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Abstract
One of the major complications in patients with long standing inflammatory
bowel disease (IBD) is colitis-associated colon cancer. The signaling pathways that
promote the transformation of colitis to colorectal cancer (CRC) are unknown but one
candidate is the prolonged interaction between tumor necrosis factor alpha (TNF-α) and
its receptor, TNFR1. This interaction may stimulate a defective Wnt signaling pathway to
evoke epithelial cells to hyperproliferate. This crypt hyperproliferation can lead to the
development CRC. Activation of Extracellular Calcium-sensing receptor (CaSR) a Gprotein coupled receptor, on sub-epithelial myfibroblasts has been found to stimulate the
expression of Wnt5a, a member of Wnt family, while CaSR activation on the epithelial
cells stimulates Wnt5a receptor, Ror2, a member of receptor tyrosine kinase family.
Wnt5a/Ror2 (non canonical signaling) interaction has been suggested to decrease TNFR1
expression and inhibit Wnt/β-catenin signaling to regulate cellular growth. The aims of
this thesis were to determine whether increased dietary calcium will increase colonic
CaSR expression, characterize the colons of “rescued” CaSR/PTH double homozygous
knockout and their response to an acute model of colitis, and assess whether CaSR
activation influenced the status of Low-density lipoprotein receptor-related protein 6
(pLRP6), co-receptor for Wnt, in cell culture models. Our results demonstrated that CaSR
expression is higher in the colon of the NIH-Swiss Webster mice after feeding them 2%
calcium alone or in conjunction with vitamin D for four weeks compared to two weeks,
suggesting that dietary calcium alone or together with vitamin D can regulate colonic
CaSR expression. We found the CaSR-/PTH- colons had a significant reduction in the non
canonical signaling and enhanced Wnt/β-catenin signaling and the amount of
ii

inflammation was increased, suggesting that CaSR can inhibit Wnt/β-catenin signaling in
the colonic crypt and acts as an anti-inflammatory signal. Our results demonstrated that
CaSR activation alone in CaSR-HEK and RKO cells reduced Wnt-stimulated LRP6
phosphorylation suggesting a crucial role of CaSR in the inhibition of LRP6
phosphorylation. The observations seen in this study strongly suggest a role for CaSR in
inhibiting the defective Wnt/β-catenin signaling pathway, induced colitis, and LRP6
phosphorylation to regulate cellular growth.
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Chapter 1
Introduction
1.1 Colitis-associated colon cancer
Chronic intestinal inflammation is a known risk factor for colorectal cancer
(CRC) and is of particular significance in patients with inflammatory bowel disease
(IBD) (Dobbins, 1984; Mattar et al., 2011). The cellular and molecular mechanisms that
transform colitis to colon cancer are unknown but one potential mechanism is via tumor
necrosis factor alpha (TNF-α), a potent inflammatory cytokine (Popivanova et al., 2008).
Prolonged TNF-α expression and TNFR1 is a characteristic molecular change associated
with chronic colitis. In turn, TNF signaling leads to downstream activation of the Wnt
pathway thereby stimulating unregulated cellular growth (Nielsen et al., 2000).
Most cytokines such as TNF-α promote inflammation and eventual tumor
formation through the activation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), a transcription factor that stimulates cellular growth (Karin,
2006). Aberrant activation of NF-kB has been found in more than 50 % of colitisassociated colon cancer and CRC cases suggesting the potential role of NF-kB in tumor
formation (Kojima et al., 2004; Greten et al., 2005). NF-kB activation can mediate
tumorigenesis through the stimulation of cellular growth and angiogenesis, inhibition of
apoptosis and promotion of multiple metastatic mechanisms (Naugler et al., 2008). Thus,
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irregular activation of TNF-α can initiate several signaling pathways and leads to the
formation of colon cancer.

As study by Pacheco and MacLeod (2008) demonstrated that in vitro activation of
the extracellular calcium-sensing receptor (CaSR) on sub-epithelial myfibroblasts
stimulates the expression and secretion of Wnt5a, a member of wnt family, while CaSR
activation on the epithelial cells stimulates Wnt5a receptor, Receptor tyrosine kinase-like
orphan receptor 2 (Ror2). This increase in Wnt5a/Ror2 has been found by Kelly et al
(2011) to reduce TNFR1 protein expression (Figure 1.1). The reduction in TNF signaling
is demonstrated to prevent TNF-α induced intestinal barrier damage.

Interestingly, Macleod et al (2007) demonstrated that Wnt5a/Ror2 interaction has
been linked to inhibit defective Wnt/β-catenin signaling pathway to control cellular
growth and subsequently, the development of colon cancer. Colon cancer is the second
largest cause of cancer related deaths in Canada (Segditsas and Tomlinson, 2006).
Finding a new preventative pathway of colon cancer is essential because colon cancer
patients who have been treated with chemotherapy for long time become resistant to it.
Increased calcium intake has been linked to reduce colon cancer indices and prevents the
recurrences of adenomas (Shaukat et al., 2005; Park et al., 2009).
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Figure 1.1 CaSR activation stimulates Wnt5a/Ror2 expression to decrease TNFR1.
CaSR activation stimulates Wnt5a expression and secretion from the colonic epithelial
myofibroblast and stimulates Ror2 expression o the epithelial cells. Wnt5a/Ror2
engagement decreases TNFR1 expression. Modified from Kelly JC, P. Lungchukiet, and
R. John MacLeod. Extracellular calcium-sensing receptor inhibition of intestinal
epithelial TNF signaling requires CaSR-mediated Wnt5a/Ror2 interaction. Frontiers in
physiology 10.3389/00017, 2011.
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1.2 Calcium Chemoprevention of Colon Cancer
According to the Canadian Cancer Society, 61 Canadians will be diagnosed with
colorectal cancer and 24 Canadians will die of colorectal cancer every day (Canadian
cancer Web address). Early detection of colon cancer is difficult and compliance with
early screening remains poor. Earlier work stressed the importance of tracking patients to
identify risk and the priority of risk that would be enhanced by identification of new
molecular markers (Vernon, 1998).
In addition, early screening and improved chemotherapy, increasing attention is
being placed on preventative medicine. Calcium-mediated chemoprotection against colon
cancer has been demonstrated in many epidemiological studies (Holt et al., 1998; Wu et
al., 2002; Peters et al., 2004; Flood et al., 2005). Specifically, high dietary calcium intake
has been shown to protect against progression of colorectal tumors and recurrence of
adenomas (Shaukat et al., 2005; Park et al., 2009). Greater insight into the physiological
role of increased dietary calcium in the inhibition of colon cancer has been gained
through studies in both humans and rodents that showed the ability of increased dietary
calcium, with or without additional Vitamin D (VitD), to inhibit the early stages of colon
cancer development, i.e. crypt hyperproliferation and formation of aberrant crypt foci
(Wargovich et al., 2000; Corpet and Pierre, 2005).
The molecular targets of increased dietary calcium causing chemoprevention
against colon cancer are unknown. Epidemiological studies in humans clearly
demonstrate a correlation between calcium supplementation (alone or in conjunction with
4

VitD) and a reduction in the incidence of aberrant crypt foci. Animal models, however,
have not demonstrated a clear or discernable relationship. The development of
spontaneous colon cancer in one strain of mice may be reduced by both increased dietary
calcium and VitD together (Yang et al., 2008; Newmark et al., 2009). However, these
studies fed the mice Western diets for at least one year. Furthermore, tumor number and
size were small reinforcing the importance of choice of an effective model of study.
Colorectal carcinogenesis is a multi-step molecular process resulting from the
accumulation of many mutations in the Wnt signaling pathway, K-ras, an enzyme that is
responsible for transcription, and p53, a tumor suppressor, and results in several
characteristic histopathological changes such as hyperproliferative epithelia, aberrant
crypt foci, small and large adenoma leading to colon cancer (Sancho et al., 2004) (Figure
1.2). Colorectal cancer is believed to arise from molecular derangements in colonic stem
cells. At subcellular level, β-catenin, a signaling molecule that stimulates cellular growth,
is localized to the nucleus leading to crypt fission and the subsequent development of
aberrant crypt foci (ACF) (Humpfries and Wright, 2008; Clevers and Nusse, 2012).
Therefore, one potential mechanism to induce colon cancer is aberrant activation of
Wnt/β-catenin signaling that stimulates epithelial cells hyperproliferation and the
development of colon cancer (Segditsas and Tomlinson, 2006; MacLeod et al., 2007;
Najdi et al., 2011).

5

Figure 1.2 Epithelial hyperproliferation to colon cancer stage.
Colorectal cancer can result from several mutations in oncogenes and tumor suppressor
genes. Mutations in adenomatous polyposis coli (APC) or Glycogen synthase kinase 3
(GSK-3) lead to the formation of aberrant crypt foci (ACF) and then adenoma and colon
cancer. Persistent intestinal inflammation is characterized by the significant secretion of
several inflammatory cytokines like TNF-α that may stimulate tumor formation by
inducing several mutations in tumor suppressors genes (APC, K-ras, p53) and enzymes
including Cyclooxygenase-2 (Cox-2) and stimulate transcription factors including NF-kB
and Stat3 to activate proliferation and tumor progression. Reproduced with permission
from Terzic et al., 2010.
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1.3 Wnt Glycoproteins
Defective Wnt signaling leads to colon cancer (Segditsas and Tomlinson, 2006;
MacLeod et al., 2007; Najdi et al., 2011). Aberrant activation of canonical Wnt signaling
(Defective Wnt/β-catenin signaling) is a major determinant of colon cancer (Segditsas
and Tomlinson, 2006). Wnt proteins that signal canonically are Wnt1, Wnt3, Wnt3a, and
Wnt8.
The 19 members of Wnt family are cysteine-rich glycoproteins that mediate
diverse physiological functions including embryogenesis, cellular proliferation,
differentiation and migration (Kikuchi and Yamamoto, 2008). Normal Wnt signaling has
many important effects on growth and development (Nusse et al., 2008). Irregularities of
Wnt signaling have been associated with many diseases including bone density defects
(Gong et al., 2001), colon cancer (Kinzler et al., 1991), Alzheimer’s disease (De Ferrari
and Inestrosa, 2000) and vascular diseases (Little et al, 2002). Understanding Wnt
signalling has many potential applications to many diseases (Polakis, 2000; Clevers and
Batlle, 2006; De longh et al., 2006; Fox and Dharmarajan, 2006; Krishnan et al., 2006;
Clevers and Nusse, 2012; Kikuchi et al., 2012).

1.4 Types of Wnt signaling
Wnt proteins are glycosylated in the endoplasmic reticulum then lipid modified
(palmitoylation) in the Golgi. Wnt palmitoylation occurs via the Porcupine enzyme, an
O-acyltransferase that is found in the Golgi. Wnt proteins are then translocated to the cell
7

surface binding to Wntless (Wls), a carrier protein, to mediate several biological
functions (Hausmann et al., 2007; Coudreuse et al., 2007; Carpenter et al., 2010; Herr
and Basler, 2012). The original developmental studies divided Wnt proteins into two
groups: canonical (β-catenin dependent) and non-canonical (β-catenin independent)
(Figure 1.3) (Mikels and Nusse, 2006; Schambony and Wedlich, 2007).

1.4.1 Canonical Wnt or Wnt/ β-catenin signaling
In the presence of canonical Wnt proteins, Wnt signaling occurs through binding
co-receptors Lipoprotein-related peptide 6 (LRP6) and Frizzled. This in turn functions to
make a complex that leads to the recruitment of the Axin complex and Dishevelled (Dvl),
a protein involved in canonical and non-canonical signaling, which plays a role in cellular
differentiation (Kikuchi et al., 2007; MacDonald et al., 2009). As a result, LRP6 will be
activated and phosphorylated by Glycogen synthase kinase 3 (GSK-3), a kinase that
mediates the addition of phosphate molecule to threonine and serine amino acid sites and
results in the accumulation of β-catenin in the cytoplasm (MacDonald et al., 2009).
Consequently, β-catenin migrates to the nucleus and binds to the transcription factors Tcell factor/lymphoid enhancer factor (Tcf/Lef). The Tcf/Lef complex mediates the
transcription of a diverse number of genes including c-myc and cyclin D1 to stimulate
cellular proliferation (Hurlstone and Clevers, 2002; Johnson M and Rajamannan, 2006).
(Figure 1.4.B).
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1.4.2 Non-canonical signaling
Non-canonical Wnt proteins mediate cell migration, differentiation, and polarity
during embryogenesis (Kikuchi and Yamamoto, 2008). Non-canonical Wnt proteins such
as Wnt5a and Wnt11 do not stimulate β-catenin, therefore, they don’t stimulate cellular
growth (Kuhl et al., 2001). Wnt5a interact with Frizzled 3, 4, 5 and 7 (Umbhauer et al.,
2000) as well as Ror2 (Mikles and Nusse, 2006) and can inhibit β-catenin signaling
(Schultle et al., 2005).
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Wnt family

Canonical
e.g. Wnt3a

Non-canonical
e.g. Wnt5a

β-catenin
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Figure 1.3
Types of Wnt family Proteins. The Wnt family are lipid modified
glycoproteins. Some members of Wnt family signal non canonically including Wnt5a and
they don’t stimulate cellular growth (β-catenin independent) while other members
including Wnt3a stimulates β-catenin activity. In the presence of mutations in the
scaffold complex that targets β-catenin for proteasomal degradation, Wnt3a binds to coreceptors to stimulate β-catenin translocation to the nucleus and enhances cellular
growth.
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1.5 Degradation of β-catenin in the absence of canonical Wnt signaling
In the absence of the canonical Wnt proteins, β-catenin will be degraded by a
destruction complex called Axin that consists of scaffold protein Axin, casein kinase 1
(CK1), adenomatous polyposis coli (APC), scaffold protein for β-catenin degradation,
and Glycogen synthase kinase 3 (GSK3) and results in β-catenin phosphorylation (Reya
and Clevers, 2005). The phosphorylation of β-catenin will lead to its recognition by βTrcp and E3 ubiquitin ligase Siah1 and Siah2 result in β-catenin degradation by
proteasomes (Ikeda et al, 1998; Kikuchi et al., 2007). (Figure 1.4.A).

Therefore, in the last few years, numerous studies have focused on the signaling
pathways that may initiate colon cancer, such as defective Wnt signaling pathway, to
search for mechanisms that will prevent induced colitis and colorectal cancer. CaSR has
been demonstrated to play an essential role in the inhibition of colitis associated colon
cancer and defective Wnt signaling pathway (Macleod et al, 2007; Kelly et al., 2011).
Thus, it’s important to understand the roles, structure, and expression of CaSR to
understand its biological importance in the regulation of Wnt/β-catenin signaling
pathways and induced colitis.
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Figure 1.4 A. Degradation of β-catenin. In the absence of the canonical Wnt proteins
such as Wnt3a, β-catenin will be degraded by a destruction complex that consists of
scaffold protein Axin, CK1, APC, and GSK3 and results in β-catenin phosphorylation.
The phosphorylation of β-catenin will lead to its recognition by β-Trcp and E3 ubiquitin
ligase Siah1 and Siah2 and result in β-catenin degradation by proteasomes. B. Canonical
Wnt signaling cascade. In the presence of canonical Wnt proteins, such as Wnt3a, Wnt
proteins bind to co-receptors LRP6 and Frizzled leading to the recruitment of the Axin
complex and Dishevelled (Dvl). As a result, LRP6 will be activated and phosphorylated
by GSK-3. Consequently, β-catenin migrates to the nucleus and binds to the transcription
factors T-cell factor/lymphoid enhancer factor (Tcf/Lef). The Tcf/Lef complex mediates
the transcription of a diverse number of genes including c-myc and cyclin D1 to stimulate
cellular proliferation. Reproduced with permission from MacDonald et al., 2009.
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1-6 CaSR Structure:
CaSR is a G-protein coupled receptor that plays an important role in the
regulation of parathyroid hormone secretion (PTH) to control extracellular calcium levels
(Hansen and Brown, 2005; Brown and Macleod, 2001). It consists of 1078 amino acids, a
transmembrane domain (TMD) with a set of seven helices, an amino (N)-terminal end
that can sense calcium, and a carboxyl (C)-terminal tail (Hu and Spiegel, 2007). CaSR
can be stimulated by milimolar amounts of calcium such as those found in milk, as well
as aromatic amino acids such as phenylananine and bacterial products such as spermine
O, a bacterial product (Brown and MacLeod, 2001).

1.7 CaSR expression and regulation
CaSR is present mostly in the chief cells of the parathyroid gland, thyroid C cells
and renal, intestinal and colonic epithelial cells (Hansen and Brown, 2005; Hu and
Splegel, 2007; Peiris et al., 2007). Calcium levels are regulated in the blood though
several elements, such as calcium transporters, the secretion of several hormones
including PTH and 1, 25-dihydroxyvitamin D3 (1,25(OH)2 D3), and calcium sensors like
CaSR (Chakravarti et al., 2012). A decrease in blood calcium levels directly stimulates
PTH secretion from parathyroid gland by decreasing CaSR activity. PTH in turn
stimulates 1, 25(OH)2 D3 secretion from renal tubules. This increased in PTH secretion
causes elevated serum calcium levels by stimulating osteoclasts to degrade bone,
decreasing urinary calcium secretion and stimulating calcium influx in the duodenum
13

though TRPV5/6. The net effect is increased serum calcium level (Hansen and Brown,
2005; Hu and Splegel, 2007; Chakravarti et al., 2012). If blood calcium levels increase,
CaSR reduces PTH secretion and the net effect is to decrease blood calcium levels.
The level of CaSR receptor is different in each tissue. In studies using a mouse
model of colon cancer and colitis, dietary calcium supplementation yields variable results
(Holt et al., 1998; Wu et al., 2002; Peters et al., 2004; Flood et al., 2005). However, this
has not been shown definitively. There is however, evidence that different mouse strains
respond to increased calcium in their diet differently. For example, C57/Bl strain will not
tolerate any increased calcium in their diet or drinking water. Increasing calcium in their
AIN-94 diets (0.9%) to 1.4% causes them to stop eating and they begin to lose weight
(Tordoff et al., 2007). Indeed, there is no evidence in vivo that increased dietary calcium
alone or together with vitamin D can effect CaSR expression in any tissue.
Insight into the role of VitD and increased dietary calcium comes from the
demonstration that the promoters of the CaSR contain two Vitamin D responsive
elements (Canaff and Hendy, 2002). Studies using the APCmin/+ mouse model, which
develops small intestinal tumors because of the truncated APC, scaffold protein for βcatenin degradation, have reported that tumor load and size was progressively reduced by
feeding increased calcium (2%), but essentially reduced by high dietary calcium together
with VitD (Huerta et al., 2003). A hypothetical, but not yet tested, interpretation of these
findings is that VitD induces increased expression of the intestinal CaSR, and that the
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higher level of dietary calcium can now activate the increased colonic CaSR to stimulate
the Wnt5a/Ror2 paracrine effects.

Therefore, in the last few years considerable advances have been made in our
understanding of the potential roles of CaSR in the inhibition of colon cancer and
intestinal inflammation. This progress has been fuelled by the characterization that CaSR
activation increases Wnt5a/Ror2 interaction to reduce defective Wnt signaling pathway
and TNFR1 levels, therefore, it is appropriate to consider whether the CaSR will
influence levels influence the course of colitis prior to addressing the role of CaSR in
colon cancer.

1.8

A role for the CaSR in the inhibition of colitis-associated colon

cancer
Prolonged TNF-α/TNFR1 signaling results in damaged epithelia and activated
immune cells in the inflamed mucosa, and subsequently leads to the development of
colitis-associated carcinogenesis (Nielsen et al., 2000; Popivanova et al., 2008). Indeed,
TNF-α/TNFR1 can augment the expression of NF-kB, which in turn acts in
autocrine/paracrine pathway and increases the interaction between TNF-α/TNFR1 (Kelly
et al., 2011). Therefore, reducing TNF-α signaling can significantly decrease colitisassociated colon cancer (size and tumor number).
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A recent study showed that increased interaction between Wnt5a and Ror2 can
decrease TNFR1 activity (Kelly et al., 2011). In this study, the authors explained that
CaSR activation with high Ca2+ in human adenocarcinoma cells (Ht-29) increases the
expression of Wnt5a and Ror2, and functions to decrease TNFR1 protein expression and
prevent TNF-α induced intestinal barrier damage.
Furthermore, they demonstrated that CaSR activation reduces NF-kB activity
through the deadenylation of the E-type ubiquitin ligase, Cullin1. NF-kB activity is
controlled by IkB inhibitor, which inhibits NF-kB activity by blocking the nuclear
localization signals (NLS) of NF-κB and sequesters them in an inactive state in the
cytoplasm (Jacobs and Harrison, 1998). Therefore, NF-kB activity requires Cullin1 to
ubiquitinate IkB inhibitor to target it for proteasomal degradation. Cullin1 to work in this
signaling pathway has to be covalently modified with Nedd8. In this study, they showed
that CaSR activation in CaSR-HEK cells removed the covalent modification between
Cullin1 and Nedd8 and inhibits NF-kB activity (Kelly et al., 2011). Insight into how
CaSR activation can inhibit colitis or colitis-associated colon cancer can be hypothesized
from the results of this study that showed the ability of CaSR to reduce TNFR1 and
NFkB activity to generate anti-inflammatory effect. Interestingly, Wnt5a/Ror2 interaction
has been shown to inhibit defective Wnt/β-catenin signaling, too, to control epithelial
cells proliferation (Macleod et al, 2007).
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1.9 Wnt5a and Ror2 interaction inhibits Wnt/β-catenin signaling
CaSR activation stimulates the expression of Wnt5a and its receptor Ror2
(Pacheco and Macleod, 2008). Wnt5a stimulates several kinases, such as protein kinase C
(PKC) (Weeratna et al., 2002; Dissanayake et al., 2007) calcium-calmodulin kinase 11
[CAMKII] (Yamanaka et al., 2002), or JNK (Ishitani et al., 2003), and induces
Dishevelled phosphorylation (Bryja et al., 2007). The ability of Wnt5a to stimulate these
kinases is currently under investigation (Yamamoto et al., 2007). If Fzd4 is present,
Wnt5a protein signals canonically, however if Ror2 is present, Wnt5a protein signals
non-canonically (Mikels and Nusse, 2006; MacLeod et al., 2007).
Wnt5a/Ror2 signaling has been shown to stimulate the dominant negative E3
ubiquitin ligase, Siah2, to target β-catenin for proteasomal degradation (Macleod et al,
2007). Another study showed that Wnt5a/Ror2 stimulates the production of Villin, an
actin binding cytoskeletal protein that regulates the cell migration, morphology and death
(Khurana and George, 2008). Villin acts as a marker for differentiated intestinal cells and
plays a crucial role in organizing actin filaments. Furthermore, Wnt5a/Ror2 signaling
stimulates caudal type homeobox transcription factor 2 (CDX2), an intestinal specific
transcription factor leading to increased epithelial differentiation and inhibition of βcatenin signaling, as well as stimulates Sucrase-isomaltase (SI) (Pacheco and Macleod,
2008). SI is an enzyme found in the small intestine and is responsible for breaking down
sucrose and maltose into their simple sugar components (Hunziker et al., 1986). CDX2
stimulates the differentiation and expression of SI (Pacheco and Macleod, 2008).
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All these studies showed several pathways in which increased Wnt5a/Ror2
expression can inhibit Wnt/β-catenin signaling. Consequently, understanding whether
CaSR stimulation alone, without the involvement of Wnt5a/Ror2 engagement could alter
Wnt/β-catenin signaling is required to address how this receptor functions in the colon.
Therefore, I investigated the ability of CaSR to alter LRP5/6 phosphorylation, which
might alter Wnt/β-catenin signaling.

1.10 Wnt / β-catenin signaling requires LRP 6 phosphorylation
Low-density lipoprotein receptor-related protein 5/6 (Lrp5/6) is a single-span
transmembrane protein that consists of extracellular domain (ECD) and intracellular
domain (ICD) (Brown et al., 1998; Mao et al., 2001). The ECD consists of 1,400 amino
acids, YWTD domains, extracellular amino-terminal epidermal growth factor (EGF), and
LDL-receptor repeats (Mao et al., 2001; Niehrs and Shen, 2010). It is critical for the
communication between Lrp6 and other ligands like Wnts and Dickkopf (DKK1), an
Lrp6 antagonist (Brown et al, 1998; Mao et al, 2001; Semenov et al., 2001). The ICD
contains 215 amino acids, and PPSPXS and S/T cluster that contain PPSP repeats and
CK1 sites (Tamai et al., 2004; Davidson et al., 2005; Niehrs and Shen, 2010).
Recognizing the structure of Lrp5/6 is critical to understand its phosphorylation.
Lrp5/6 phosphorylation is absolutely required for β-catenin stabilization (Niehrs, and
Shen, 2010). Lrp5/6 can be phosphorylated in many sites and several kinases may be
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involved in this action (Cervenka et al., 2011). Proline directed kinases such, GSK3
phosphorylate LRP6 at the Ser-1490 and T-1479 sites (Niehrs, and Shen, 2010). The nonproline directed kinases such as CK-1 phosphorylate Lrp6 in PPSPXS and S/T cluster
mainly at T-1479 (Niehrs and Shen ,, 2010).
Recently, several studies have shown that several kinases can phosphorylate
LRP5/6 at several sites (Tamai , et al., 2004; Davidson , et al., 2005; Niehrs , and Shen,
2010); however, no one has yet shown a physiological mechanism for the
dephosphorylation of pLRP5/6. Therefore, it is important to find a signaling pathway that
can dephosphorylate pLRP5/6 to inhibit Wnt/ β-catenin signaling.
The current study suggests that CaSR activation by high calcium mediates
dephosphorylation of pLRP6 stimulated by Wnt3a at Ser-1490, T-1479, and T-1572 sites.
This is a novel physiological mechanism that can explain one possible way of how CaSR
alone inhibits Wnt/ β-catenin signaling to regulate cellular growth. Interestingly, in
addition to the inhibition of colonic carcinogenesis, a recent study showed that CaSR
stimulation of Wnt5a/Ror2 can lead to reduced TNFR1 receptor activity, which likely
plays a role in the prevention of colitis-associated colon cancer (Kelly et al., 2011).

Therefore, the current study attempts to demonstrate the potential roles of CaSR
in the inhibition of colitis and defective Wnt/β-catenin signaling using global double
homozygous knock out mice (CaSR-/PTH-) (Kos et al., 2003; Saidak et al., 2009). Later,
CaSR-/PTH- mice were challenged with dextran sulfate sodium (DSS). Oral
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administration of DSS has been widely used to induce colitis in mice models similar to
ulcerative colitis in human (Okayasu et al., 1990). It is not clearly known how DSS
induces colitis. It has been suggested that DSS induces epithelial damage leading to the
infiltration of inflammatory cytokines. It has also been suggested that DSS leads to
destruction of the mucin layer that covers the intestine leading to intestinal inflammation
associated with weight lost, bloody diarrhea, and ulceration (Okayasu et al., 1990; Ni J et
al., 1996).
The original CaSR knockout mouse is perinatally lethal because of
hyperparathyroidism.

Investigators rescued this phenotype by mating CaSR

heterozygotes with PTH heterozygotes. The subsequent offspring, CaSR-/PTH- mice,
were shown to viable, and could breed provided they were sustained with 1.5% calcium
in their drinking water (Kos et al., 2003). Therefore, the global knockout CaSR-/PTHmice were challenged with acute DSS to induce colitis. CaSR-/PTH- mice have been
shown to suffer from several pathological changes including hyperparathyroidism and
bone abnormalities (Ho et al., 1995), suggesting the importance of CaSR in the regulation
of PTH secretion. However, the calcium in their drinking water has been shown to allow
the serum calcium levels in the double knockout mice to be the same as the control
(CaSR+/PTH+) mice.
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1.11 The global double homozygous knock out mice (CaSR-/PTH-) vs.
conditional CaSR knock out mice
The role of CaSR in humans has been elucidated by mouse models, where CaSR
is deleted from several organs that express it (global CaSR knockout mice) (Kos et al.,
2003). The original CaSR knockout mice (CaSR-/-) suffered from growth retardation,
hypercalciemia, hyperparathyroidism, bone abnormalities and death shortly after birth
(Ho et al., 1995). Therefore, a rationale had to develop to reduce the early mortality in the
CaSR knockout mice (Ho et al., 1995).
In a Kos et al (2003) study, PTH heterozygous mice were mated with CaSR
heterozygous mice to derive by Mendelian law which were, CaSR-/PTH - mice. These
mice were fertile, but their serum and urinary calcium levels were high. CaSR-/PTH–
mice grew slower but other organ systems that express CaSR such as kidney and
duodenum were intact. There was no other compensatory mechanism for increased
intestinal calcium absorption, such as CaT1 or 2. These are now called TRPV5 and
TRPV6. Interestingly, they showed that CaSR-/PTH- mice were kept alive by 1.5%-2%
calcium in their drinking water suggesting a potential mechanism for improving mortality
in CaSR-/PTH- mice (Kos et al., 2003; Riccardi and Brown, 2010).
The first conditional knockout of the CaSR was reported by Peleg et al (2010),
they deleted CaSR at exon 7 specifically in parathyroid gland, osteoblasts, and
chondrocytes. To generate these mice, the up-stream five prime regions of CaSR (the
region that called flox) were synthetically manipulated to allow the Cre-recombinase
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enzyme to bind to it, and delete CaSR from several specific regions. Deleting CaSR from
the parathyroid gland resulted in hypercalcemia and hyperthyroidism. Indeed, conditional
CaSR deletion from the osteoblasts resulted in less bone growth and reduced spinal
growth, while deletion of CaSR from the chondrocytes resulted in death before
embryonic day 13. All these findings strongly support the role of CaSR in embryogenesis
and skeletal development.
The conditional CaSR knockout has also been used to delete the CaSR from the
intestine. In Rey et al (2012), to delete CaSR in the intestine, they used conditional CaSR
knockout mice from the intestine using Villin-cre recombinase enzyme to delete CaSR
from the intestine only. The ablation of CaSR leads to increase of colonic crypt height
with increased total number of epithelial cells as well as increased staining of a
proliferative marker (Ki67), and with enhanced nuclear β-catenin localization suggesting
the crucial role of CaSR in the regulation of crypt proliferation. It was demonstrated that
the absence of CaSR leads to enhance the crypt height, which supports the essential role
of CaSR in regulating epithelial cells proliferation.
Moreover, by using cell lines, it was shown that β-catenin phosphorylation at Ser45 and Thr-41 targets β-catenin for proteosomal degradation, while β-catenin
phosphorylation at Ser-552 and Ser-675 leads to β-catenin nuclear localization and then
up-regulation in the transcriptional activity. Therefore, they examined if CaSR can affect
β-catenin phosphorylation at Ser-552 in CaSR-inducible colonic epithelial cell line
(NCMiCaSR) cells. They challenged them with 5 mM calcium. Ultimately, it was
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demonstrated that β-catenin phosphorylation at Ser-552 was decreased only in cells that
expressed CaSR, suggesting the potential role of CaSR in inhibiting β-catenin signaling
in the colonic crypt (Rey O et al., 2012). Together these results suggested that the CaSR
in the colon could regulate the amount of proliferation in the crypts by presumptively
altering the Wnt/β-catenin signaling occurring in these epithelia.
As summary, the global CaSR knockout mouse can be used to detect the roles of
CaSR by keeping 1.5% calcium in their drinking water. The experiments using
conditional CaSR knockout mice strongly support the role of CaSR in the regulation
colonic crypt proliferation, and maintaining the chondrocytes and osteoblasts for postnatal development.
Therefore, in the current study to understand the effect of CaSR on colitis and
Wnt/β-catenin signaling, first, I demonstrate that increased calcium will effect colonic
CaSR expression. To understand the role of calcium, I fed PWK/PHJ and NIH-Swiss
Webster mice, low calcium, high calcium, and high calcium in addition to vitamin D
diets and measured CaSR expression in the colon. I added vitamin D to the mice food
based on a previous study that showed the ability of vitamin D to enhance CaSR
expression (Canaff and Hendy, 2002).
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Hypothesis and overview
I hypothesized that increased dietary calcium alone or together with Vitamin D
will increase the expression of the colonic CaSR. This increase mediates the
chemoprotective and anti-inflammatory effects of calcium against induced colitis and
colon cancer by stimulating the secretion of the non canonical Wnt, Wnt5a, from the
subepithelial myofibroblasts and increasing the production of its receptor, Ror2, on the
epithelia or even independent of Wnt5a/Ror2 interaction by reducing LRP6
phosphorylation.
I performed in vivo and in vitro experiments to test this hypothesis by addressing several
objectives including:
1. Does increased dietary calcium increase colonic CaSR expression?
2. Are double homozygous CaSR knockout mice more sensitive to colitis than WT
mice?
3. How does CaSR inhibit Wnt/β-catenin signaling in the absence of Wnt5a/Ror2?
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Chapter 2
Materials and methods

2.1 Materials
PWK/PHJ and NIH-Swiss-Webster mice: two month old mice were purchased
from Jackson Labs and Charles River, respectively. The PWK/PHJ mice were fed 0.5%
calcium or 2% calcium in their supplemented chow for 4 weeks. The NIH-Swiss-Webster
mice were fed 0.5% calcium, 2% calcium, 2% calcium in addition to 1000 units of
vitamin D3 in their supplemented chow for 2 weeks or 4 weeks. All mice were
anesthetized with isoflurane and killed by cervical dislocation. The colon was extracted
and mucosal scrapings from the proximal and distal colon were taken and suspended in
lysis buffer to assess for CaSR protein.
Global double homozygous knock out mice (CaSR-/PTH-) vs. wild type mice
(CaSR+/PTH+): Breeding pairs of CaSR+/PTH+ and CaSR-/PTH- mice were provided by
EM Brown (HMS, Boston MA). Age matched mice of 15 weeks of age were used for
experiments The CaSR-/PTH- mice were kept alive by 1.5% calcium in their drinking
water while the CaSR+/PTH+ mice received regular water. The mice were anesthetized
with isoflurane and killed by cervical dislocation. The colon was extracted and mucosal
scrapings from the proximal and distal colon were taken and suspended in lysis buffer.
All experiments were established in accordance with the guidelines of the Canadian
Council on Animal Care and approved by Queen’s University Animal Care Committee.
25

Dextran Sulphate Sodium (DSS) (molecular weight 40 kDa): 3% DSS (acute
DSS) (purchased from ICN Biochemicals) was given to the CaSR-/PTH- and
CaSR+/PTH+ mice in their drinking water for 5 days to induce colitis followed by 2 days
of 1.5% calcium in the water of the CaSR-/PTH- mice and regular water for the
CaSR+/PTH+ mice. Then, mice were anesthetized with isoflurane and killed by cervical
dislocation. The colon was extracted, mucosal scrapings and sections of the proximal and
distal colon were extracted for the purpose of protein analysis.
Phosphatase inhibitors: Na-orthovanadate was purchased from Bioshop. Okadiac
acid was purchased from Sigma. 50 nM of Na-orthovanadate and 10 nM of Okadiac acid
were used.

2.2 Media
10% DMEM: Dulbecco’s modified eagle cell culture (DMEM) media
supplemented with 10 % fetal bovine serum (FBS), 0.1 % L-glutamine, and 1% penstrep
antibiotic (all purchased from Invitrogen, Carsbad CA).
0.5 mM Ca2+ DMEM (SF): DMEM supplemented with 0.1 % L-glutamine, and 1
% penstrep antibiotic and 0.5mM Ca2+ (all purchased from Invitrogen, Carsbad CA).
Wnt3a conditioned media (Wnt3a CM): L-mice cells stably transfected with
Wnt3a plasmids were purchased from American Tissue and Cell Culture (Rockville,
MD). L-cells were seeded in 10 cm petri dishes and supplemented with 10% DMEM, as
described above. After 48 hours, the cells were serum starved with 5% bovine serum
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albumin (BSA) (purchased from Sigma) supplemented in 0.5 mM Ca2+ DMEM, as
described above. This media was collected after 72 hours and sterile filtered (batch 1).
The cells were treated again with 5% BSA supplemented in SF media for 72 hours.
Media was collected after 72 hours and sterile filtered (batch 2). Both batches were
mixed into 1:1 dilution, divided into aliquots, and kept at -20oC for later use.

2.3 Cell culture
RKO cell lines, normal intestinal epithelial cells (wild type APC and β-catenin),
human embryonic kidney cells (HEK), CaSR-stably overexpressing HEK cells (CaSRHEK) were purchased from American Tissue and Cell Culture (Rockville, MD). All cells
were grown in 10% DMEM and kept at 37oC, 95% air, 5 % CO2 atmosphere conditions.
The RKO cells were passaged twice a week with 0.25% trypsin (Invitrogen, Carsbad CA)
supplemented with 10% DMEM while the CaSR-HEK cells and HEK cells were
passaged with 0.05 % trypsin supplemented with 10% DMEM. The early passage cells
were used to limit the introduction of any differentiation that could be seen in late
passage cells (Pinto et al., 1983; Vachon and Beaulieu, 1992).

2.4 Transfection
Short-interfering RNA (SiRNA) duplexes against the CaSR were made based on
the protocol that was used in several studies (Peiris D et al., 2007; MacLeod et al., 2007;
and Pacheco and MacLeod, 2008). According to the manufacturer's protocol, BLAST
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analysis was used to target several sites in the extracellular domain of the CaSR against
nucleotides 371–390 using a siRNA Construction Kit (Silencer siRNA Construction Kit,
Ambion). RKO cells were transfected with 50 nM of siRNA against CaSR or scrambled
RNA as a control using Superfect reagent following manufacturer's instructions (Qiagen,
Valencia, CA, USA).

2.5 Western blot analysis
In vivo experiments
The epithelial cells of the mice colon were detached by standard Ca2+ chelation,
collected in lysis buffer that contained 20 mM Tris-HCL, Ph 7.4, 150 mM NaCL, 1mM
EDTA, 1mM EGTA, 25 mM NaF, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol,
1 mM sodium orthovanadate, and mix of proteases inhibitors including 10 uM of
pepstatin, soybean trypsin inhibitor, leupeptin, and aprotnin. The lysates were sonicated
at 40% amplitude for 5 seconds to release intracellular protein (Sonic Dismembrantor
Model 500, Fisher Scientific, Pittsburgh PA) then centrifuged at 10 000 RPM for 10
minutes at 4oC (MicroElectron 21L, Thermo Electron Corporation; West Sussex UK) and
the supernatant was collected and stored at -80oC. To quantify the protein concentration
for each lysate, Biorad reagent (protein assay dye reagent concentrate) was added to the
lysates. Protein concentrations were quantified by measuring colour absorbance by
spectrophotometer (EL 800 Universal Microplate Reader, Biotek Instruments Inc.,
28

Winooski VT). 850 uL of 2xlysis buffer and 150 uL of dithiothreitol (DTT) were added
to each sample, followed by incubation at heater for 5 minutes.

In vitro experiments
Cells were seeded in 6 well plates for 48 hours and serum starved with 5% BSA
supplemented in 0.5 mM Ca2+ DMEM for 24 hours. After 24 hours, the cells were treated
with Wnt3a conditioned media, as described above, for 2 hours and then rinsed with cold
PBS once. After 2 hours, the cells were treated with 0.5 mM CaCl2 or 3 mM CaCl2 for 30
minutes, 1 hour, or 2 hours. Cells were rinsed with cold PBS twice to remove any
residual media. The cells were lysed with lysis buffer, as described above, and sonicated
at 40% amplitude for 5 seconds to release intracellular protein. Samples were centrifuged
at 10 000 RPM for 10 minutes at 4oC and stored at -80oC. To quantify the protein
concentration for each lysate, Biorad reagent (protein assay dye reagent concentrate) was
added to the lysates. Protein concentration was quantified by measuring color absorbance
by spectrophotometer (EL 800 Universal Microplate Reader, Biotek Instruments Inc.,
Winooski VT). Then, 850 uL of 2xlysis buffer and 150 uL of dithiothreitol (DTT) were
added to each sample, followed by incubation at heater for 5 minutes.

Western Blot
100 µg from the lysate was loaded to a 6 % bisacrylamide gel (for P-LRP6,
immunoblotting) and 8% (for CaSR, Wnt5a, Ror2, Cyclin D1, MMP7, and TNFR1, Beta29

actin immunoblotting) along with a 250 kD dual colour protein ladder (Precision Plus,
Bio-Rad). Proteins were transferred electrophoretically onto a polyvinylidene difluoride
(PDVF) membrane (Millipore, Bedford MA). Next, the membranes were blocked for 1
hour in 2 % milk in 1X Tris Buffered Saline and 0.1% Tween-20 (1XTBS-T) for PLRP6, 5 % block in milk for CaSR, Wnt5a, Cyclin D1, MMP7, NF-kB, and TNFR1, and
4 % block in milk for Ror2. To detect the expression of the protein, the membranes were
incubated with a monoclonal rabbit antibody specific for a given protein with 2 % milk in
a 1:750 dilution for P-LRP6, 5 % milk in a 1:400 dilution for CaSR, 5% milk in a 1:2000
dilution for Cyclin D1, 4% milk in a 1:1000 dilution for Ror2, and 5 % bovine serum
albumin (BSA) in a 1:1000 dilution for Wnt5a, MMP7, NF-kB, and TNFR1. All
membranes were shaken overnight at 4oC (antibodies purchased from Cell Signaling
Technology Inc., Danvers MA).

On the subsequent day, the membranes were washed 3 times for 5-10 minutes
with 1X TBS-T and incubated with anti-rabbit secondary antibody (Sigma, St Louis,
MO) in 1X TBS-T containing 2 % milk for P-LRP6, 5 % milk for CaSR, Wnt5a, Cyclin
D1, MMP7, NF-kB, and TNFR1, and 4 % milk for Ror2 for 1 hour. After 3 washes for 5
minute in 1X TBS-T, protein bands were seen by incubating the membranes with luminal
and peroxide substrates from a commercially purchased chemiluminescence kit
(SuperSignal, Peirce Chemical; Rockford IL). To detect Beta-actin expression (control
for CaSR, Wnt5a, Ror2, Cyclin D1, MMP7, NF-kB, and TNFR1), membranes were
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incubated with a monoclonal mouse antibody specific for β-actin (Sigma, St Louis MO)
under similar conditions at a 1:10000 dilution while the PLRP-6 control is LRP-6.

2.6 Densitometry
Densitometry was performed on the western blot films. Films were scanned using
a Canon desktop scanner. Images were converted to a gray scale using Soft Photostudio.
The density of each band was measured using Image J. The measured density of each
band was compared to the density of the appropriate Beta-actin loading control For
CaSR, Wnt5a, Ror2, Cyclin D1, MMP7, NF-kB, TNFR1, and PLRP-6.

2.7 Immunohistochemistry
Fixation of colonic tissue was performed by first perfusing the resected colons
with PBS in animals that were euthanized between 8 and 15 weeks of age. Fixed colons
were incubated in 4% paraformaldehyde overnight, embedded in paraffin blocks, and 4
µm sections were cut and stained for hematoxylin and eosin. For immunochemistry,
deparaffinized sections were used. Unmasking was carried out by steaming the sections
for 20 min. After inhibition of endogenous peroxidase with hydrogen peroxide and
incubation with standard goat serum, a primary monoclonal rat anti-mouse CaSR
antibody (1:100) from Abnova was applied. After washing, a secondary biotinylated goat
anti-rat IgG antibody was applied and the sections were then incubated with
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avidin/biotinylated

horseradish

peroxidase.

Development

was

done

with

diaminobenzidine nickel or 3-amino-9-ethylcarbozole substrate kits for peroxidase
(SK4100 and SK4200; Vector Laboratories). Sections were counterstained with
hematoxylin and mounted routinely. Images were acquired using a 2048 active pixel Spot
Pursuit CCD Camera (Diagnostic Instruments) in the Department of Pathology at KGH.

2.8 Dual Luciferase Reporter Assay
The RKO cells were seeded in 24 well plates for 48 hours and serum starved with
5% BSA supplemented in 0.5 mM Ca2+ DMEM for 24 hours. After 24 hours, the cells
were treated with 0.5 mM CaCL2 or 3 mM CaCL2 as a control and with Wnt3a
conditioned media in addition to 0.5 mM CaCL2 or 3 mM CaCL2 for 18 hours. Cells were
rinsed twice with cold PBS to remove any media left. RKO cells were lysed with 100 uL
of 1X Passive Lysis Buffer (PLB) - as per dual Luciferase kit (purchased from Promega).
A Berthold Lumat 9047 Luminometer was used to measure the Luminescence (Oakridge,
TN, USA).

2.9 TNF-α ELISA Analysis
Sections of the proximal and distal colon were taken from the CaSR-/PTH- and
CaSR+/PTH+ mice without DSS and with DSS-induced colitis. The colon sample was
washed and kept at −80°C. The amount of TNF-α secreted was detected by using a TNFα
Quantikine ELISA kit (R&D, Minneapolis, MN, USA) as per manufacturer's instructions.
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2.10 Myeloperoxidase activity (MPO)
Sections of the proximal and distal colon were taken from the CaSR-/PTH- and
CaSR+/PTH+ mice without DSS and with DSS-induced colitis. The colon samples were
washed and kept at -80°C. MPO is an enzyme that is secreted mainly from neutrophil and
fewer amounts from macrophages and it’s widely used to assess the inflammation levels
by detecting neutrophil and macrophages infiltration. MPO was performed within two
weeks of colon extraction, as described in Bradley et al (1982). Values are expressed as
units of MPO activity per gram of tissue. One unit of MPO is defined as the amount that
degrades 1 µmol of hydrogen peroxide per minute.

2.11 Statistical analysis
Data are presented as means ± Standard Error of at least three separate
experiments. Data was analyzed by Student t-tests, where appropriate. Statistical
significance was defined as: P < 0.05.
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Chapter 3
Results
3.1 Dietary calcium regulates colonic CaSR expression in PWK/PHJ and NIH-Swiss
Webster mice
First, I fed C57BL mice 0.5%, 2%, 5% calcium for 2 weeks and found the 5%
group died immediately at day 1 of DSS and the 2% group died at day 2. Tordoff and
colleagues (2007) showed a spectrum of sensitivity to dietary calcium with PWK/PHJ
mice at one end and C57BL on the opposite end, while NIH-Swiss mice in the middle in
their preference for sodium and calcium increases in their diet. The group noted that
C57BL disliked the taste of calcium and tolerated the supplemented diet poorly.
Therefore, I compared PWK/PHJ and NIH-Swiss-Webster mice, mice strains that are
known to eat high calcium in their food, in my studies to understand if increased dietary
calcium could affect colonic expression.
Next, I determined whether increased dietary calcium would affect colonic CaSR
expression in PWK/PHJ then NIH-Swiss Webster mice. The PWK/PHJ mice were fed
0.5% calcium and 2% calcium supplemented chow for 4 weeks. Upon screening CaSR
protein via western blot, my preliminary results suggest that the 2% diet caused a
reduction in CaSR expression. The reduction was ~ 70% of the amount in 0.5% diets
(Figure 3.1). This suggested that calcium could effect expression of the CaSR on the
colon.
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Next, NIH-Swiss-Webster mice were fed 0.5% calcium, 2% calcium, and 2%
calcium in addition to 1000 units of vitamin D3 in their supplemented chow for 2 weeks
or 4 weeks. Unlike to what I found in PWK/PHJ mice, feeding NIH-Swiss-Webster mice
2% calcium for 2 weeks didn’t increase colonic CaSR expression while feeding them 2%
calcium in addition to 1000 units of vitamin D3 for 2 weeks increased colonic CaSR
expression ~2 fold than feeding them 0.5% calcium. Indeed, my preliminary results
suggest that feeding NIH-Swiss-Webster mice 2% calcium and 2% calcium in addition to
vitamin D3 for 4 weeks increased colonic CaSR expression ~5 fold over than 0.5%
calcium (Figure 3.2 A, B). By using Immunohistochemistry (IHC), I found CaSR, stained
in red, was more intense in colonic crypts by feeding the mice 2% and 2% calcium
+VitD3 diets for 4 weeks while it’s faint with 0.5% calcium, which confirmed our
previous results (Figure 3.2 C). From these experiments, we conclude that dietary
calcium and vitamin D3 can regulate colonic CaSR expression.
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Figure 3.1 CaSR expression is lower with high calcium in PWK/PHJ
Western blot detection of CaSR in mucosal scrapings from the colon of PWK/Phj mice.
Colons were obtained from PWK/PHJ mice after feeding them 0.5% calcium and 2%
calcium for 4 weeks. P< 0.1
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0.5% Ca2+

2% Ca2+

2% Ca2++VitD

Figure 3.2 Dietary calcium regulates colonic CaSR expression in NIH-Swiss
Webster mice. A. Western blot detection of CaSR in the colon of NIH-Swiss Webster
mice. Colons were obtained from NIH-Swiss Webster mice after feeding them 0.5%
calcium, 2% calcium, and 2% calcium in conjunction with 1000 units of vitamin D3 for 2
weeks. B. Western blot detection of CaSR in the colon of NIH-Swiss Webster mice.
Colons were obtained from NIH-Swiss Webster mice after feeding them 0.5% calcium,
2% calcium, and 2% calcium in conjunction with 1000 units of vitamin D3 for 4 weeks.
C. Immunohistochemical detection of CaSR in colons. Colons were obtained from NIHSwiss Webster mice after feeding them 0.5% calcium, 2% calcium, and 2% calcium in
addition to 1000 units of vitamin D3 for 4 weeks and processed for
immunohistochemistry using anti-CaSR antibody. CaSR stained in brown color in the
epithelial and subepithelial myofiboblasts of the colon.
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3-2 The CaSR-/PTH- mice have increased Wnt/β-catenin signaling compared with
controls
From my previous result, we found that dietary calcium can regulate colonic
CaSR expression, therefore, our next step was to address the importance of CaSR in the
regulation of Wnt/β-catenin signaling pathway. To show the ability of CaSR to inhibit
Wnt/β-catenin pathway, we used CaSR-/PTH- mice vs. CaSR+/PTH+ mice as a control
and without challenging the mice with DSS. First, we started by looking to Wnt5a and
Ror2 at protein levels by western blot. We found Wnt5a expression was 4-fold decreased
in the CaSR-/PTH- compared to CaSR+/PTH+ mice while Ror2 expression was 11 fold
decreased in CaSR-/PTH- compared to the control mice, suggesting the importance of
CaSR in the stimulation of Wnt5a and Ror2 expression (Figure 3.3 D, E).
Next, we looked to expression of the canonical Wnt3a protein and other targets of
Wnt/β-catenin signaling including Cyclin D1 and Matrilysin (MMP7) by western blot.
The canonical Wnt3a protein was increased 7-fold in CaSR-/PTH- compared to
CaSR+/PTH+. MMP-7 was increased 8 fold over control tissue, while cyclinD1 was
increased 3-fold over epithelial scrappings from control mice (Figure 3.3 A, B, C). These
results suggest the Wnt/β-catenin signaling is increased in the colons of the CaSR-/PTHmice. Furthermore, these data confirm an in vitro study suggesting that CaSR will
mediate increases in Wnt5a and Ror2 (MacLeod et al., 2007). Furthermore, they suggest
that CaSR can regulate Wnt/β-catenin signaling in the colonic crypt and that the capacity
for non-canonical Wnt signaling is reduced in the CaSR-/PTH- colon.
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Figure 3.3 The CaSR-/PTH- mice have activated Wnt/β-catenin signaling and
decreased non canonical signaling without DSS compared to CaSR+/PTH+ mice. (AC) CaSR -/PTH- mice were sustained with 1.5% calcium in their drinking water while
CaSR+/PTH+ mice received regular water. Mucosal scrapings were taken from each
group to look for several proteins (A-C) Western blot detection of targets of Wnt/βcatenin signaling including A. Wnt3a B. MMP7 C. Cyclin D1. (D-E) Detection of non
canonical signaling proteins including D. Ror2 E. Wnt5a by western blot as described in
methods. All values represent results from 3 independent experiments (n=3), P< 0.05.
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3-3 The CaSR-/PTH- mice have colonic inflammation without DSS
As shown in Figure 3.4 A, the CaSR+/PTH+ mice showed normal colonic
epithelia with disease score (a cumulative index of histopathological indices including
inflammatory filtrate, muscle damage, and crypt dysplasia and scored by the pathologist
in a blinded fashion by what the sections were) equal to 0 while the CaSR-/PTH- mice
had colonic inflammation with disease score equal to 4, which is probably due to the
increase in the inflammatory infiltrate in the lamina propria and under the muscle (Figure
3.4 A). Therefore, we measured MPO activity to get a quantitative sense of this increase.
The MPO activity in the colon of knockout mice was equal to 15, which is a significant
increase, while MPO activity in the control mice was 0.9. Increased MPO activity in the
knockout mice confirmed that the inflammatory infiltrate was higher in the CaSR-/PTHmice (Figure 3.4 B).
Indeed, NF-kB phosphorylation at Ser-536 site was ~ 4 times higher in the colon
tissue from CaSR-/PTH- mice compared to the control mice (Figure 3.4 C). All these
results suggest that CaSR-/PTH- mice were already inflamed by knocking out CaSR alone
and without challenging the mice with DSS, which support the role of CaSR in the
inhibition of colitis-associated colon cancer.
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Figure 3.4 Colonic inflammation in CaSR-/PTH- mice without DSS. A. H & E stain
was performed on sections of colons that were obtained from CaSR -/PTH- and
CaSR+/PTH+ mice to assess the histopathological score using light microscope. B.
Myeloperoxidase activity (MPO) was performed on sections of colons that were obtained
from CaSR -/PTH- and CaSR+/PTH+ mice to assess the inflammation levels. All values
represent results from 3 independent experiments (n=3). C. Western blot detection of
NF-kB phosphorylation at S536 site in CaSR -/PTH- mice vs. CaSR+/PTH+ mice. Colons
of CaSR -/PTH- mice and CaSR+/PTH+ mice were removed and cell lysates were made.
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3.4 The CaSR-/PTH- mice are inflamed with 3% DSS
Next, we challenged both mice groups with 3% DSS in their drinking water for 5
days followed by two days of 1.5% calcium in the drinking water of the CaSR-/PTHmice and regular water for the control mice. To assess the response of both groups to
acute DSS we looked to several parameters including MPO activity, histopathological
score by the standard hematoxylin and eosin stain (H & E stain), TNF-α secretion by
ELISA, and TNFR1 expression by western blot from colonic scraping obtained from
CaSR -/PTH- mice vs. CaSR+/PTH+ mice.
MPO activity was significantly increased in the CaSR+/PTH+ mice while MPO
activity was not changed in the CaSR-/PTH- mice with acute DSS (Figure 3.5 A). The
histopathological score was equal to 7 in the control mice due to increase the
inflammatory infiltrate in the lamina propria, pealed epithelia, and loss of the crypts. In
CaSR-/PTH- mice, the histopathological score was 10. All these results suggest that the
knockout mice are more inflamed with acute DSS (Figure 3.5 B).
Next, we assessed the levels of TNF-α secretion by ELISA. TNF-α is secreted
from neutrophils, macrophages, and the myofibroblasts cells (Beutler B et al., 1985). We
found TNF-α secretion in the CaSR+/PTH+ mice was fifteen times higher than the basal
levels while in the CaSR-/PTH- mice, TNF-α secretion was five times higher than the
basal levels (Figure 3.5 C). However, we found TNFR1 expression, which Wnt5a and
Ror2 can regulate, was three times higher in the CaSR-/PTH- mice compared to the
control mice suggesting that the increase in the histopathological score was not because
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of increased TNF-α secretion but it’s because of increased TNFR1 expression (Figure 3.5
D). Indeed, this finding suggested that by increasing the expression of TNFR1 receptor
and with lower TNF-α concentration the same damage can occur.
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B.
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Figure 3.5
The CaSR-/PTH- mice are inflamed with 3% DSS. A. MPO was
performed on mucosal scrapings of colons that were obtained from CaSR-/PTH- and
CaSR+/PTH+ mice after challenging them with 3% DSS for 3 days. All values represent
results from 3 independent experiments (n=3). B. H & E stain was performed on sections
of colons that were obtained from the same mice group using light microscope. C. The
amount of TNF-α secretion from mucosal scrapings from colons of each mice group was
detected using a TNF-α ELISA kit as described in methods. D. TNFR1 expression was
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detected using western blot on sections of colons that were obtained from the same mice
group.
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3.5

CaSR stimulated with high calcium reduces LRP6 phosphorylation in CaSR

transfected human embryonic kidney cells (CaSR-HEK)
Lrp6 phosphorylation is necessarily for β-catenin stabilization and it acts as a coreceptor for Wnt (Niehrs and Shen, 2010). Lrp5/6 can be phosphorylated in many sites
and several kinases may be involved in this action (Cervenka et al., 2011). Therefore, to
stimulate LRP6 phosphorylation at Ser-1490 and Thr-1479 sites, Wnt3a conditioned
media, as previously described in methods, were added to the cells to stimulate kinases to
phosphorylate Lrp6. To determine the role of CaSR in the reduction of LRP6
phosphorylation, CaSR-HEK cells were treated with Wnt3a CM for 2 hours to stimulate
LRP6 phosphorylation. Next, cells were challenged with 0.5 mM calcium or 3 mM
calcium for 30 minutes, 1 hour, or 2 hours. Upon screening for pLRP6 at Ser-1490 and
Thr-1479 sites via western blot, we found LRP6 phosphorylation at both sites was
decreased with 3 mM calcium compared to 0.5 mM calcium, suggesting that CaSR
activation with high calcium reduces LRP6 phosphorylation at Ser-1490 and Thr-1479
sites (Figure 3.6 A).
Densitometry confirmed that CaSR activation with 3 mM calcium for 2 hours
reduced LRP6 phosphorylation, stimulated by Wnt3a CM, at Ser-1490 site. Our results
were not significant at 30 minutes and 1 hour, however, our western blot films showed a
clear reduction in LRP6 phosphorylation at both time points.
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3.6 CaSR stimulated with high calcium did not reduce LRP6 phosphorylation in
human embryonic kidney cells (HEK) at Ser-1490 site
To confirm our previous results, human embryonic kidney cells (HEK), which
don’t express CaSR, were treated with Wnt3a CM for 2 hours to stimulate LRP6
phosphorylation and then challenged with 0.5 mM calcium or 3 mM calcium for 30
minutes, 1 hour, or 2 hours. In contrast to what we found in CaSR-HEK cells, LRP6
phosphorylation at Ser-1490 didn’t reduce in HEK cells with 3 mM or 0.5 mM calcium at
30 minutes, 1 hour, or 2 hours, which confirms that the reduction in LRP6
phosphorylation is due to CaSR activation with high calcium (Figure 3.6 B).
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Figure 3.6 High Ca2+ (3mM) reduces pLRP6 in CaSR-HEK cells at Ser-1490 and
Thr-1479 sites but not in HEK cells. A. CaSR-HEK cells were serum starved for 18
hours in 0.5 mM CaCL2 and treated with Wnt3a CM for 2 hours the challenged with
either 0.5 mM CaCL2 or 3mM CaCL2 for 30 minutes, 1 hour, or 2 hours. P<0.05, n=3. B.
HEK cells were serum starved for 18 hours in 0.5 mM CaCL2 and treated with Wnt3a
CM for 2 hours followed by treatment with either 0.5 or 3 mM CaCL2 for 30 minutes, 1
hour, or 2 hours.
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3.7 Interfering RNA against CaSR blocked the reduction in LRP6 phosphorylation
in RKO cells
To have more evidence that this reduction in pLRP6 is CaSR mediated, RKO
cell, normal intestinal epithelial cells that have wild type APC and β-catenin, were
transfected with 20 nM scrambled RNA as a control vs. short-interfering RNA aimed
against CaSR (siRNACaSR) based on the protocol that was used in several studies (Peiris
et al., 2007; MacLeod et al., 2007; and Pacheco and MacLeod, 2008) and challenged
with Wnt3a CM for 2 hours to stimulate LRP6 phosphorylation. Then, cells were treated
with 0.5 mM calcium or 3 mM calcium for 1 hour. Upon screening for pLRP6 at Ser1490 and Thr-1572 sites via western blot, we found transfecting RKO cells with
scrambled RNA, which should not affect CaSR expression, and treating the cells with 3
mM calcium reduces LRP6 phosphorylation at both sites. In contrast, transfecting RKO
cells with interfering RNA against CaSR blocked the high calcium effect and didn’t
reduce LRP6 phosphorylation (Figure 3.7). From these experiments, we conclude that
CaSR activation reduces pLRP6 in several cell lines and at several sites to inhibit
canonical signaling.
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Figure 3.7 Silencing CaSR inhibits dephosphorylation of pLRP6 in RKO cells at
Ser-1490 and Thr-1572 sites. RKO cells were transiently transfected with either 20 nM
short interfering RNA against CaSR (siRNA) or 20 nM scrambled siRNA duplex as a
control for 18 hours. Later, cells were serum starved for 18 hours in 0.5 mM CaCL2 and
treated with Wnt3a CM for 2 hours followed by treatment with either 0.5 mM CaCL2 or
3mM CaCL2 for 1 hour.
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3.8 CaSR activation stimulates phosphatases to de-phosphorylate pLRP6
To determine how CaSR stimulates de-phosphorylation of pLRP6, we treated
RKO cells with Wnt3a CM for 2 hours and the cells were challenged with 0.5 mM
calcium, 3 mM calcium, or 3 mM calcium in addition to 50 uM of Na-orthovanadate, a
widely used phosphatases inhibitor that inhibits all phosphatases, for 30 minutes and 2
hours. Upon treating RKO cells with 3 mM calcium, levels of pLRP6 protein were
reduced at Ser-1490 and Thr-1479 sites. In contrast, challenging the cells with high
calcium in addition to Na-orthovanadate stopped the reduction in LRP6 phosphorylation
at both sites, suggesting that CaSR activation stimulates phosphatases to reduce pLRP6
expression (Figure 3.8 A, B).
To confirm the previous result, the same experiment was repeated following
similar condition of Wnt3a CM for 2 hours in RKO cells, but with challenging the cells
with 0.5 mM calcium, 3 mM calcium, 0.5 mM or 3 mM calcium in addition to 20 uM of
Okadaic acid, an inhibitor of two serine threonine protein phosphatases: PP2A and PP1,
for 30 minutes. Consistent with what we found with Na-orthovanadate, Okadaic acid
inhibited the de-phosphorylation of pLRP6 at Ser-1479 site (Figure 3.8 C). From all these
experiments we conclude that CaSR activation with high calcium can reduce LRP6
phosphorylation at several sites, which could inhibit the canonical signaling pathway.
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Figure 3.8 Na-orthovanadate and Okadaic acid block high Ca2+ effect on pLRP6 in
RKO cells. A. RKO cell were serum starved for 18 hours in 0.5 mM CaCL2 and treated
with Wnt3a CM for 2 hours followed by treatment with either 0.5 mM CaCL2 or 3mM
CaCL2 in the presence of 50 uM Na-orthovanadate for 30 minutes. B. For 2 hours. C.
RKO cell were serum starved for 18 hours in 0.5 mM CaCL2 and treated with Wnt3a CM
for 2 hours followed by treatment with either 0.5 mM CaCL2 or 3mM CaCL2 in the
presence of 20 uM Okadaic acid (Ok) for 30 minutes.
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3.9 CaSR activation with high calcium reduces β-catenin reporter activity in RKO
cells
Finally, we examined the ability of CaSR to reduce β-catenin reporter activity in
RKO cells by Dual Luciferase Reporter Assay. RKO cells were treated with 0.5 mM or 3
mM calcium as a control and challenged with Wnt3a conditioned media in addition to 0.5
mM or 3 mM calcium for 18 hours. We found β-catenin reporter activity was 50 fold
increased over the basal level when cells were treated with 0.5 mM calcium and Wn3a
CM. In contrast, treating the cells with 3 mM calcium and Wnt3a CM decreased βcatenin reporter activity 70% compared to the 0.5 mM calcium in the presence of Wnt3a
CM suggesting that CaSR activation decreases β-catenin reporter activity (Figure 3.9).
We conclude that CaSR has a crucial role in the regulation of Wnt/β-catenin
signaling pathway. Our results strongly suggest that CaSR stimulation with high calcium
reduces LRP6 phosphorylation at Ser-1490, Thr-1479, and Thr-1572 sites in several cell
lines. This new finding explains a novel mechanism of which CaSR can decrease
canonical signaling.
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Figure 3.9 Reduction in β-catenin luciferase reporter by challenging RKO cells
with 3mM Ca. RKO cells were treated with 0.5 mM Ca2+ or 3 mM Ca2+ for 18 hours as a
control and compared to cells challenged with Wnt3a CM in the presence of either 0.5
mM Ca2+ or 3 mM Ca2+ for 18 hours.
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Chapter 4
Discussion
Persistent intestinal inflammation can stimulate defective Wnt signaling pathway
to increase epithelial cells proliferation and may implicate the development and
progression of CRC (Segditsas and Tomlinson, 2006; MacLeod et al., 2007; Najdi et al.,
2011). Mutations in the scaffold protein that degrades β-catenin have been linked to
polyp formation in mice as well as CRC in humans (Logan and Nusse, 2004). Therefore,
finding a novel signaling cascade that will regulate inflammation and defective Wnt/β–
catenin activity is essential.

Our study is the first demonstration of the role of dietary calcium in the regulation
of colonic CaSR expression in different strains of mice. To begin to understand whether
colonic CaSR was involved in induced colitis as a prerequisite to understanding a
putative role for the CaSR in colitis-associated colon cancer, we first characterized the
CaSR-/PTH- colon with respect to Wnt/β-catenin signaling and inflammation. We found
that the global knockout colon was already inflamed before any artificial induction of
colitis. Consistent with studies using intestinal specific knockout of the CaSR, we have
discovered that two downstream targets of Wnt/β-catenin signaling are substantially
increased, as well as one Wnt ligand that could putatively signal these increases. In
addition, we demonstrate that CaSR stimulation will cause de-phosphorylation of pLRP6
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at several sites in CaSR transfected human embryonic kidney (CaSR-HEK) and normal
intestinal epithelial cell lines, and this may lead to reductions in Wnt/β-catenin activity.
Epidemiological studies in humans demonstrate a clear correlation between calcium
supplementation, alone or in combination with VitD, and decreased incidence of aberrant
crypt foci (Holt et al., 1998; Wu et al., 2002; Peters et al., 2004; Flood et al., 2005).
Therefore, to assess if increased dietary calcium can effect colonic CaSR expression,
PWK/PHJ and NIH-Swiss Webster mice were used, which are known to tolerate high
calcium in their food (Tordoff et al., 2007).
Evidence that dietary calcium can regulate colonic CaSR expression was
demonstrated by western blot analysis of mice colonic scrapings. First, PWK/PHJ mice
were fed 0.5% or 2% calcium supplemented chows for 4 weeks. CaSR expression was
higher when PWK/PHJ mice were fed 0.5% calcium compared to 2% calcium,
suggesting that dietary calcium can regulate colonic CaSR expression. Second, NIHSwiss Webster mice were fed 0.5% calcium, 2% calcium, and 2% calcium in addition to
vitamin D3 in their supplemented chows for 2 weeks or 4 weeks. In contrast to what we
found in PWK/PHJ mice, CaSR expression was higher when NIH-Swiss Webster mice
were fed 2% calcium and vitamin D3 compared to 2% calcium alone for 2 weeks. Like
the PWK/PhJ mice, after 2 weeks, the 2% diet reduced CaSR expression in the colon.
However, after 4 weeks, CaSR expression was increased by 2% calcium alone to a level
that was ~5 fold higher than the 0.5% diet and no different then the amount in VitD and
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2%. Therefore, these experiments demonstrated that dietary calcium can effect colonic
CaSR expression and this regulation varies both with mice strain and time.
The cellular and molecular mechanisms that allow dietary calcium to regulate
colonic CaSR expression are not well elucidated. Several studies explained that when
CaSR binds to several proteins such as β-arrestins, CaSR is endocytosed immediately,
and it becomes a target for recycling to the plasma membrane or degradation
(Gainetdinov et al., 2004; Lefkowitz and Whalen, 2004; Chakravarti et al., 2012). One
potential hypothesis is that when calcium stimulates colonic CaSR, the activated CaSR is
not internalized by endocytosis immediately, and it stays on the surface longer that other
G-protein coupled receptors. This could potentially permit CaSR to cause widespread
kinase activation, Calmodulin kinase II in particular, and subsequently induce the
expression of other CaSRs. This remains, however, an untested hypothesis. Vitamin D
can increase colonic CaSR expression because CaSR gene has 2 promoters, both of
which contain two Vitamin D responsive elements (Canaff and Hendy, 2002). Therefore,
we conclude that dietary calcium alone or in combination with vitamin D3 can regulate
colonic CaSR expression and this regulation is different between mice strains.
Fundamental work from the MacLeod lab has been directed to describe how
CaSR activation in vitro stimulates Wnt5a expression on the sub-epithelial myfibroblasts
while CaSR activation on epithelial cells stimulates Wnt5a receptor, Ror2 (Pacheco and
MacLeod, 2008). Previously, we demonstrated that this activation of the non-canonical
signaling inhibits defective Wnt/β-catenin signaling by stimulating Siah2 and CDX2 in
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Ht-29 cells (Pacheco and Macleod, 2008). Our focus has been shifted to understand the
ability of CaSR to regulate Wnt/β-catenin signaling and colitis-associated colon cancer in
vivo. Therefore, global double homozygous knock mice (CaSR-/PTH-) were chosen as a
model system. The CaSR-/PTH- mice were kept alive by 1.5% calcium in their drinking
water and CaSR+/PTH+ mice were used as a control. The double knockout mice are not
hypocacalcemic because of the calcium supplements in their drinking water.
In the current experiments, we were unable to address the role of PTH in the
induced colitis because our breeding pairs of CaSR+/PTH- mice did not breed so we could
re-derive these mice to colony strength. Nevertheless, these double knockout mice
appeared hypersensitive to this acute model of colitis. Our current results suggest that this
double knockout model may be used for other models of colitis, ie, the TNBS model
where the insult is directly applied to the colon, or in matings with mice that lack T cells.
Alternatively, it will be interesting to assess whether the conditional CaSR knockout
mouse (where the CaSR has been selectively deleted from all tissues expressing Villin) is
already showing the increased endogenous inflammation. We noted in the CaSR-/PTHcolons were more sensitive to acute models of colitis like DSS feeding or TNBS
application. Nevertheless, I conclude that the CaSR-/PTH- phenotype is more sensitive to
the DSS-acute model of colitis.

Based on our results, we demonstrated that CaSR-/PTH- mice had a substantial
reduction in Wnt5a and Ror2 expression. Notably, we found that Wnt/β-catenin is
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stimulated in the CaSR-/PTH- colons with a significant increase in Wnt3a, Cyclin D1, and
MMP7 protein expression compared to the control mice without challenging the mice
with DSS. In the current experiments, the CaSR-/PTH- colons had an increase in Wnt3a, a
Wnt family member well characterized in stimulating the canonical or Wnt/β-catenin
signaling pathway to enhance cellular growth.
Evidence that Wnt/β-catenin signaling was increased in the CaSR-/PTH- colonic
epithelia was seen in the increases in two targets of β-catenin, including Cyclin D1 and
matrilysin (MMP-7). β-catenin has been shown to regulate CyclinD1 in colorectal cell
lines in vitro (Newell et al., 1994; Yamamoto et al., 1995; Brabletz et al., 1999) and
CyclinD1 over-expression has been observed in human colorectal cancer and in
adenomas arising in the APCmin/+ mouse (Arber et al., 1996; Zhang et al., 1997;
Shututman et al., 1999). Matrilysin (MMP7) is most typically found in the Paneth cells of
the small intestine (Wilson et al., 1995), but is overexpressed in about 80% of colorectal
carcinomas. MMP-7 has a single TCF-4 site on its promoter and is expressed in
precancerous polyps prior to onset of the invasive phenotype. MMP-7 also is required for
the invasive and metastatic potential of cancer cells (Dejmek et al., 2005; Kos et al.,
2003). The increased MMP-7 found in the colonic scrapings of the CaSR-/PTH- mice are
consistent with an increase in Wnt/β-catenin signaling in the colon of these mice.
The CaSR-/PTH- colons showed increased Wnt3a, CyclinD1 and MMP-7 protein
expression in comparison with CaSR+/PTH+ colons, but we were unable to confirm
increased crypt depth. Rey et al (2012), found the floxed-CaSR/villin-Cre mouse had
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increased crypt depth and the total number of cells/crypt. Indeed, they demonstrated
enhanced β-catenin nuclear localization with expansion of the proliferative zone of the
crypts. Our current findings using the CaSR-/PTH- colons, therefore, extend this work
using the directed knockout colons by showing that two targets of Wnt/β-catenin
signaling.

Wnt5a/Ror2 engagement will reduce TNFR1 expression to a level which prevents
exogenous TNFα from initiating barrier damage to model membranes (Kelly et al.,
2011). In that context, we noted that with the reductions in Wnt5a and Ror2 in the CaSR/PTH- colons, TNFR1 was increased 3 fold over its level in CaSR+/PTH+ colons. Whether
this is a compensatory effect from the reduced Wnt5a/Ror2 is not known, but it will be
important to see the status of TNFR1 in the conditional Ror2 knockout mouse colon.
Nevertheless, we conclude that the reductions in Wnt5a and Ror2 in the CaSR-/PTHcolons are consistent with in vitro evidence that CaSR activity will regulate this noncanonical Wnt pathway.
Earlier studies demonstrated the presence of CaSR transcripts in the Brunner’s
gland of the rat (Chattopadhyay et al., 1998). Since mucin is secreted by activation of the
Brunner’s gland in the intestine, we speculate that the absence of the CaSR has altered
Brunner’s gland function/secretion in the CaSR-/PTH- mice. A reduction in mucin
throughout the lumen of the GI tract could potentially enhance microbial influx across the
intestinal epithelia. Increased bacterial transit may recruit more neutrophils to the
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intestine. Histopathologic analyses did not show any alteration in the number of goblet
cells between the CaSR-/PTH- colons compared with control colons; so we hypothesize
there is a reduction in mucin secretion from CaSR-stimulated Brunner’s glands in the
absence of a functional CaSR. Further experiments are required to test this hypothesis.
Based on these observations in CaSR-/PTH- mice vs. CaSR+/PTH+ mice, our work
suggests that CaSR plays an important role in the regulation of Wnt/β-catenin signaling
pathway. The CaSR-/PTH- had activated Wnt/β-catenin signaling pathway together with
reduction in the non canonical pathway without challenging the mice with DSS. Indeed,
the CaSR-/PTH- had enhanced MPO and histopathological score compared to the control
mice, suggesting that the CaSR-/PTH- mice were already inflamed without DSS. When
challenging the mice with 3% DSS, the knockout mice had higher histopathological
scores than the control mice primarily due to the increased in TNFR1, which Wnt5a/Ror2
can control. All these findings strongly support the role of CaSR in the regulation of
canonical and non canonical signaling pathways in the colon. The increased inflammation
and increased Wnt/β-catenin signaling in this tissue could make the mice more
susceptible to either carcinogens or models of colitis-associated cancers. Our next step
was to show that when CaSR is stimulated with high calcium, Wnt/β-catenin signaling
can be inhibited without Wnt5a/Ror2 engagement, by altering the status of pLRP6.

LRP6 acts as an essential co-receptor for the canonical pathway together with
Fzd, and LRP6 phosphorylation by several kinases including GSK3 and CK1 is a critical
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step to increase β-catenin signaling (Brown SD et al, 1998; Mao B et al, 2001; Semenov
MV et al., 2001; Christof N and Jinlong S, 2010). Thus, one of the possible mechanisms
to inhibit the Wnt/β-catenin signaling pathway is altering the status of LRP6
phosphorylation, however the physiological mechanism that mediates pLRP5/6
dephosphorylation has not be elucidated.
Therefore, we assessed the role of CaSR in reducing pLRP6 in several cell lines
that don’t express either Wnt5a or Ror2 including CaSR-HEK, HEK, and RKO cells. We
started by treating CaSR-HEK cells with Wnt3a CM to stimulate LRP6 phosphorylation
and challenged the cells with low or high calcium for several time points. We found
LRP6 phosphorylation was reduced at several sites and at all-time points suggesting the
importance of CaSR in this reduction. To confirm the previous result, the same
experiment was repeated in HEK cells, which characteristically do not express CaSR. We
found treating HEK cells with high calcium concentrations failed to reduce LRP6
phosphorylation, supporting the hypothesis that the reduction in pLRP6 was due to CaSR
activation with high calcium.

To have more provide that the reduction in pLRP6 was due to CaSR activation,
RKO cells were transfected with short-interfering RNA aimed against CaSR and same
experiment was repeated. We found by silencing CaSR, LRP6 phosphorylation status
hadn’t been changed, which further supports the significant role of CaSR in reducing
pLRP6. Indeed, we demonstrated that by treating RKO cells with phosphatases inhibitors
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including Na-orthovanadate and Okadaic acid under the same condition, we inhibited the
de-phosphorylation of pLRP6 at several sites suggesting that CaSR activation stimulates
phosphatases to reduce pLRP6. Interestingly, previous studies have shown that Wnt5a
and Ror2 engagement reduced β-catenin reporter activity in Ht-29, H441, and A549 cells
(Mikels and Nusse, 2006; MacLeod et al., 2007; Li et al., 2008). We demonstrated that
treating RKO cells, which lack Wnt5a expression, with Wnt3a CM to stimulate β-catenin
activity and challenging the cells with high calcium significantly reduced β-catenin
reporter activity suggesting that CaSR activation can inhibit β-catenin reporter activity
either by stimulating the expression of Wnt5a/Ror2 or independent of Wnt5a/Ror2 by
altering the status of pLRP6.

In summary, we conclude that dietary calcium and vitamin D3 can regulate
colonic CaSR expression in PWK/PHJ and NIH-Swiss Webster mice. This is supported
by the observation that calcium alone increased colonic expression after 4 weeks of
feeding NIH-Swiss Webster mice, while feeding them calcium together with VitD for 2
weeks only increased colonic CaSR expression. Finding that high calcium reduced CaSR
expression in PWK/PHJ mice while low calcium increased CaSR expression suggests
that CaSR regulation is different between mice strains and what regulates this expression
is unknown. Additionally, we demonstrated that CaSR plays an important role in the
regulation of defective Wnt/β-catenin signaling and induced colitis in CaSR-/PTH- mice
and CaSR+/PTH+ mice. Finding significant reduction in non-canonical signaling together
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with increased in the canonical signaling in CaSR-/PTH- mice vs. CaSR+/PTH+ mice
strongly suggests the role of CaSR in the regulation of Wnt/β-catenin signaling and
induced colitis. Considerable advances have been made in our understanding about CaSR
regulation and function. This progress has been fuelled by our characterization of
additional role of CaSR in the inhibition of defective Wnt/β-catenin signaling pathway in
vivo or through changing the status of LRP6 phosphorylation in vitro by stimulating
phosphatases. Nonetheless, the precise phosphatases that are activated by CaSR to reduce
pLRP6 are not known and must be further characterized.
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