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Abstract
Emerging evidence supports an inhibitory role for vitamin D in colorectal carcinogenesis, but the
mechanism remains unclear. The APC/β-catenin pathway plays a critical role in colorectal
carcinogenesis. The purpose is this study is to explore the interactions of vitamin D and APC/β-
catenin pathways in intestinal tumor development. APCmin/+ mice with genetic inactivation of the
vitamin D receptor (VDR) were generated through breeding. Intestinal tumorigenesis was
compared between APCmin/+ and APCmin/+VDR−/− mice at different ages. No differences were
seen in the number of small intestinal and colonic tumors between APCmin/+ and
APCmin/+VDR−/− mice at 3, 4 and 6–7 months of age. The size of the tumors, however, was
significantly increased in APCmin/+VDR−/− mice in all age groups. Immunostaining showed a
significant increases in β-catenin, cyclin D1, phosphorylated Stat-3 and MSH-2 levels and
decreases in Stat-1 in APCmin/+VDR−/− tumors compared to APCmin/+ tumors. These observations
suggest that VDR signaling inhibits tumor growth rather than tumor initiation in the intestine.
Thus, the increased tumor burden in APCmin/+VDR−/− mice is likely due to the loss of the growth-
inhibiting effect of VDR. This study provides strong evidence for the in vivo relevance of the
interaction demonstrated in vitro between the vitamin D and β-catenin signaling pathways in
intestinal tumorigenesis.
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Introduction
Colorectal cancer is the second leading cause of cancer-related deaths in men and women in
the United States. The APC/β-catenin pathway plays a central role in colorectal
carcinogenesis, as nearly all colon tumors have dysregulated β-catenin signaling, with either
inactivating mutations in the adenomatous polyposis coli (APC) protein or activating
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mutations in β-catenin protein 1. Beta-catenin is a proto-oncogene that is predominately
bound to E-cadherin in the adherence junctions. Tyrosine phosphorylation of β-catenin leads
to its disassociation from E-cadherin and transfer to the cytosol, where it is either degraded
by the 26S proteasome or translocated into the nucleus 1. In the nucleus β-catenin forms a
complex with members of the TCF/LEF family of transcription factors and activates genes
encoding c-Myc and cyclin D1, among others, to promote cell proliferation. In the cytosol,
β-catenin degradation requires the involvement of GSK-3β, AXIN and APC 1. Mutations in
the APC gene prevent APC binding to β-catenin and thereby stabilize β-catenin and increase
its nuclear translocation, ultimately leading to tumorigenesis. APCmin/+ mice are the first
reported genetic mouse model of intestinal tumorigenesis, which was originally derived
from an Apc germ-line mutation induced by ethylnitrosourea treatment 2. Heterozygous
(APCmin/+) mice develop multiple intestinal polyps after 3–4 months of age that are
predominantly in the small intestine, as a result of spontaneous inactivation of the remaining
wild-type Apc allele (loss of heterozygosity).

1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is a secosteroid hormone whose actions are
mostly mediated by VDR, a member of nuclear receptor superfamily. A large body of
literature has suggested a suppressive role for vitamin D in colorectal cancer development.
Epidemiological data, for example, showed an inverse relationship between sunlight
exposure or vitamin D intake and human colon cancer prevalence 3, 4. Low circulating
vitamin D levels are associated with increased polyp formation in the distal colon in
women 5, and diets deficient in vitamin D increase hyperplasia and proliferation of colonic
crypt cells 6. On the other hand, vitamin D supplementation alone or with calcium can
inhibit experimental colonic carcinogenesis induced by high-fat diets or intrarectal
instillation of lithocholic acid, a tumor-promoting bile acid 7, 8. Although vitamin D is
known to inhibit colon cancer cell proliferation and induce colon caner cell apoptosis 9, 10,
the mechanisms involved in vitamin D suppression of colonic carcinogenesis remain
elusive.

Several studies have examined VDR haplotypes in an effort to identify risk alleles that could
modulate the effects of vitamin D on colon cancer prevention. While some studies have
reported an association of VDR polymorphisms and colonic cancer risk 11, 12, others have
not 13, 14. Thus this remains a controversial area that needs more investigations.

Prior in vitro and in vivo studies have suggested a potentially important relationship between
the vitamin D and APC/β-catenin signaling pathways. It has been reported that treatment
with vitamin D or its synthetic analogs decreases tumor burden in APCmin/+ mice 15. In
SW480 cells 1,25(OH)2D3 induces E-cadherin expression, promotes VDR-β-catenin
interaction and prevents β-catenin nuclear translocation, leading to inhibition of TCF-4
responsive genes such as c-myc 16, a proto-oncogene required for tumor formation in
APCmin/+ mice 17. The molecular basis underlying the protein-to-protein interaction between
liganded VDR and β-catenin has also been established 18. These observations suggest that
vitamin D may inhibit colon cancer cell proliferation by antagonizing the APC/β-catenin
pathway. The relevance of this hypothesis, however, has not been tested in an in vivo
setting. In the present study we compared tumorigenesis in VDR-null and wild-type
APCmin/+ mice to study the relationship between the VDR and APC/β-catenin pathways in
intestinal neoplastic transformation.

Materials and Methods
Animal studies

APCmin/+ mice on C57BL/6 background were purchased from Jackson Laboratory (Bar
Harbor, Maine). VDR+/− and VDR−/− mice on C57BL/6 background have been reported
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previously 19. APCmin/+VDR−/− mice were produced through APCmin/+ × VDR+/− cross.
Mouse genotyping was performed by genomic PCR. APCmin/+ and APCmin/+VDR−/− mice
were fed standard rodent chow, and sacrificed at 3, 4, 6 and 7 months of age for analysis.
We did not feed the mice the high calcium rescue diet 20, because dietary calcium is well
known to affect intestinal carcinogenesis 21, 22 independent of vitamin D. Dietary calcium in
the intestinal lumen could activate membrane calcium sensing receptors to directly inhibit β-
catenin signaling 23. Two hours before sacrifice, mice were injected i.p. with 50 mg/kg
BrdU to label proliferating crypt cells. After sacrifice, the entire intestine was dissected, cut
longitudinally, placed onto a filter paper with luminal side facing up, and then fixed flat in
4% formaldehyde (made in PBS, pH 7.2). The number of visible polyps in the intestine was
counted, and the size (the diameter) of each tumor was measured using an electronic digital
calipers (Fisher Scientific). The Institutional Animal Care and Use Committee at the
University of Chicago approved the animal protocol used in the study.

Histology and immunostaining
Paraffin embedded sections were cut at 4-μm with a Leica microtone 2030. Slides were
deparaffinized, hydrated and stained with hematoxylin and eosin. For immunostaining,
antigens were retrieved by 10–15 minute boiling in 10 mM citrate (pH 6.0). The slides were
stained with primary antibodies, peroxidase-conjugated secondary antibodies, and visualized
with a DAB peroxidase substrate kit (Vector Laboratories). Antibodies against β-catenin, E-
cadherin, cyclin D1, p-Stat-3 and VDR were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), antibodies against BCL-2 and vimentin-1 from Dako (Carpinteria, CA),
Stat-1 antibody from BD Biosciences (San Jose, CA), and MSH-2 antibody from Zymed
(South San Francisco, CA). Immunostained slides were quantified using a quantitative
computer assisted imaging system or Image J software with color deconvolution as
described 24. Basically, we performed color deconvolution on digitized images of
immunostained tumors, and examined at least 3 tumors in each group and quantified at least
5 fields that were representative of protein staining. Collectively at least 50,000 cells were
quantified for each genotype and protein. Means and SEM were calculated based on these
multiple measurements.

Western blot
Tissue samples were homogenized in Laemmli buffer, followed by 5 min boiling and
centrifugation to obtain a soluble fraction. Protein concentrations were determined using a
BioRad Protein Assay kit. Proteins were separated by SDS-PAGE and transferred onto
Immobilon P membranes. Western blotting was carried out as previously described 25.

Co-immunoprecipitation (Co-IP) assays
SW480 cells (human colonic carcinoma cell line) and CCD-18Co (human colonic fibroblast
cell line) were cultured in DMEM supplemented with 10% FBS. Cells at 80% confluence
were treated with ethanol or 2×10−8 M 1,25(OH)2D3 for 4 hours. The cells were lysed with
cold immunoprecipitation buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris -HCl, pH
7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM sodium orthovanadate) containing
protease inhibitor cocktail (Boehringer Mannheim), and the lysate was precipitated with
anti-β-catenin or anti-VDR antibodies. The immunoprecipitated proteins were resolved by
SDS-PAGE, and transferred to Immobilon-P membranes that were blotted with anti-VDR or
anti-β-catenin antibodies. In some cases, the cells were fractionated into cytosolic and
nuclear fractions for Co-IP experiments or Western blot analyses.
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Real time RT-PCR
First-strand cDNAs were synthesized from total RNAs using MML-V reverse transcriptase
(Invitrogen) and hexanucleotide random primers. Real time PCR was performed in an
Applied Biosystems 7900 Real Time PCR System using aSYBR green PCR reagent kit
(Applied Biosystems). The PCR primers used in this study are: p21waf1/cip1,
5′AGACCAGCCTGACAGATTTCT3′ (forward), and
5′ACACACAGAGTGAGGGCTAA3′ (reverse); p27kip1, 5′ACCTGCTGCAGAAGATT-
CTTCT3′ (forward), and 5′CAGATGGGGTGTCAGTTTTGT3′ (reverse); Snail-1,
5′AGTCGCGGAAGATCTTCAACT3′ (forward), and
5′AGAATGGCTTCTCACCAGTGT3′ (reverse).

Statistical analysis
Data are expressed as means ± SEM. Statistical comparisons between groups were made
using two-tailed unpaired Student’s t-test, with P< 0.05 being considered significant.

Results
To assess the relationship between the vitamin D and β-catenin pathways we first examined
the co-association of VDR and β-catenin proteins in SW480 and CCD-18Co cells.
Consistent with a previous report 16, co-immunoprecipitation assays using SW480 cells
demonstrated that the VDR protein in the presence of 1,25(OH)2D3 was precipitated by anti-
β-catenin antibody, whereas unliganded VDR did not interact with β-catenin (Fig. 1A). A
similar result was seen in CCD-18Co cells, but in these cells, β-catenin was precipitated by
antibody against VDR, and the association of VDR and β-catenin was markedly increased in
the presence of 1,25(OH)2D3 (Fig. 1B). Increased VDR and β-catenin association was
observed in the nuclear fraction compared to the cytosolic fraction after 1,25(OH)2D3
treatment (Fig. 1C), which may reflect VDR nuclear translocation upon 1,25(OH)2D3
stimulation. These data suggest that 1,25(OH)2D3 may interfere with the APC/β-catenin
signaling pathway by promoting the physical interaction of VDR and β-catenin.

We further investigated whether 1,25(OH)2D3 treatment altered β-catenin nuclear
translocation in CCD-18Co cells. As shown in Figure 1D, β-catenin was abundant in both
the cytoplasmic and nuclear compartments, and 1,25(OH)2D3 treatment did not appear to
change the distribution of β-catenin in cytoplasm and nucleus (Fig. 1D); however,
1,25(OH)2D3 promoted VDR nuclear translocation as expected (Fig. 1D). This result
suggests that VDR-β-catenin interaction does not block β-catenin nuclear translocation, but
may inhibit the trans-activating activity of β-catenin in the nucleus.

To explore the in vivo relevance of the interaction between the VDR and APC/β-catenin
pathways, we set out to compare intestinal tumor development in APCmin/+ mice with or
without a functional VDR. We generated APCmin/+VDR−/− mice through breeding, and
these double mutant mice developed normally and were viable for our studies. Although
mice with the VDR−/− allele were known to develop hypocalcemia that can be corrected by
a high calcium-containing diet 20, we did not use the high calcium diet in order to avoid the
confounding effect of calcium, because calcium is well known to suppress colonic
tumorigenesis 21, 22. APCmin/+ and APCmin/+VDR−/− mice were studied in parallel, and the
number and size of intestinal polyps were assessed at 3, 4, and 6–7 months of age.

Consistent with previously published observations 2, APCmin/+ mice developed intestinal
adenomatous polyps beginning at about 3 months of age. The number and size of the polyps
peaked at 6–7 months of age, which was often followed by rectal bleeding and mortality in
the next few weeks. APCmin/+VDR−/− double mutant mice showed a similar tumor
phenotype, with the majority of tumors seen in the small intestine. As shown in Table 1, the
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total number of tumors in the intestine was approximately the same in APCmin/+ and
APCmin/+VDR−/− mice at all ages. Interestingly, however, APCmin/+VDR−/− mice developed
significantly (p<0.05) more large tumors at 4 months of age compared to APCmin/+ mice. At
this time point, APCmin/+VDR−/− mice had 6.4±2.4 tumors in 3–4 mm size range and
4.2±1.3 tumors larger than 4 mm, whereas APCmin/+ mice had only 0.7±0.5 in the 3–4 mm
size range and none >4 mm (Table 1). At 6–7 months, tumor sizes were no longer
significantly different between APCmin/+ and APCmin/+VDR−/− mice (p=0.10), most likely
reflecting the fact that most of these tumors had already achieved their maximal size. These
data suggest that VDR has little effect on tumor initiation but inhibits tumor growth.

Figure 2 shows representative H&E sections of adenomas from the small intestine (Fig. 2A
and D) and colon (Fig. 2C) and colonic aberrant crypt foci (ACF) (Fig. 2B) in APCmin/+ and
APCmin/+VDR−/− mice. Histologically the tumors from APCmin/+ and APCmin/+VDR−/−

mice were similar and most were adenomas.

The tumors from APCmin/+ and APCmin/+VDR−/− mice were examined for VDR and β-
catenin expression and proliferation by immunostaining. As expected and in contrast to
APCmin/+ mice, no VDR staining was seen in APCmin/+VDR−/− tumors (Fig. 3A, a and b).
Both APCmin/+ and APCmin/+VDR−/− tumors showed strong staining for β-catenin (Fig. 3A,
c and d) and BrdU (Fig. 3A, e and f). Interestingly, β-catenin staining appeared more intense
in both nuclei and cytosol in APCmin/+VDR−/− tumors than in APCmin/+ tumors (see insets
in Fig. 3A, c and d for higher magnification). Western blot analyses of tissue lysates
confirmed that β-catenin expression was higher in tumors from APCmin/+VDR−/− mice than
from APCmin/+ mice (Fig. 3B). No clear difference was detected in BrdU labeling of the
tumors from these two mouse lines (Fig. 3A, e and f).

We next determined the levels of cyclin D1 and phosphorylated (p) Stat-3 in these tumors by
immunostaining. Cyclin D1, a cell cycle regulator, and Stat-3, a transcription factor, are
known to be elevated or activated in colon cancer to promote colonic tumorigenesis 26, 27.
As shown in Figure 3C, APCmin/+VDR−/− tumors (Fig 3C, b and d) showed markedly higher
levels of cyclin D1 and p-Stat-3 compared to APCmin/+ tumors (Fig. 3C, a and c). Semi-
quantitative data showed a 1.8- and 8.4-fold increase in cyclin D1- and p-Stat-3-positive
cells, respectively, in APCmin/+VDR−/− tumors (Fig. 3D). All these data are consistent with
the larger tumor size seen in the double mutant mice.

We further examined tumors for several other proto-oncogenes and tumor suppressor genes,
including BCL-2, Stat-1, MSH-2 and vimentin-1 (Fig. 4). Both APCmin/+ and
APCmin/+VDR−/− tumors showed similar low levels of BCL-2 staining (Fig. 4A and B).
Stat-1, a transcription factor activated in response to external stimuli, showed decreased
staining in APCmin/+VDR−/− tumors compared to APCmin/+ tumors (Fig. 4C, D and I). On
the other hand, APCmin/+VDR−/− tumors exhibited a marked increase in the staining of
MSH-2, a DNA mismatch repair protein (Fig. 4E and F), and a moderate increase in the
staining for vimentin-1, a marker for mesenchymal cells (Fig. 4G and H), compared to
APCmin/+ tumors. By semi-quantitative analysis we determined that Stat-1 staining was
about 40% decreased, nuclear MSH-2 in epithelial cells was approximately 9-fold increased,
and vimentin-1 staining, seen in both stromal and epithelial cells, was about 2.5-fold higher
in APCmin/+VDR−/− tumors (Fig. 4I).

We also compared mRNA transcript levels of p21waf1/cip1, p27kip1 and Snail-1 in these two
types of tumors by real time RT-PCR quantification. The mRNA levels of these three genes
were lower in APCmin/+VDR−/− tumors compared to APCmin/+ tumors, and p21waf1/cip1 and
p27kip1 reduction reached statistical significance (Fig. 5A–C).
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Discussion
A large body of literature has shown that vitamin D and its analogues have potent anti-
proliferative activity against tumor cells of different origins, including colon, breast, prostate
and the hematopoietic system. Several mechanisms, including suppression of cell cycle
progression and induction of apoptosis, have been proposed to explain vitamin D inhibition
of tumor cell proliferation 9, 28. It was previously showed that a vitamin D analog
significantly inhibited aberrant crypt foci (ACF) formation and colorectal tumor initiation
and progression in azoxymethane-treated animals 29. In mice lacking the VDR, increased
crypt cell proliferation and oxidative DNA damage was reported in colonic epithelia 30,
suggesting that VDR knockout mice are predisposed to colon tumors.

In the present study we used a genetic approach to explore the role of the VDR in intestinal
tumorigenesis. We chose the well-established APCmin/+ model based on the interaction
between the VDR and APC/β-catenin signaling pathways observed in vitro. Our data
showed that APCmin/+ mice lacking VDR developed increased tumor burden compared to
APCmin/+ mice with wild-type VDR, consistent with the anti-cancer property of the VDR. In
fact, the number of intestinal tumors was not altered in APCmin/+VDR−/− mice, indicating
that VDR inactivation does not have a significant impact on tumor initiation in the APCmin/+

background. The difference seen in APCmin/+VDR−/− mice is the significant increase in
tumor size at the time (4 months of age) when tumor growth is in an exponential phase. At a
later stage of tumor growth (6–7 month of age), the difference in tumor burden between
APCmin/+ and APCmin/+VDR−/− mice was no longer apparent, probably because the tumor
size had reached a plateau. These data suggest that the VDR inhibits tumor growth rather
than tumor initiation. These observations are in agreement with an earlier report that
treatment with a vitamin D analog decreased tumor size, but not tumor numbers in APCmin/+

mice 15. Together, the data from the genetic models suggest that in vivo vitamin D and
vitamin D analogs are more likely to inhibit tumor growth rather than to suppress tumor
initiation in colorectal carcinogenesis.

The physical interaction seen in vitro between liganded VDR and β-catenin suggests that
VDR binding might prevent β-catenin translocation to the nucleus, or block the
transactivating activity of β-catenin in the nucleus. Our data do not support the inhibition of
β-catenin nuclear translocation, but show an increased interaction between liganded VDR
and β-catenin in the nucleus. This is not surprising, as 1,25(OH)2D3 induces VDR nuclear
translocation (Figures 1). While blocking β-catenin activity, VDR-β-catenin interaction may
also increase the degradation of β-catenin by 26S proteasome. The latter predicts an
increased β-catenin level in VDR-negative cells, consistent with our immunostaining and
Western blotting data that revealed higher levels of β-catenin in APCmin/+VDR−/− tumors
than in APCmin/+ tumors (Figure 3A). These data suggest that the increased activation of the
β-catenin pathway in the absence of the VDR is the basis for the increased tumor growth
seen in APCmin/+VDR−/− mice. Consistent with this conjecture, recent studies have also
shown that β-catenin activity increases with adenoma growth 31.

Immunostaining analysis revealed varying degrees of increases in the expression of cyclin
D1, p-Stat-3, MSH2 and vimentin-1, and decreases in Stat-1 in tumors from
APCmin/+VDR−/− mice. Given the heterogeneity of tumors and intrinsic semi-quantitative
nature of immunostaining, the observed difference in staining signals, however, may be
inaccurate or potentially an artifact of the method. Nevertheless, as discussed below, the
differences in immunostaining that we observed between the two genotypes are consistent
with the increased size in APCmin/+VDR−/− tumors.
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Cyclin D1 is a key cell cycle regulator promoting G1 progression and is increased in human
and experimental colonic tumors 27, 32. Cyclin D1 is a direct target of APC/β-catenin signals
and has been shown to regulate APCmin/+ tumor growth, although its role in more advanced
human colon cancer is less clear 33.

Stat-3 is activated in colon cancer and associated with enhanced cell proliferation and tumor
growth 26. Stat-3 can up-regulate cyclin D1 and c-Myc, both of which are known to control
proliferation. Phospho-Stat-3 was identified as a prognostic factor for invasive human
colonic tumors, although in APCmin/+ mice Stat-3 may control tumor initiation rather than
tumor progression 34, 35. Loss of VDR, however, may have uncovered an important role for
Stat-3 in tumor growth. While Stat-3 has oncogenic properties, Stat-1 is known to induce
pro-apoptotic and anti-proliferative effects and to mediate tumor suppressor signals in colon
cancer cells 36. Thus, lower Stat-1 levels in APCmin/+VDR−/− tumors are consistent with
increased growth of these tumors. In agreement with these anti-tumor effects, Stat-1 was not
required for APCmin/+ adenoma formation 37.

MSH2, a subunit of DNA mismatch repair complex, is frequently mutated in hereditary non-
polyposis colorectal cancer syndrome (Lynch Syndrome) 38. The implication of higher
MSH2 expression in the VDR-null tumors is unclear, but may reflect a secondary response
to increased oxidative DNA damage in the intestine of VDR-null mice that was previously
reported 39. Alternatively, MSH2 up-regulation might reflect increased colonocyte cell
cycling since E2F transcription factors regulate MSH2 expression 40.

Vimentin-1, a marker of epithelial-to-mesenchymal transition, has been reported to be
increased in intestinal adenomas in APCmin/+ mice 41. Vimentin-1 appears to be further up-
regulated in APCmin/+VDR−/− adenoma. Whereas positive staining appears mainly in
stromal cells in the APCmin/+ tumor, both the epithelial and stromal cells show stronger
vimentin-1 staining in the APCmin/+VDR−/− adenoma. As epithelial-to-mesenchymal
transition is recognized as a key step in tumor progression and metastasis and to be closely
related to cancer stem cells 42, the seemingly increased vimentin-1 staining in the
APCmin/+VDR−/− tumors might reflect a phenotype of enhanced tumor progression and/or
more “stemness” of the tumor cells. The roles of vimentin-1 in stromal versus epithelial
cells, however, remain uncertain and will require further investigations.

Vitamin D and its analogs have been shown to suppress the expression of β-catenin targets
cyclin D1, c-Myc and COX-2 10, 43 and induces p21waf1/cip1 and p27kip1 28, 44, inhibitors of
cell cycle progression. These growth-inhibiting alterations are thought to be involved in
vitamin D inhibition of carcinogenesis. Furthermore, loss of p21waf1/cip1 and p27kip1 was
shown to increase APCmin/+ tumorigenesis 45, 46. Thus, increased tumor size is consistent
with lower p21waf1/cip1 and p27kip1 expression in APCmin/+VDR−/− tumors. Stat-1 has been
implicated in stabilizing p27kip1 and the observed lower Stat-1 in APCmin/+VDR−/−

adenomas might contribute to p27kip1 reduction in these tumors. Taken together, increased
cyclin D1 and reduced cyclin dependent kinase inhibitors p21waf1/cip1 and p27kip1 are
expected to accelerate the cell cycle and enhance proliferation in agreement with larger
APCmin/+VDR−/− tumors.

While the transcription factor Snail-1 is known to suppress VDR expression in colon cancer
cells 47, potential VDR regulation of Snail-1 has not been examined. We observed that
Snail-1 was reduced but not significantly in APCmin/+VDR−/− adenomas. A larger study is
required to further examine whether this trend in decreased Snail-1 expression in
APCmin/+VDR−/− tumors is significant.

In summary, the genetic approach that we employed in the present study reveals a
suppressive role for the VDR in intestinal tumor growth rather than an effect on tumor
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initiation in the APCmin/+ mouse model. The possible molecular basis for this suppression
involves in part blockade of the β-catenin signaling pathway (via inhibition of β-catenin
activity and promotion of its degradation) in colonic epithelial cells through liganded VDR-
β-catenin interaction. This finding advances our understanding of the molecular mechanisms
underlying the chemopreventive actions of vitamin D against colon cancer. Development of
vitamin D analogs that induce preferential binding of VDR to β-catenin might provide a
useful strategy for colon cancer chemoprevention.
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Figure 1.
Interaction of liganded VDR with β-catenin. (A) Co-IP assay in SW480 cells. Cells were
treated with ethanol (EtOH) or 2×10−8 M 1,25(OH)2D3 (VD) for 4 hours and cell lysates
were immunoprecipitated (IP) with (+) or without (−) antibody against β-catenin. The
precipitated proteins were analyzed by Western blot (WB) with anti-VDR antibody. (B) Co-
IP assays in CCD-18Co cells. Cells were treated with EtOH or 2×10−8 M 1,25(OH)2D3.
Total cell lysates were precipitated with anti-VDR antibody, following by WB analysis with
anti-β-catenin antibody. (C) Co-IP of cytoplasmic and nuclear extracts from CCD-18Co
cells. Cytoplasmic and nuclear extracts were prepared from EtOH- or VD-treated
CCD-18Co cells, and analyzed by Co-IP assays as in (B). (D) Effect of 1,25(OH)2D3
treatment on β-catenin nuclear translocation. CCD-18Co cells were treated with EtOH or
1,25(OH)2D3 for 24 hours, and the cytoplasmic and nuclear extracts were prepared for
Western blot analyses with antibodies against β-catenin, VDR, β-tubulin or histone-3 as
indicated. Upper panel: Cytoplasmic fractions; Lower panel: Nuclear fractions. Each lane
represents an independent sample.
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Figure 2.
H&E staining of representative intestinal tumors. (A) Small intestinal adenoma from 3-
month old APCmin/+ mouse (Magnification: 50x); (B) Colonic aberrant crypt focus (ACF)
from 3-month old APCmin/+VDR−/− mouse (50x); (C) Colonic adenoma from 4-month old
APCmin/+VDR−/− mouse (100x). (D) Small intestinal adenoma from 4-month old
APCmin/+VDR−/− mouse (50x).
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Figure 3.
Levels of VDR, β-catenin, cyclin D1 and phospho-Stat-3 in the tumors. (A) VDR, β-catenin
and BrdU immunostaining. Tumors from 4-month old APCmin/+ (a, c and e) and
APCmin/+VDR−/− (b, d and f) mice were immunostained with antibodies against VDR (a and
b), β-catenin (c and d) and BrdU (e and f). Magnification 200x. The insets in panels c and d
are in higher magnification (400x). (B) Western blot analysis for β-catenin. Cell lysates from
tumors and neighboring normal intestinal tissues from APCmin/+ and APCmin/+VDR−/− mice
were subject to Western blotting analysis with anti-β-catenin antibody. Fold-increase of β-
catenin for each group is presented below the blot. Each lane represents one mouse. (C)
Cyclin D1 and phospho-Stat-3 immunostaining analysis. Tumors from 4-month old
APCmin/+ (a and c) or APCmin/+VDR−/− (b and d) mice were immunostained with antibodies
against cyclin D1 (a and b) or p-Stat-3 (c and d). Magnification, 200x. (D) Quantitative data
from immunostained slides shown in (C) for relative levels of cyclin D1 and p-Stat-3, using
computer assisted imaging system. * P<0.05, ** P<0.01 vs. APCmin/+.
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Figure 4.
Levels of BCL-2, Stat-1, MSH-2 and vimentin in tumors. Tumors from 4-month old
APCmin/+ (A, C, E and G) and APCmin/+VDR−/− (B, D, F and H) mice were immunostained
with antibodies against BCL-2 (A and B), Stat-1 (C and D), MSH-2 (E and F), and
vimentin-1 (G and H). Magnification 200x. (I) Quantitative results of Stat-1, vimentin-1 and
MSH-2 immunostaining using the Image J software. * P<0.05; ** P<0.01 vs. APCmin/+.
Note the decreased Stat-1 and increased MSH-2 and vimentin-1 staining in
APCmin/+VDR−/− tumors compared to APCmin/+ tumors.
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Figure 5.
Quantification of p21, p27 and snail-1 mRNA levels. Total RNAs were extracted from
intestinal tumors from APCmin/+ and APCmin/+VDR−/− mice at 4-month of age, and levels of
p21waf1/cip1 (A), p27kip1 (B) and snail-1 (C) were quantified by real time RT-PCR. *, P
≤0.05 vs. APCmin/+.
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