established a cell line
constitutively expressing the CaR. SW-480 cells were transfected with a plasmid encoding
the human CaR under the control of a cytomegalovirus promoter and the cells were selected
in the presence of the antibiotic Geneticin™ (Invitrogen Corp.). Clones were isolated and
further propagated in order to examine the activity of the CaR. CaR stimulation by L-Phe or
[Ca2+]o generated transient and sinusoidal [Ca2+]i oscillations in several clones. We used in
the subsequent studies presented here the clone SWCaR#3 (Fig. 2) because it expresses a
relatively low amount of CaR (data not shown) compared to a cell model of HEK-293 cells
stably transfected with the same CaR encoding plasmid (Rey et al., 2006b;Rey et al.,
2005;Young et al., 2002).

We next examined some fundamental properties of CaR-mediated [Ca2+]i oscillations in
colonic epithelial cells. Previous studies demonstrated that inhibition of PKC activity
blocked the transient and sinusoidal [Ca2+]i oscillations in HEK-293 cells expressing the
CaR (Young and Rozengurt, 2002; Young et al., 2002). Accordingly, we examined whether
exposure to selective PKC inhibitors eliminates L-Phe and [Ca2+]o-elicited oscillatory
changes in [Ca2+]i. Pretreatment of SWCaR#3 cells with the PKC inhibitor Ro-31-8220
inhibited the [Ca2+]i oscillations in response to 5 mM L-Phe (n=30) (Fig. 2). Pretreatment of
SWCaR#3 cells with Ro-31-8220 also blocked the generation of sinusoidal [Ca2+]i
oscillations in response to 3 mM [Ca2+]o (n=30). However, and in contrast to the results
obtained with L-Phe, up to 50% of the cells exhibited a non-oscillatory increase in [Ca2+]i
from an average baseline of 297 nM in Ro-31-8220 treated-cells compared to a baseline of
119 nM in untreated cells (n=30). The amplitude of the oscillations at the peak of the wave
elicited by 3 mM [Ca2+]o was dramatically reduced from 95.2 ± 14.0 nM in control
SWCaR#3 cells (n=30) to 3.5 ± 2.0 nM in Ro-31-8220-treated cells (n=30). Similar results
were obtained when 5 mM [Ca2+]o was used to stimulate the Ro-31-8220-treated cells (data
not shown). Pretreatment of SWCaR#3 cells with GFI, another selective PKC inhibitor, also
suppressed the generation of transient and sinusoidal [Ca2+]i oscillations but it did not block
the nonoscillatory increase in [Ca2+]i in response to [Ca2+]o stimulation. A small number of
GFI-treated cells (3.8%, n=50) still responded to L-Phe with a non-oscillatory increase in
[Ca2+]i (Fig. 2) very likely due to the different IC50 of Ro-31-8220 and GFI for the PKC
isoforms (Martiny-Baron et al., 1993; Toullec et al., 1991; Wilkinson et al., 1993). Thus,
these results suggest that PKC negatively modulates the coupling of the CaR to intracellular
signaling systems in colon-derived epithelial cells.
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CaR stimulation by [Ca2+]o, but not by L-Phe, triggers DAG production
We previously employed a set of sensors developed in our laboratory to monitor in real-time
the synthesis of different second messengers in response to GPCRs stimulation (Kisfalvi et
al., 2007; Rey et al., 2005). For example, to detect diacylglycerol (DAG) synthesis we
monitored the intracellular distribution of a fusion protein consisting of protein kinase D
(PKD) and a red fluorescent protein (PKD-RFP) (Kisfalvi et al., 2007; Rey et al., 2005).
PKD is a Ca2+-insensitive serine/threonine kinase that rapidly translocates from the cytosol
to the plasma membrane in response to phospholipase C β (PLCβ)-mediated DAG
production following GPCR stimulation (Rey et al., 2004; Rey et al., 2001). Accordingly,
we decided to employ the DAG sensor to further dissect the signaling pathways activated by
the CaR.

SWCaR#3 cells transfected with the DAG sensor encoding PKD-RFP were stimulated by
increasing the [Ca2+]o from 1.5 to 5 mM and the intracellular distribution of the sensor
monitored in live cells as previously described (Rey et al., 2001). In non-stimulated cells,
the DAG sensor was distributed throughout the cytoplasm but excluded from the nucleus
(Fig. 3). [Ca2+]o-mediated CaR stimulation induced a rapid translocation of the DAG sensor
from the cytosol to the plasma membrane that peaked after 2 min (Fig. 3, arrows). The
plasma membrane localization of the sensor was transient, returning within 4-6 min to the
cellular compartment, i. e. cytoplasm, it occupied before stimulation (Fig. 3). In contrast to
the results obtained after [Ca2+]o-mediated CaR stimulation, 5 or 10 mM L-Phe did not
induce any detectable redistribution of the DAG sensor in SWCaR#3 cells (data not shown).

The plasma membrane translocation of PKD, in response to GPCR-induced DAG synthesis,
is associated with its activation as revealed by the phosphorylation of Ser-916, a major
autophosphorylation site on PKD (Matthews et al., 1999; Rey et al., 2004). In view of the
results presented above, we hypothesized that [Ca2+]o, but not L-Phe, stimulation of the CaR
should promote the phosphorylation of Ser-916 in the PKD moiety of the DAG biosensor.
Accordingly, SWCaR#3 cells transiently transfected with pPKD-RFP were incubated in a
saline solution containing 5 mM Ca2+ or 5 mM L-Phe for 10 min before being analyzed by
Western blot with an antibody that detects the phosphorylation of Ser-916 in PKD. In
agreement with the real-time imaging results, we found that [Ca2+]o, but not L-Phe, induced
a marked increase in Ser-916 phosphorylation denoting PKD catalytic activation (Fig. 3).
Thus, these results indicate that although both CaR agonists initiate [Ca2+]i oscillations, only
[Ca2+]o stimulates DAG synthesis in colon epithelial cells suggesting that the transient
[Ca2+]i oscillations elicited by L-Phe are mediated by a PLCβ-independent signaling
pathway.

Disruption the actin cytoskeleton interferes with CaR-mediated [Ca2+]i oscillations
Our results suggest that in colon-derived epithelial cells, CaR-mediated [Ca2+]i oscillations
in response to aromatic amino acids could be elicited by a different signaling pathway than
the one generating sinusoidal [Ca2+]i oscillations. We hypothesized that if aromatic amino
acids and extracellular calcium were activating two different signaling pathways, distinct
signaling transducers should also be associated with each pathway. A number of studies
have shown that the organization of the actin cytoskeleton plays a role in the generation of
[Ca2+]i oscillations in at least some cell types (Patterson et al., 1999; Rey et al., 2005;
Ribeiro et al., 1997). Accordingly, we treated SWCaR#3 cells with cytochalasin D (CytD),
which induces F-actin depolymerization through the disruption of actively turning over actin
stress fibers, to determine whether disruption of the actin cytoskeleton affected the [Ca2+]i
oscillations mediated by the CaR.
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Pretreatment of SWCaR#3 cells with CytD completely abolished the production of L-Phe
mediated transient [Ca2+]i oscillations (n=40) (Fig. 4A). However, the same treatment did
not affect the percentage of SWCaR#3 cells (n=50), that exhibited [Ca2+]i oscillations after
[Ca2+]o-mediated CaR stimulation (Fig. 4A) when compared to untreated SWCaR3# cells,
Disruption of microtubules with nocodazole, an agent that prevents the formation of
microtubules by binding to tubulin monomers, did not interfere with the production of either
transient or sinusoidal [Ca2+]i oscillations (data not shown). These results indicate that, in
colon-derived epithelial cells, the organization of the actin cytoskeleton is necessary for
CaR-mediated generation of transient, but not sinusoidal, [Ca2+]i oscillations.

Rho inhibition interferes with CaR-mediated [Ca2+]i oscillations
The small GTP-binding proteins of the Rho family, including Rho, Rac and Cdc-42, play a
critical role in regulating the organization of the actin cytoskeleton (Burridge and
Wennerberg, 2004). Because disruption of the actin cytoskeleton prevented the production
of transient [Ca2+]i oscillations by the CaR, we examined whether Rho GTPases are
required for the generation of [Ca2+]i oscillations in colon-derived epithelial cells. Treatment
of SWCaR#3 cells with Clostridium difficile toxin B (TxB), which inactivates Rac, Cdc-42
and Rho (Aktories, 1997; Just et al., 1994), or with Clostridium botulinum C3 exoenzyme
(C3), which specifically inactivates Rho (Sekine et al., 1989), did not affect the [Ca2+]i
response mediated by [Ca2+]o stimulation of the CaR (n=50) (Fig. 4A). However, the same
toxins abrogated up to 90% the transient [Ca2+]i oscillations evoked by L-Phe (n=50),
indicating that Rho is a downstream effector in a signaling cascade triggered by L-Phe
stimulation of the CaR. Thus, these results show that in colon-derived epithelial cells
transient, but not sinusoidal, [Ca2+]i oscillations are Rho-dependent further reinforcing the
concept that the CaR can function in two signaling modes.

CaR-mediated transient [Ca2+]i oscillations generation involves Filamin-A and TRPC1
Filamin-A, a large scaffold protein that interacts with the C-terminal region of the CaR
(Awata et al., 2001; Hjalm et al., 2001; Pi et al., 2002) has been implicated in CaR-mediated
Rho signaling (Pi et al., 2002). In view of our results, we examined whether this interaction
played a role in the production of [Ca2+]i oscillations mediated by CaR. We transiently
expressed the 14 and 15 domains of filamin-A (Fil-A14/15) to disrupt the interaction
between endogenous filamin-A and the CaR (Awata et al., 2001; Hjalm et al., 2001; Pi et al.,
2002) and determined the [Ca2+]i oscillations in response to L-Phe or [Ca2+]o stimulation.
As shown in Fig. 4B, the expression of this truncated form of filamin-A selectively
prevented up to 85% of transfected SWCaR#3 cells (n=50) from responding to L-Phe.
However, the expression of Fil-A14/15 in SWCaR#3 cells (n=50) did not interfere with the
[Ca2+]i response after [Ca2+]o stimulation of the CaR (Fig. 4B). These results suggest that in
colon-derived epithelial cells the interaction of the C-terminus of the CaR with filamin-A
play is involved in the generation of transient [Ca2+]i oscillations.

Transient receptor potential channel 1 (TRPC1), which is a highly conserved and widely
expressed membrane protein that allows the flux of small cations including sodium and
calcium (Beech et al., 2003), is involved in CaR-mediated generation of transient [Ca2+]i
oscillations in HEK-293 cells (Rey et al., 2006b). To test whether TRPC1, which is
expressed in SW-480 cells (data not shown), also plays a role in CaR-mediated [Ca2+]i
oscillations in colon-derived epithelial cells, we interfered in vivo with the activity of this
ion channel with an antibody that binds a peptide sequence located in the pore region of
human TRPC1 (Rey et al., 2006b; Rosado et al., 2002). In agreement with previous reports
from our laboratory using HEK-293 cells (Rey et al., 2006b), we found that exposure of
SWCaR#3 cells to the TRPC1 antibody blocked L-Phe-elicited transient [Ca2+]i oscillations
in up to 90% of the cells (n=45) (Fig. 4B) without preventing the [Ca2+]o-mediated [Ca2+]i
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responses (Fig. 4B). SWCaR#3 cells incubated with a control rabbit anti-c-myc (15 μg)
responded to L-Phe and [Ca2+]o stimulation with the production of transient and sinusoidal
[Ca2+]i oscillations (data not shown). Thus, these results show that in colon-derived
epithelial cells TRPC1 is a component of a functional signaling complex formed in the
presence of the CaR that mediates transient [Ca2+]i oscillations.

CaR-mediated signaling impairs colon-derived epithelial cells proliferation
In the normal GI tract exist a gradient of CaR expression from non-detectable, in the
proliferating cells at the bottom of the crypt, to highly expressed in the differentiated cells at
the top of the crypt (Chakrabarty et al., 2005). In order to mimic this CaR expression
gradient, NCM-460 cells were transduced with a retrovirus encoding the human CaR under
the control of an inducible Tet promoter (Tet-ON). Western blot analysis of the obtained
NCMiCaR cell line indicates that the CaR is not detectable in the absence, or a very low
concentrations (0.01 μg/ml), of the inducer doxycycline, a member of the tetracycline
antibiotics group (Fig. 5A). Addition of higher concentrations of doxycycline increased, in a
dose-dependent manner, the synthesis of a protein with the predicted MW for the
nonglycosylated monomeric CaR (121 kDa, arrow) and additional heavier bands
corresponding to the glycosylated receptor (Fig. 5A) (Bai et al., 1996; Brown et al., 1993;
Ward et al., 1998). As shown in Fig. 5B, NCMiCaR cells responded to L-Phe and [Ca2+]o
with the generation of transient and sinusoidal [Ca2+]i oscillations. In agreement with the
results obtained with SWCaR#3 cells, only [Ca2+]o stimulation of the CaR promoted the
activation and autophosphorylation of Ser-876 in PKD2, the predominant PKD isoform
expressed in NCM-460 cells (Chiu et al., 2007; Papazyan et al., 2008) (Fig. 5C).

Several lines of evidence suggest that Ca2+ can exert, through the CaR, an anti-proliferative
effect in normal colonic epithelium and in colorectal carcinomas-derived cells (Saidak et al.,
2009). In order to examine whether CaR-mediated sinusoidal and/or transient [Ca2+]i
oscillations are associated with proliferative responses in cells derived from intestinal
epithelium, NCM-460, NCMiCaR, SW-480 and SWCaR#3 cells were incubated in the
presence of DMEM containing 10% fetal bovine serum supplemented with 1.5 mM or 5 mM
Ca2+. In the case of the NCMiCaR cells, the DMEM media was supplemented with 0.5 μg/
ml of doxycycline to promote the synthesis of the CaR. The different cell lines were
collected at the indicated times and their numbers determined with a Z1 Coulter particle
counter. As shown in Fig. 6A, no significant difference was detected in the proliferation of
NCM-460 or SW-480 cells incubated in the presence of 1.5 mM or 5 mM Ca2+. However,
the proliferation response of the cell lines expressing the CaR indicates that 5 mM Ca2+

promotes a significant inhibition in their proliferation. No differences were detected in the
proliferation of NCM-460, NCMiCaR, SW-480 or SWCaR#3 cells incubated in the presence
of DMEM containing 10% fetal bovine serum supplemented with 1.5 mM Ca2+ and 5 mM
L-Phe (data not shown).

In addition to proliferation inhibition, NCMiCaR cells adopted a flattened morphology and
extended cell-to-cell contacts (arrows) in response to 5 mM Ca2+ (Fig. 6B), a phenotype also
observed in SWCaR#3 cell incubated under the same conditions (data not shown). In
contrast, L-Phe stimulation of NCMiCaR (Fig. 6B) or SWCaR#3 cells (data not shown) did
not result in any morphological changes compared to cells incubated in DMEM containing
10% fetal bovine serum supplemented with 1.5 mM Ca2+. Thus, these results indicate that in
colon-derived epithelial cells sinusoidal, but not transient, [Ca2+]i oscillations promote
morphological changes and proliferation inhibition and suggest that colorectal
adenocarcinomas have the complex machinery necessary for downstream events triggered
by the stimulation of the CaR including the regulation of proliferation responses.
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DISCUSSION
In mammals, the CaR is expressed along the entire GI tract. CaR transcripts and/or protein
have been found in parietal, mucous and gastrin secreting cells of the stomach, villus cells of
the small intestine and in different types of epithelial cells present in the colon (Conigrave
and Brown, 2006; Hebert et al., 2004). In contrast to normal GI cells, the expression of the
CaR is greatly reduced or completely lost in differentiated colorectal carcinomas (Kallay et
al., 2000; Sheinin et al., 2000), suggesting that loss of this GPCR is associated with
abnormal differentiation and malignant progression (Chakrabarty et al., 2003). Because it
has been proposed that the CaR plays an important role in the regulation of intestinal
epithelial cell proliferation and differentiation (Lamprecht and Lipkin, 2003; Saidak et al.,
2009), a critical question is whether re-expression of the CaR in intestinal epithelial cells
result in a receptor capable of mediating early (e. g. Ca2+ signaling) and late (e. g.
proliferation) responses.

Previous studies in human fibroblast lead us to propose a model to explain the mechanism
by which the CaR can function in two different modes, triggering sinusoidal oscillations in
response to an increase in [Ca2+]o or transient oscillations in response to aromatic amino
acids (Rey et al., 2006b; Rey et al., 2005; Young and Rozengurt, 2002; Young et al., 2002).
In this model, [Ca2+]o-induced CaR activation stimulates PLCβ which in turn promotes the
synthesis of inositol 1,4,5-trisphosphate (Ins (1,4,5)P3) and DAG. Ins (1,4,5)P3 mobilizes
Ca2+ from the internal stores and DAG activates PKC. Activated PKC then phosphorylates
the CaR providing the negative feedback needed to cause sinusoidal [Ca2+]i oscillations.
Accordingly, inhibition of PKC abolished the [Ca2+]i oscillations mediated by [Ca2+]o
without affecting the increase in [Ca2+]i. In contrast to [Ca2+]o, the binding of aromatic
amino acids to a topographically distinct site of the Ca2+ binding sites in the extracellular
domain of the CaR does not stimulates PLCβ but engages, through its cytoplasmic tail, a
multiprotein complex that includes Rho, filamin-A and TRPC1. This interaction leads to
TRPC1 channel opening and extracellular Ca2+ entry, which is further stimulated by PKC,
leading to the generation of transient [Ca2+]i oscillations.

In the present study, we present several lines of experimental evidence indicating that the
proposed model of CaR as a mediator of transient and sinusoidal [Ca2+]i oscillations
operates in colon-derived epithelial cells in which the CaR was re-expressed. The notion that
the CaR can act in colon-derived epithelial cells through PLCβ-dependent and -independent
pathways was substantiated by the difference in the ability of the CaR agonists to induce
translocation of the DAG biosensor PKD-RFP from the cytosol to the plasma membrane.
Specifically, [Ca2+]o-elicited CaR stimulation induced a rapid translocation of PKD-RFP
from the cytoplasm to the plasma membrane indicative of DAG production. [Ca2+]o-elicited
CaR activation also induced a remarkable increase in the phosphorylation of PKD Ser-916
and PKD2 Ser-876 in SW-480 and NCM-460 cells, respectively, another indication of DAG
production (Matthews et al., 1999; Rey et al., 2004; Rey et al., 2005). In striking contrast,
parallel experiments demonstrated that addition of L-Phe, at concentrations that induced the
production of robust and lasting transient [Ca2+]i oscillations, did not stimulate any
detectable DAG synthesis in these cell lines as revealed by the lack of plasma membrane
translocation of the DAG biosensor and of PKD Ser-916 or PKD2 Ser-876 phosphorylation.
We also showed that PKC inhibition abolishes sinusoidal and transient CaR-mediated
[Ca2+]i oscillations without blocking the nonoscillatory increase in [Ca2+]i in response to
[Ca2+]o stimulation, indicating that PKC negatively modulates the coupling of the CaR to
intracellular signaling systems. The results presented in this study also demonstrate that L-
Phe-elicited transient [Ca2+]i oscillations were selectively abolished in colon-derived
epithelial cells by multiple approaches targeting key signal transducer proposed in our
model. These include pharmacological disruption of the actin cytoskeleton with cytochalasin
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D, inactivation of Rho GTPases with Clostridium difficile toxin B and with Clostridium
botulinum C3 exoenzyme, interference with the binding of filamin-A to the CaR and
obstruction of the activity of TRPC1 via an antibody that binds the pore region of this ion
channel. In agreement with the proposed model of CaR regulation, we demonstrated in each
case suppression of [Ca2+]i signaling in response to amino acid stimulation but retention of
[Ca2+]i signaling induced by an elevation of [Ca2+]o. The capacity of the CaR to couple to
PLCβ or to TRPC1 in response to Ca2+ and aromatic amino acids could explain the
remarkable ability of this receptor to mediate sinusoidal and transient patterns of [Ca2+]i
oscillations.

The Wnt/β-catenin signalling pathway is activated in 90% of human colon cancers by
nuclear accumulation of β-catenin protein due to its own mutation or to that of APC. In the
nucleus, β-catenin regulates gene expression promoting cell proliferation, migration and
invasiveness. SW-480 cells, which were established from a primary human colon
adenocarcinoma, harbor most of the genetic abnormalities that characterize advanced colon
cancers including a non-functional APC (Leibovitz et al., 1976; Schwarte-Waldhoff et al.,
1999; Tomita et al., 1992). Nevertheless, re-expression and [Ca2+]o-mediated stimulation the
CaR was sufficient to inhibit SW-480 proliferation to the same extent as observed in
NCM-460 cells derived from normal human colon mucosal epithelium expressing functional
APC and β-catenin proteins (Hope et al., 2008). This remarkable finding suggest that
sinusoidal, but not transient, [Ca2+]i oscillations are associated with growth inhibition.
Although further experiments are needed to characterize the precise mechanism by which
the CaR promotes proliferation inhibition, alternative pathways that regulate the activity of
β-catenin, such as downregulation of its expression via Wnt5 secretion (MacLeod et al.,
2007) or regulation of its transcriptional activity by dephosphorylation (Fang et al., 2007;
Taurin et al., 2006), could be responsible for the observed effects.

Collectively, our results show that in human colon-derived epithelial cells stimulation of the
CaR by aromatic amino acids or by extracellular Ca2+ promotes transient and sinusoidal
[Ca2+]i oscillations by activating distinct signal transduction pathways. The extensive
presence of the CaR in the GI tract and its unique capability to recognize and differentially
respond to aromatic amino acids and extracellular Ca2+ provides a potential link between
dietary metabolism and GI responses including growth, differentiation and colon cancer
progression.
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Fig. 1. Expression of CaR in SW-480, HT-29 and NCM-460 cells
(A) RT-PCR was performed using specific primers for mRNAs encoding the human CaR
and actin (see Materials and Methods) on 5 μg of total RNA isolated from semi-confluent
cultures of each cell line. PCR products were resolved on 1.4% agarose and the gel was then
stained with ethidium bromide. Products of the predicted size for the CaR (627 bp) and actin
(502 bp) were detected only when both antisense and sense primers were included during
the PCR reaction. Human CaR cDNA (50 ng) was used as control for the CaR RT-PCR; bp:
base pairs. The results are representative of two independent experiments. CaR-mediated
[Ca2+]i oscillation in human colon-derived epithelial cells. (B, C) SW-480, HT-29 and
NCM-460 cells transiently co-transfected with a plasmid encoding the human CaR (pCR3.1-
CaR) and a plasmid encoding a red fluorescent protein (pDsRed-Express) to facilitate the
identification of the transfected cells were loaded after 16 h with the Ca2+ indicator fura-2
and perfused with a solution containing the indicated Ca2+ or L-Phe concentrations during
the times denoted by the horizontal bars. Control: SW-480 cells transiently co-transfected
with pCR3.1-CaR and pDsRed-Express loaded after 16 h with the Ca2+ indicator fura-2 and
perfused with a solution containing 1.5 mM Ca2+.
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Fig. 2. Effect of PKC inhibitors in CaR-mediated [Ca2+]i oscillations
SW-480 cells constitutively expressing the CaR (SWCaR#3) were incubated in the presence
of the selective PKC inhibitors Ro 31-8220 (1.25 μM) or GFI (3.5 μM) simultaneously with
the Ca2+ indicator fura-2 for 1 h before being perfused with a solution containing 5 mM L-
Phe or 3 mM Ca2+ during the times denoted by the horizontal bars.
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Fig. 3. CaR stimulation promotes DAG synthesis in human colon-derived epithelial cells
SWCaR#3 cells transiently transfected with a plasmid encoding a sensor for DAG (PKD-
RFP) were perfused with a saline solution at 37°C containing 5 mM Ca2+ during the
indicated times and the intracellular distribution of the sensor monitored using a
fluorescence microscope. The selected cells displayed in the figure were representative of
90% of the population of cells expressing PKD-RFP. Alternatively, SWCaR#3 cells
transiently transfected with pPKD-RFP were incubated with a saline solution containing 5
mM Ca2+ or 5 mM L-Phe for 10 min, lysed and analyzed by Western blot using an antibody
that detects the phosphorylation of Ser-916 in PKD (anti-pS916) and antibody against RFP
(anti-RFP) for expression and loading control. Bar: 10 μm.
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Fig. 4. CaR-mediated [Ca2+]i oscillations in human colon-derived epithelial cells requires the
actin cytoskeleton, Rho GTPases, Filamin A and TRPC1
(A, B) SWCaR#3 cells pretreated for 1 h with 2 μM cytochalasin-D (CytD) or with toxin B
from Clostridium difficile (TxB) (40 ng/ml) were loaded with the Ca2+ indicator fura-2 and
subsequently perfused with a saline solution containing the 5 mM L-Phe or 5 mM Ca2+

during the times indicated by the horizontal bars. The [Ca2+]i oscillations were measured in
individual cells. Parallel cultures of SWCaR#3 cells were transiently co-transfected with
plasmids encoding Clostridium botulinum C3 exoenzyme (C3) and pDsRed-Express or with
plasmids encoding the 14 and 15 domains of human filamin-A (FilA14/15) and pDsRed-
Express. psDsRed-express was used to facilitate the identification of the transfected cells.
After 18 h, the transfected cells were loaded with fura-2 before determining the [Ca2+]i
oscillations. Alternatively, SWCaR#3 cells loaded with fura-2 were incubated for 10 min
with 15 μg of anti-TRPC1 (anti-TRPC1) before the [Ca2+]i oscillations were measured in
individual cells. Control: untreated SWCaR#3 cells expressing DsRed Express.
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Fig. 5. Characterization of NCMiCaR cells
(A) NCMiCaR cells were incubated with the indicated concentrations of doxycycline (Dxc),
as inducer of the CaR expression, for 16 h before being lysed and analyzed by Western blot
using a rabbit polyclonal antibody against the CaR and a mouse monoclonal antibody
against α-tubulin for expression and loading control. (B) NCMiCaR incubated for 16 h with
0.5 μg/ml of doxycycline were loaded with the Ca2+ indicator fura-2 and subsequently
perfused with a saline solution containing the 5 mM L-Phe or 5 mM Ca2+ during the times
indicated by the horizontal bars. (C) NCMiCaR incubated for 16 h with 0.5 μg/ml of
doxycycline were challenged with 5 mM Ca2+ or 5 mM L-Phe for 10 min, lysed and
analyzed by Western blot using a rabbit polyclonal antibody (anti-pS916) that detects the
phosphorylation of the equivalent serine residues in PKD (Ser-916) and PKD2 (Ser-876)
and a mouse monoclonal antibody against α-tubulin for expression and loading control.
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Fig. 6. Effect of CaR stimulation on colon-derived epithelial cells proliferation and morphology
(A) NCM-460 cells, NCMiCaR, SW-480 and SWCaR#3 cells incubated in DMEM
containing 10% FBS supplemented 1.5 mM (closed circles) or 5 mM Ca2+ (open triangles)
and 0.5 μg/ml of doxycycline for NCMiCaR cells were collected at the indicated times and
counted with a Z1 Coulter particle counter. Mean values ± standard error of the mean, n=6.
(B) NCM-460 cells and NCMiCaR incubated for 16 h without or with 0.5 μg/ml of
doxycycline (+ Dxc) were challenged with 5 mM L-Phe or 5 mM Ca2+ for 10 min and
examined by bright field microscopy. Images were acquired using a Spot Pursuit digital
camera (Diagnostic Instruments Inc.). Bar: 10 μm.
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