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Abstract

The aim of the study was to investigate the inhibitory effects of calcium against intestinal cancer in vitro and in vivo. We first investigated
the effects of calcium treatment in HCT116 and HT29 human colon cancer cells. At the concentration range of 0.8-2.4 mM, calcium significantly
inhibited cell growth (by 9-29%), attachment (by 12-26%), invasion (by 15-31%), and migration (by 19-61%). An immunofluorescence microscope
analysis showed that the treatment with calcium (1.6 mM) for 24 h increased plasma membrane [3-catenin but decreased nuclear [3-catenin levels
in HT29 cells. We then investigated the effect of dietary calcium on intestinal tumorigenesis in Apcww mice. Mice received dietary treatment starting
at 6 weeks of age for the consecutive 8 weeks. The basal control diet contained high-fat (20% mixed lipids by weight) and low-calcium (1.4 mg/g
diet) to mimic the average Western diet, while the treatment diet contained an enriched level of calcium (5.2 mg calciunv/g diet). The dietary calcium
treatment decreased the total number of small intestinal tumors (by 31.4%; P <0.05). The largest decrease was in tumors which were > 2 mm
in diameter, showing a 75.6% inhibition in the small intestinal tumor multiplicity (P < 0.001). Immunohistochemical analysis showed significantly
reduced nuclear staining of [3-catenin (expressed as nuclear positivity), but increased plasma membrane staining of [B-catenin, in the adenomas from
the calcium-treated groups in comparison to those from the control group (P <0.001). These results demonstrate intestinal cancer inhibitory effects
of calcium both in human colon cancer cells and Apc™™" mice. The decreased B-catenin nuclear localization caused by the calcium treatment may
contribute to the inhibitory action.
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Introduction including cancer-preventive activities, also have received atten-

tion recently [4,5]. Although the epidemiological data on the

Colorectal cancer is one of the most common cancers in both
incidence and mortality among men and women worldwide [1].
The prevention of this disease is, therefore, a significant public
health issue. Both environmental and genetic factors are impor-
tant in the etiology of this type of cancer [1]. Diet is a major
environmental factor that affects colorectal cancer risk [2].
Generally, a Western style diet containing high fat, low calcium,
and low fiber is considered to be associated with a higher risk
for colorectal cancer [1,2]. This suggests that colorectal cancer
is preventable by dietary modification.

Calcium is an essential nutrient, and the primary function of
calcium is to form the structure of bones and teeth. Calcium
is also involved in the cell signaling of the muscular, cardiovas-
cular, endocrine, and nervous systems [3]. Beyond such nutri-
tional functions, disease-preventive activities of calcium,

relationship between calcium intake and colorectal cancer are
inconsistent [6], results from meta-analysis indicated that
supplemental calcium was effective for the prevention of adenoma
reoccurrence in populations with the history of adenomas [7-9].
For example, in the Calcium Polyp Prevention Trial on subjects
with recent histories of colorectal adenomas, calcium supplemen-
tation (1,200 mg/day) has been found to decrease the risk of
all types of neoplastic and hyperplastic polyps, especially on more
advanced colorectal lesions [8,9]. Results from animal studies are
not consistent. With the azoxymethane- or 1,2-dimethylhydrazine-
induced aberrant crypt foci and colon tumorigenesis rat models,
the inhibitory effects of dietary calcium has also been demons-
trated in many studies [10-23], though not in some [24-27]. In
a study with Achﬁ]w mouse model, half (0.2%) or double (1.2%)
the level of calcium in the AIN93G diet (0.5%) did not signi-
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ficantly affect the polyp number or tumor load [28]. In another
study with ApcM"/+ mouse, dietary calcium supplementation (1.2%)
increased intestinal tumor formation [29]. A noteworthy study
was with C57bl/6 mice with a “Western style diet” that mimicks
the high fat, low calcium, and low vitamin D features of the
American diet [30,31]. The mice developed hyperplasia and
dysplasia in the colon [30], and the supplements of calcium and
vitamin D prevented development of these lesions [31]. This
finding suggests that the inhibitory effects of calcium can be
best demonstrated in a diet that mimics human diet with high
fat and low calcium contents. Recently, we showed that dietary
treatments with calcium effectively inhibited aberrant crypt foci
formation in azoxymethane-induced rats and mice maintained on
high-fat and low-calcium diet [32].

In normal colonic epithelial cells, (3-catenin consists of adherence
junction together with transmembrane glycoprotein E-cadherin,
thought to be tumor suppressor in the colon, and functions to
maintain epithelial cell-cell adhesion and cell integrity [33]. The
translocation of [-catenin from the plasma membrane to the
nucleus of cells results in an increased transcription of genes
involved with cell proliferation, which is a key event in colon
carcinogenesis [34,35]. Calcium treatment has been shown to
increase E-cadherin levels and to suppress subsequent [3-catenin
signaling in different cell culture systems [36-39]. It is of
important to see if such effects also occur in vivo.

Ap™™" mice carry a germline mutation at codon 850 of the
mouse homologue of the human Adenomatous Polyposis Coli (APC)
gene [40], which is frequently mutated in human colon cancer
[41]. Apcww mice, therefore, have been recognized as a genetically
relevant animal model for human colon carcinogenesis and have
been widely utilized in various chemoprevention studies [42].

In the present study, we aimed to determine the inhibitory
effects of calcium against intestinal cancer in human colon cancer
cells and ApcMi"/+ mouse model. Further, we investigated the
effect of calcium treatment on [3-catenin translocation both in
vitro and in vivo.

Materials and Methods

Cell culture

HCT116 and HT29 human colon cancer cells were purchased
from the Korean Cell Line Bank (Seoul, Korea) and the American
Type Culture Collection (Manassas, VA, US), respectively. Cells
were maintained in the minimum essential medium (MEM Eagle;
Sigma-Aldrich, St, Louis, MO) with 10% fetal bovine serum
(FBS; Thermo Scientific, Logan, UT, US) and 100 units/mL
penicillin/0.1 mg/mL streptomycin (Welgene Inc., Daegu, Korea)
at 37°C in 95% humidity and 5% CO,. Calcium chloride (Sigma
Aldrich, St, Louis, MO, US) was dissolved in ultra pure water
(Biosesang Inc., Seongnam, Korea) and used for the treatment
of cells.

Cell viability, attachment, invasion, and migration assays

For the cell viability assay, HCT116 and HT29 cells (1 x 10°
cells/well) were seeded in 96-well plates. After 24 h, cells were
treated with serial concentrations of calcium in serum complete
media (containing 10% FBS). At respective time points after
treatments, the media were replaced by fresh media containing
0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma Aldrich). After 4 h incubation at 37C,
MTT-containing media were removed and the reduced formazan
dye was dissolved by adding dimethyl sulfoxide (DMSO) to each
well. After gentle mixing, the absorbance was monitored at 540
nm using a plate reader (Bio-Rad Laboratories, Hercules, CA, US).

For the cell attachment assay, HCT116 cells (4 x 10* cells/well)
in either calcium-containing or water-containing serum complete
media were plated into each well of 96-well plates. After 16
h, the cells were subjected to MTT assay as described above.

For the cell invasion assay, a matrigel-coated chamber (BD

Biosciences, Oxford, UK) was used where HCT116 cells (2.5
x 10’ cells/well) were loaded in inner chambers containing
serum-free media with or without calcium at respective concen-
trations. Cells were then moved through the extracellular matrix
layer at the bottom of the inner chamber toward the outer
chamber containing the serum complete media. At 48 h after
the treatment, cells in the outer chamber were quantified using
Alamar blue (Invitrogen, NY, US). The fluorescence was
measured at an excitation of 550 nm and an emission of 590
nm using GENios plate reader (Tecan, Durham, NC, US).

For the scratch wound healing assay, HCT116 and HT29 cells
were grown on 30 mm dish or 6-well plate, up to 70-80%
confluence, and wounds were made with tip of micropipette.
Cells were then maintained in either calcium-containing or
water-containing serum complete media for 24 h (in the case
of HCTI116 cells) and 48 h (in the case of HT29 cells). The
width of wound was measured using phase contrast time-lapse
microscopy (Carl Zeiss Co., Ltd., Seoul, Korea) with iSolution
Lite software.

Breeding and genotyping of Apc™" Mice

The breeding colony was established using male C57BL/
6J-Apc™* and female wild-type littermate mice (The Jackson
Laboratory, Bar Harbor, ME, US) as founders in the animal
facility of the Susan Lehman Cullman Laboratory for Cancer
Research (Rutgers,The State University of New Jersey, Piscata-
way, NJ, US). Genotyping of the pubs produced from the colony
was done by routine polymerase chain reaction assays as
previously reported [43].

Diet treatment and tissue harvesting

Male and female C57BL/6J- ApcMi"H mice at the age of 6
weeks received either the control diet containing high-fat (20%;
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Table 1. Composition of diet used for the animal study”

Control high-fat/ Calcium-enriched
low-calcium diet high-fat diet
(1.4 mg calcium/g diet) (5.2 mg calcium/g diet)

Diet ingredients

Casein 23.80 23.54
DL-methionine 0.36 0.35
Corn starch 24.16 23.89
Maltodextrin 11.90 11.77
Dextrose 9.16 9.06
Cellulose 5.95 5.88
Mixed lipid® 20.24 20.02
Vitamin mix 1.19 1.18
Choline bitartrate 0.24 0.24
Mineral mix® 0.60 0.59
Potassium phosphate, 1.62 1.60
monobasic

Sodium chloride 0.31 0.30
Calcium phosphate, dibasic 0.47 0.46
Calcium carbonate - 1.12

”Composition is expressed as a percentage by weight,

? Mixed lipid contains 16% beef tallow, 10% lard, 12% butter fat, 30% hydroge-
nated soybean oil, 27% corn oil, and 5% peanut oil.

9 Mineral mix contains 8.4% magnesium oxide, 51.5% magnesium sulfate 7HO,
0.4% chromium potassium sulfate, 0.2% cupric carbonate, 0.7% potassium
iodate, 4.2% ferric citrate, 2.5% manganous carbonate, 0.7% sodium selenite,
1.1% zinc carbonate, and 31,7% sucrose,

w/w) and low-calcium (1.4 mg/g diet) or the calcium-enriched
diet (5.2 mg calcium/g diet; Table 1) [32]. Body weight, food
consumption, and fluid consumption were measured weekly.
After 8 weeks of treatment, mice were sacrificed by CO»
asphyxiation. Blood was collected via cardiac puncture, and
serum was isolated by centrifugation. Since ApcMilw mice develop
tumors throughout intestinal tract, mainly in the small intestine,
the entire intestinal tract was harvested, flushed thoroughly with
cold 0.9% saline, cut open longitudinally, and flattened on filter
paper to expose tumors in the lumen. The flattened tissues on
filter paper were placed on dry ice briefly to aid in scoring the
visible tumors [44,45]. Small intestine tissues from male mice
were fixed in 10% buffered formalin for 24 h and Swiss rolled
for routine pathological processing.

Immunocytochemistry and immunohistochemistry

For immunocytochemical analysis, HT29 cells on 25 mm
square glass coverslips (Corning, Cambridge, MA, US) were
fixed in methanol for 30 seconds at 20°C and blocked by
incubation with PBS containing 1% bovine serum albumin (BSA)
for 1 h at room temperature. Cells were then incubated with the
[B-catenin antibody in PBS containing 1% BSA for 1 h at room
temperature, washed, incubated with secondary antibodies for 45
minutes at room temperature, washed, and mounted in Vecta
Shield (Vector Laboratories, Burlingame, CA). Immnufluores-
cence microscopic analysis was done at excitation wavelengths
of 488 nm (for fluorescein isothiocyanate) and 543 nm (for
tetramethyrhodamine isothiocyanate).

For immunohistochemical analysis, embedded tissue blocks
were cut serially for at least 30 slides and labeled numerically.
Four slides per mouse were stained for haematoxylin and eosin
for histopathological evaluation, and the remaining slides were
used for immunohistochemistry. A standard avidin-biotin complex
method was used as previously described [34,35], and the
localization of [3-catenin (antibody purchased from Cell Signaling
Technology) and E-cadherin (antibody purchased from BD
Biosciences, San Jose, CA) were analyzed. Positivity of nuclear
staining for [B-catenin was counted manually and expressed as
the percentage of positive-staining cells in the total number of
tumor cells.

Determination of calcium levels

. . Min/+ .
Serum calcium levels were measured in Apc’" mice follo-

wing the manufacturers’ protocol (BioVision, CA, US). In brief,
serum sample (or standard), chromogenic reagent, and assay
buffer were mixed, incubated for 10 minutes at room temperature
protecting from light, and then measured at the absorbance of
575 nm using GENios plate reader (Tecan).

Statistical analysis

SPSS and Excel softwares were used for statistical analysis.
For the simple comparisons between the two groups, Student’s
t-test was used. One-way ANOVA combined with appropriate
post-hoc tests was used for the comparisons among multiple
groups. Two-way ANOVA was used for assessing whether or
not data from two different animal experiments (one with females
and the other with males) could be combined. The effects of
the two factors, treatment and experiment, as well as the
interaction of treatment and experiment, on the response variable,
tumor numbers, were analyzed.

Results

Effect of calcium on cell growth, attachment, invasion, and
migration in human colon cancer cells

We investigated the effects of calcium treatment on cell
growth, attachment, invasion, and migration in HCT116 and
HT29 human colon cancer cells. The treatment of HCT116 cells
with calcium at 0.8, 1.2, and 2 mM for 72 h inhibited the cell
growth by 23-29% (P <0.001; Fig. 1A). Longer treatment with
calcium, such as 96 h, showed slightly greater growth inhibition,
but the difference was not significant (data not shown). The
treatment of HT29 cells with calcium at 0.8, 1.6, and 2.4 mM
for 48 h inhibited the cell growth by 9-15% (P <0.05; Fig. 1B).
Longer treatment with calcium, such as 72 h and 144 h, did
not show greater effects than those found at the 48 h time point
(data not shown). The calcium treatment of HCT116 cells at 0.8,
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Fig. 1. Effects of the calcium treatment on cell growth, attachment and invasion in human colon cancer cells. Percentage of viable cells after the treatment of HCT116
cells with 0.8, 1.2, and 2.0 mM calcium for 72 h (A) and HT29 cells with 0.4, 0.8, 1.6 and 2.4 mM calcium for 48 h in serum complete medium (B). Percent of attached
cells on the bottom of culture plate after the treatment of HCT116 cells with 0.8, 1.2, and 2.0 mM calcium in serum complete medium (C). Percentage of invaded cells
to the outer chamber containing serum complete media from the inner chamber containing serum free media after the treatment of HCT116 cells with 04, 08, 12, 16
and 2.0 mM calcium for 48 h (D). The values shown are mean + SE. Different letters (a-d) indicate statistical difference by one-way ANOVA followed by Tukey test (P<
0.05).
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Fig. 2. Effects of the calcium treatment on cell migration in human colon cancer cells. Percentage of wound closure after the treatment of HCT116 and HT29 cells
with 0.8, 1.2, and 2.0 mM calcium for 24 h (in the case of HCT116 cells) and 48 h (in the case of HT29 cells) in serum complete medium (A). The values shown are
mean + SE, Different letters (a, b) indicate a statistical difference by one-way ANOVA followed by Tukey test (P<0.05). Representative pictures of the wound closure in
HT29 cells with or without 2.0 mM calcium for 48 h (B). Dying cells were observed around the edge of wound in calcium-treated HT29 cells at the 48 h time points, but
not in the control cells (C).
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1.2 and 2 mM for 16 h decreased the cell attachment on the
bottom of the culture plate by 12-26% (P < 0.001; Fig. 1C). In
the transwell assay, the treatment of HCT116 cells with calcium
at 0.4, 0.8, 1.2, 1.6, 2.0 mM concentration for 48 h decreased
cell invasion by 15-31% (P <0.05; Fig. 1D). In the scratch
wound healing assay, the treatment with calcium at 0.8, 1.2, and
2.0 mM for 24 h (in the case of HCT116 cells) and 48 h (in
the case of HT29 cells) inhibited cell migration by 19-61% (P
<0.05; Fig. 2A and B). In the calcium-treated cells, dying cells
were observed around the edge of wounds, but not in the control
cells (Fig. 2C).

Effect of calcium on the localization of (&-catenin in human
colon cancer cells

We examined the effects of calcium treatment on the
localization of [3-catenin in the HT29 cells. As shown in Fig. 3,
[B-catenin (red) was found in both nucleus (blue) and cytoplasm
in the control cells. Treatment of cells with 1.6 mM calcium
for 24 h, however, resulted in [3-catenin localized predominantly
in the plasma membrane and found in the cytoplasm.

Effects of calcium treatment on serum calcium levels and

Min/+

intestinal tumor formation in Apc mice

We conducted the animal study using the ApcMW mouse model
to determine whether the anti-cancer effects of calcium in vitro
can be observed in vivo. Serum calcium levels in the control
mice were approximately 1.9 mM (n=06). As expected, the
calcium treatment for 8 weeks did not change serum levels of
calcium in mice (2.0 mM in calcium-treated mice, n=6). As
shown in Table 2, the calcium treatment for 8 weeks decreased
total number of small intestinal tumors in both female (by 36.4%)
and male (by 25.8%) ApcMirw mice. The calcium treatment
resulted in a more prominent decrease in the number of large-size
tumors (=2 mm) than the number of small-size tumors (< 1

Table 2. Effect of calcium treatment on intestinal tumor formation in ApcM""+

Control for 24h

1.6 mM Ca?* for 24h

Fig. 3. Effects of the calcium treatment on the localization of 3-catenin in HT29
human colon cancer cells. Fluorescence microscopy analyses of cells in the
absence (A) or presence of 1.6 mM extracellular calcium for 24 h (B). The yellow
boxes in the panels A and B were magnified and shown in the panels C and D,
respectively, Red and blue immunofluorescences are due to fluorescein
isothiocyanate- and 4V,6-diamidino-2-phenylindole-conjugated secondary antibodies
used for the staining of B-catenin and nucleus, respectively, Results are
representatives of two independent experiments with consistent results,

mm) in the small intestine; the multiplicity of the large-size
tumors were decreased by 85.1% (P <0.01) in female mice and
62.8% (P <0.05) in male mice. These two datasets from male
and female mice were analyzed by two-way ANOVA, and the
results indicated that there was no effect on either the gender
or interaction between gender and the calcium treatment on the
tumor numbers. The male and female data, therefore, were
combined and reanalyzed together. Calcium treatment resulted
in significantly decreased total number of small intestinal tumors
by 31.4% (P <0.05). The largest decrease was in tumors with
=2 mm in diameter, showing 75.6% inhibition of tumor

No. of small inetstinal tumors/mouse

Group No. of mice Bzg?/n%v ?E)ht Region Size Total tsr%orosf/niglt?:e
Proximal Middle Distal <1 mm 1-2 mm >2 mm

Female
Control 8 25404 98+13  303+57 31.1+64 299+39  319#77  94%23  71.1£112 0.6+0.4
Calcium 9 2.9+0.1 6.6+0.8 167+39  220+45 233+37 204+46 14+07  452%85 0.6+0.2
Male
Control 8 07+15 76+0.8 16.8+25 295+58 154+36 308+39  7.8%16 53.9+6.4 0.8+0.3
Calcium 7 16+0.7 8.3+0.9 131£12  186+29 16.9+26  203+44  29+10  40.0+43 1.6+0.7
Female + Male®
Control 16 16+0.8 87+08  235+35 30.3+42 226+32 31.3+42 86%14 62.5+6.6 0.7£0.2
Calcium 16 23+04 7.3+06 151+22  205+28 205+24 204+31 21+06  429+50 1.0+0.3

”ApcMW* mice at the age of 6 weeks were maintained on the control or calcium-enriched diet for 8 weeks, Each value represents mean + SE,
2 Difference between final and initial body weights.
9 Two datasets from male and female mice were analyzed by two-way ANOVA, and results indicated that there was no effect on either the gender or the interaction between

gender and calcium treatment on the tumor numbers, The male and female data were then combined and reanalyzed together,

*P<0,05, ™ P<0,01, ** P<0,001: statistical difference from the value of control group in the column (two-tailed t-test).
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Table 3. Effect of calcium treatment on B-catenin localization in small intestinal adenomas’

)

[3-catenin

No. of adenomas

Grou - Cytoplasm expression®) Plasma membrane expression”
P containing 5-10 crypts Nuclear positivity (%)? ytop P - P -
Low High Low High
Control 37 30.1+£2.9 11 (30) 26 (70) 32 (87) 5 (14)
Calcium 17 20.2+0.2 16 (94) 1 (6) 9 (53) 8 (47)

" Each value in nuclear positivity represents mean + SD, Each value in both cytoplasm and plasma membrane expression represents the numbers of adenomas scored
to corresponding expression level (% of total numbers of adenomas analyzed per group).
' Nuclear positivity or cytoplasmic expression of B-catenin in the adenomas from the calcium-treated adenomas differs to the correspondence from the control group by

two-tailed t-test or chi-square test, respectively (£P<0.001).

9 Plasma membrane expression of B-catenin in the adenomas from the calcium-treated adenomas differs to that from the control group by chi-square test (P<0.01).

Table 4. Effect of calcium treatment on E-cadherin localization in small intestinal adenomas’

)

E-cadherin
No. of adenomas
Group containing 5-10 crypts Plasma membrane Cytoplasm
Low Intermediate High Negative Positive
Control 28 4 (14) 13 (46) 11 (39) 10 (36) 18 (64)
Calcium 17 1 (6) 8 (47) 8 (47) 7 (41) 10 (59)

Y Each value represents the number of adenomas scored to corresponding expression level (% of total number of adenomas analyzed per group).

multiplicity in the small intestine. Small intestinal tissues from
male ApcMim mice were subjected to histopathological analysis.
As shown in Table 3, histologically identified adenomas contain-
ing =5 crypts (in 4 slides per colon) were 47% fewer in the
calcium group compared to those in the control group (3.1+ 1.0
versus 5.8+ 1.3; P=0.06 by one-tailed t-test).

The treatment with calcium did not influence body weight or
the food and fluid intake. No noticeable signs of toxicity were

observed in any of the groups.

Effects of calcium on the localization of /(-catenin and
E-cadherin in small intestinal adenomas

Among histologically identified adenomas, only those
containing 5-10 crypts were analyzed for the localization of 3
-catenin and E-cadherin (Fig. 4). As previously reported [43,45],
all adenomas from the control group had enhanced nuclear and
cytoplasmic [B-catenin staining but reduced membranous staining
(Fig. 4A). Significantly reduced nuclear staining of [3-catenin,
as expressed in nuclear staining positivity, was observed in the
adenomas from the groups treated with calcium (by 32.9%) in
comparison to those from the control group (Fig. 4B, Table 3).
In adenomas from the calcium-treated groups, the intensity of
cytoplasmic staining was reduced to low expression levels (in
16 out of 17 adenomas; 94.1%), while membranous staining was
increased to high expression levels (in 8 out of 17 adenomas;
47.1%; P<0.01 by Chi-square test). Small intestinal adenomas
from the control group appeared to have low levels of E-cadherin
staining compared to normal epithelial cells (Fig. 4C). An
increased level of the plasma membrane E-cadherin staining was
observed in the adenomas from the calcium-treated groups in
comparison to those from the control group (Fig. 4D). However,
statistically significant changes in the localization of E-cadherin
by calcium treatment were not found (Table 4).

Control Calcium

B-catenin

E-cadherin §

Fig. 4. Effects of the dietary calcium treatment for 8 weeks on the localization
of B-catenin and E-cadherin in the small intestinal adenomas from Apc*™*
mice. Strong plasma membrane staining of 2 -catenin was observed in the normal
mucosa (indicated as “N”) from both untreated control (A) and calcium-treated mice
(B). Adenomas (indicated as “T") from the control mice showed strong nuclear and
cytoplasmic [-catenin staining (A). Treatment with calcium reduced the level of
nuclear staining but increased the level of membrane staining in the adenomas (B).
Strong plasma membrane staining of E-cadherin was observed in normal mucosa
from both untreated control (C) and calcium-treated mice (D). The treatment with
calcium increased the plasma membrane staining levels of E-cadherin in adenomas
).

Discussion

In the present study, we demonstrated the inhibitory effects
of calcium against colon cancer both in vitro and in vivo.
Previously, extracellular calcium has been shown to inhibit cell
growth in CBS human colon cancer cells [36]. Our present results
confirmed such a growth-inhibitory effect in other types of
human colon cancer cells, HCT116 and HT29 (Fig. 1). Both
HCT116 (bearing wild type APC and mutant [-catenin) and
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HT29 cells (APC-null and bearing wild-type [3-catenin) represent
aberrant [B-catenin signaling, which is similar to the case of
ApcMirw mice [40]. Based on this consideration, these two cell
lines were selected for the present study. We also extended our
findings to the inhibitory effects of calcium against cell attach-
ment, invasion, and migration (Figs. 1 and 2). To our knowledge,
this is the first study showing such inhibitory effects of calcium
in human colon cancer cells. The effective concentration range
of calcium was found to be 0.8-2.0 mM in our cell studies (Figs.
1 and 2). Since extracellular level of calcium is approximately
1.2 mM [46], and the serum calcium levels were approximately
2 mM in the control and the calcium-treated ApcMi"/+ mice, the
inhibitory effects of calcium in our cell studies appear to be
physiologically relevant.

We also found that calcium treatment inhibited intestinal tumor
formation in the ApcMi"/+ mouse model (mainly in the small
intestine; Table 2). The control diet was designed to mimic the
human diet in the Western countries [32], containing high fat
(20% fat; the mixture of com oil, beef fat, lard, butterfat, soybean
oil, and peanut oil) and low calcium (at a level of 1.4 mg/g
diet). The calcium level in the control diet (1.4 mg/g diet)
corresponds to the estimated average human intake of 600 mg
calcium/day in the United States [47,48]. The calcium-enriched
diet used in our study contained 5.2 mg calcium/g diet,
corresponding to a human intake of 2,200 mg calcium/day, which
is below the upper limit of the current Dietary Reference Intake
of 2,500 mg calcium/day [49]. Our study has significant public
health implications in that the treatment with dietary calcium at
a nutritional level effectively inhibited intestinal tumorigenesis
in vivo.

Translocation of [3-catenin from the plasma membrane to the
nucleus of cells is a key event in colon carcinogenesis that results
in increased transcription of genes involved with cell proliferation
[34,35]. Calcium treatment has been shown to increase E-cadh-
erin levels and suppress subsequent [3-catenin signaling in cell
culture systems [36-39]; however such effects in vivo have never
been reported. In the present study, we found that calcium
treatment resulted in decreased nuclear [(3-catenin levels, but
increased plasma membrane [3-catenin levels in vitro and in vivo
(Figs. 3 and 4, Table 3). To our knowledge, this is the first report
that treatments with dietary calcium, at nutritional level, altered
the localization of [3-catenin in intestinal adenomas in vivo.
E-cadherin functions to mediate epithelial cell-cell adhesion by
interacting with [3-catenin at the plasma membrane [33]. Our
results from immunohistochemical analysis suggest that dietary
calcium treatment may increase the plasma membrane levels of
E-cadherin in vivo (Fig. 4). Calcium sensing receptor (CaSR)
has been also shown to be involved in calcium-induced
E-cadherin expression, E-cadherin and [3-catenin complex, and
suppression of subsequent events such as [B-catenin signaling in
vitro [36-38]. CaSR might be, therefore, involved in the observed
alteration of [B-catenin localization by the calcium treatment in
vivo. Further mechanistic studies on the upstream and downs-

tream events of the altered [3-catenin localization by the calcium
treatment are needed in the future.

In summary, the present study showed that calcium treatment
inhibited not only cell growth, attachment, invasion, and migra-
tion in the human colon cancer cell culture system but also
intestinal tumor formation in the Apc™™" mouse model. We also
demonstrated that the dietary calcium treatments altered the
localization of (3-catenin both in vitro and in vivo. More studies
are needed to better understand the mechanisms of the inhibitory
action of calcium against colorectal carcinogenesis.
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