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Abstract
Vitamin D and resveratrol have been widely researched in recent years, especially their
apparent abilities to impact a host of physiological processes. Resveratrol, a phytoalexin found
in various berries, peanuts, and other vegetables, is purported to possess anti-aging, antiinflammatory, antioxidant, anticancer, neuroprotective, and antiarthritic properties, while the
classical endocrine functions of vitamin D are the control of calcium and phosphate
homeostasis. The biologically active metabolite of vitamin D, 1,25-dihydroxyvitamin D (1,25D),
is typically synthesized in the kidney, bound to vitamin D binding protein, and shuttled to
cellular target sites. Mounting data on the effect of locally synthesized 1,25D in immune,
epithelial, neural, and other tissues have led to an increased awareness of the myriad functions
of vitamin D, including detoxification, cellular aging and its modulation, immune regulation,
neurotransmitter activity, and metabolic control. Both endocrine and intracrine actions of
vitamin D are mediated by the vitamin D receptor (VDR), a nuclear receptor that controls
vitamin D-directed transcription of target genes. Importantly, the VDR has numerous
polymorphisms, one of which results in two phenotypically distinct isoforms, designated M1
and M4. VDR M4 is postulated to be more active than M1 in vitamin D-dependent
transactivation. Variable binding affinities between the two isoforms and VDR interacting
proteins such as TFIIB and RXR have also been observed. Another protein known to interact
with VDR is β-catenin, the mediator of the Wnt/β-catenin signaling pathway that can drive
colorectal carcinogenesis. The goal of this study was to investigate the ability of vitamin D and
resveratrol to regulate the Wnt/β-catenin system via stimulation of β-catenin-VDR (both M1
and M4) interaction and subsequent inhibition of β-catenin-mediated transcription. The
current data reported herein support and extend previous work by demonstrating that VDR
binds directly to β-catenin and that both vitamin D and resveratrol appear to enhance this
interaction. We also present data that 1,25D-stimulated VDR is capable of inhibiting β-catenin
transcriptional activity. Significantly, we have shown that the two common VDR
polymorphisms M1 and M4, are functionally variable, both in their induction of vitamin Ddependent genes and in their inhibition of β-catenin-mediated transcription. VDR M4 exhibits
both elevated transactivation and amplified capacity for β-catenin suppression compared to

M1, and studies employing site-directed mutagenesis of VDR implicate the glutamic acid at
position 2 as being responsible for the reduced activity of the M1 variant. Both polymorphic
VDR variants display 1,25D-mediated enhancement of -catenin association, with the M1 SNP
possessing a lower basal (-1,25D) binding to this protein partner but a higher fold stimulation in
-catenin interaction in the presence of 1,25D. Taken together, these data support the notions
that VDR influences pathways important for colorectal carcinoma (CRC) development, and that
supplementation with vitamin D and resveratrol may reduce colon cancer risk in the general
population, especially in individuals with the less active M1 VDR polymorphism. A
comprehensive understanding of 1,25D and resveratrol action in VDR signaling may allow for a
more personalized approach toward treating vitamin D–related disorders and evaluating risk
for carcinogenesis.
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Introduction/Significance
This project is focused on two aspects of VDR action at the intersection of the
chemopreventive effects exhibited by vitamin D and resveratrol. The first theme is the ability of
these two compounds to regulate the Wnt/β-catenin system, a known signaling pathway that
can drive colorectal carcinogenesis, while the second theme is the functional significance of two
common genetic polymorphisms of the vitamin D receptor (VDR) in vitamin D/resveratrolmediated repression of β-catenin activity.

Vitamin D and VDR
Vitamin D3 is acquired either directly from dietary sources or produced via a
nonenzymatic, UV-light dependent reaction in the skin, converting 7-dehydrocholesterol to
vitamin D3. Vitamin D3 is then hydroxylated in the liver to form 25-hydroxyvitamin D (25D), the
major circulating and clinically measurable form. This precursor is subsequently converted to
the physiologically active hormone by the enzyme CYP27B1, which is found primarily in the
kidney but is also active more locally in epithelial, neural, and immune tissues. CYP27B1 further
hydroxylates 25D to 1,25-dihydroxyvitamin D (1,25D) which circulates in the blood stream
bound to vitamin D binding protein[1].
1,25D exerts its endocrine actions through the nuclear vitamin D receptor (VDR). The
classic functions of 1,25D are in the regulation of calcium and phosphate homeostasis, raising
blood levels of both ions through intestinal absorption, renal reabsorption, and bone
resorption. Additionally, 1,25D, along with calcium, represses PTH to prevent hypercalcemia,
and induces bone-derived FGF23, a phosphaturic hormone, to prevent hyperphosphatemia[1].
Apart from these characteristic functions of vitamin D, this hormone has additional
actions including detoxification, cell life modulation, influencing immune activity, and metabolic
regulation. Though the majority of 1,25D is produced in the kidneys, locally produced 1,25D in
epithelial and other tissues has been shown to protect vasculature, reducing heart disease and
stroke, and to protect against autoimmune disease while boosting innate immunity to help
fight infections. Moreover, 1,25D has been implicated in xenobiotic detoxification, as well as
anti-inflammatory and anticancer effects in epithelial cells. These intracrine actions appear
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more dependent on conversion of circulating 25D to 1,25D in local tissues, rather than by the
circulating 1,25D hormone produced by the kidney[1] (Figure 1).
The effects of 1,25D are mediated by the VDR protein. This nuclear receptor binds 1,25D
with high affinity and specificity. Human VDR was originally reported to be a 427 amino acid
protein with a zinc finger DNA-binding domain (DBD) at the N-terminus and a ligandbinding/heterodimerization domain (LBD) at the C-terminus[2]. Point mutations in both the VDR
DBD and LBD lead to hereditary hypocalcemic vitamin D-resistant rickets type II. The C-terminal
domain contains at least 12 alpha-helices that mediate both the binding of VDR to its ligand,
1,25D, and the interaction of VDR with its heterodimer retinoid X receptor (RXR), another
member of the nuclear receptor family, along with coactivators. When VDR binds to 1,25D, it
releases corepressors, heterodimerizes with RXR, and undergoes a conformational change in
helix 12 resulting in recruitment of coactivators. Studies examining the domains involved in
VDR-RXR binding show these two partners interact via VDR helices 9 and 10 and the loop
between helices 8 and 9. Additionally, coactivator interaction with VDR has been localized to
helices 3, 5, and 12[1].
The combined binding domain zinc fingers of the VDR-RXR heterocomplex recognize
vitamin D responsive elements (VDREs) and bind to DNA at these sites. VDREs have been
identified in association with many genes from varying physiologic systems including hFGF23
(renal phosphate reabsorption), hCYP3A4 (xenobiotic detoxification), hp21 (cell cycle control),
and hCAMP (antimicrobial peptide). VDREs can occur as single copies in proximal promoter
regions of vitamin D-regulated genes, and/or in multiple, remote locations of genes. These
distant VDREs are likely juxtaposed with proximal VDREs through chromatin looping to form a
larger platform that recruits VDR-RXR heterodimers and comodulators to regulate transcription
of downstream genes[1].
Binding to ligand, DNA, and protein partners leads to VDR-RXR conformation changes.
1,25D binding leads to a structural change in helix 12 to allow for the AF-2 domain to function
as part of the platform for coactivator binding. Bound ligand and coactivators at helices 3, 5,
and 12 likely stabilize the VDR-RXR complex on VDREs and may even strengthen VDR-RXR

2

Figure 1. Vitamin D acquisition, regulation of metabolic activation/catabolism, and receptormediated endocrine and intracrine actions of the 1,25D hormone in selected tissues.
Reproduced with permission from Dr. Haussler[1].
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heterodimerization. VDR ligand-binding also brings the AF-2 region of RXR into a more active
position, but likely does not allow RXR to bind its own 9-cis retinoic acid ligand[1].

Wnt/β-catenin signaling
The Wnt/β-catenin signaling system is integral to the cell cycle, regulating embryonic
development[3], as well as maintenance of stem cell populations[4] and homeostasis of adult
tissues[3]. Wnt proteins are found throughout the animal kingdom but are missing in singlecelled organisms, suggesting the importance of Wnt for multi-cellular organization[5]. These
lipomodified and secreted proteins bind to heterodimeric receptor complexes consisting of
Frizzled (Fz) and low-density lipoprotein receptor-related protein 5/6 (LRP5/6)[4]. Wnt binding
causes a ligand-dependent conformational change in Fz, followed by phosphorylation of
intracellular target proteins and subsequent signal transduction. In the absence of Wnt, a
destruction complex, comprised of Disheveled (Dvl), Axin, the protein kinases Gsk3 and CK1γ,
and adenomatous polyposis coli (APC) protein, binds and phosphorylates β-catenin.
Phosphorylated β-catenin is ubiquitinated by β-TrCP for degradation by a proteasome[4]. In this
manner, the absence of the Wnt signal leads to the destruction of cytoplasmic β-catenin.
In the classic, more widely studied model, Wnt binding to Fz leads to a dimerization with
LRP5/6. The cytoplasmic LRP5 tail then attracts Axin, disrupting the destruction complex,
leading to the stabilization of β-catenin. Stabilized β-catenin accumulates in the cytoplasm and
translocates into the nucleus for activation of transcription. A newer model suggests that upon
liganding, the entire destruction complex associates with the Wnt-bound Fz-LRP5/6 receptor. βcatenin is still phosphorylated but ubiquitination by β-TrCP is blocked. Newly synthesized βcatenin is then free to translocate into the nucleus[4].
Nuclear β-catenin interacts with a DNA-bound transcription factor, TCF/LEF which
otherwise exists bound to transcriptional corepressors such as Groucho. This Groucho-TCF/LEF
complex represses transcriptional initiation. When β-catenin translocates into the nucleus, it
binds to TCF/LEF, replacing Groucho, and recruits transcriptional coactivators and histone
modifiers. The β-catenin C-terminus acts as a transcriptional activation domain, binding histone
modifiers CBP and Brg-1[4].
4

Wnt signaling is important for maintaining stem cell populations, particularly in
intestinal epithelia. Germline APC mutations lead to familiar adenomatous polyposis, a disease
characterized by the development of many colon polyps with a high risk of conversion to
cancer. It is known that most cases of sporadic colon cancer are due to a loss of both APC alleles
[6]

and APC mutations are found in 80-90% of colon cancers[7]. This leads to a failure of the

destruction complex to form, resulting in β-catenin stabilization and complexes of β-catenin
and intestinal TCF that constitutively activate transcription of genes involved in cellular
proliferation and carcinogenesis[4]. In addition to hyperproliferation, upregulation of β-cateninTCF interaction is implicated in reduced cellular differentiation[8], while 1,25D has been shown
to enhance differentiation via induction of e-cadherin, and to inhibit β-catenin signal
transduction[9].

Vitamin D-mediated Wnt/β-catenin inhibition
A significant pool of data has been published in recent years exploring the role of
vitamin D and VDR in inhibiting tumor growth and development, particularly in human
colorectal carcinoma (CRC). The active form of vitamin D, 1,25D, has been shown to induce
VDR-mediated inhibition of the Wnt/β-catenin pathway, responsible for CRC
proliferation[10,11,12], to increase expression of tumor suppressor genes, such as E-cadherin[9,10]
and cystatin D[13], and to suppress oncogenes such as cMYC[14]. All of these effects result in
growth inhibition, tumor cell differentiation[9,15] and apoptosis[16]. In vitro VDR knock-down
studies have shown enhanced nuclear concentration of β-catenin and increased expression of
Wnt target genes[17], while in vivo mouse models exhibit VDR inhibition of tumor growth[18].
The mechanism of 1,25D/VDR inhibition of the Wnt/ -catenin pathway has been
proposed to function both directly, through sequestration of β-catenin in the cytoplasm,
thereby repressing β-catenin transcriptional activity[19], and indirectly through the regulation of
Wnt inhibitors DKK-1[9] and DKK-4, as well as activation of RhoA-ROCK and p38MAPK-MSK1,
antagonizing the Wnt/β-catenin pathway[20]. Investigations into the VDR/β-catenin interaction
have shown the two proteins directly bind and that the C-terminus of β-catenin is crucial for
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this to occur[21]. Additionally, mutations in the VDR C-terminus have been proposed to alter βcatenin-VDR binding affinities[21].

Resveratrol and Wnt/β-catenin signaling
In addition to the actions of vitamin D to suppress cellular proliferation, another dietary
compound, resveratrol, has also been shown to inhibit cancer growth through regulation of the
Wnt/β-catenin pathway[3]. Resveratrol is a polyphenol found in raspberries, grapes, peanuts,
and other vegetables[22]. It is a phytoalexin generated by plants under stress from changing
climate, exposure to ozone, heavy metals or infection. In plants, it has antimicrobial and
antioxidant effects[23]. In recent years, a great deal of research has been published highlighting
the various health benefits of resveratrol. This compound is purported to have anti-aging
properties leading to an increase in lifespan[24]. It also has anti-inflammatory[25], antioxidant,
anticancer, neuroprotective[26], antiviral, and antiarthritic properties[22].
Extensive studies in mouse models support the purported anti-cancer properties of
resveratrol in skin, gastric, and intestinal cancers, among many others. This phytochemical
appears to exert its myriad effects through modulation of many cellular functions. It has been
shown to modulate cell cycle mediators, arresting cancer cells in the G1/S phase of the cell
cycle. This activity involves the induction of cell cycle inhibitor proteins, p21WAF1, and p27KIP1,
and the downregulation of cyclins D1, D2, and E, and Cdks 2, 4, and 6 [23]. Additionally,
resveratrol upregulates tumor suppressor p53 and has been shown to downregulate c-MYC in
medulloblastomas. Apart from modulation of cell cycle regulators, tumor suppressors and
oncogenes, it has been shown to influence the activity of transcription factors including AP-1
and NF-κB, the aberrant and sustained activity of which is known to contribute to
tumorigenesis[23].
At low doses, resveratrol has been shown to decrease the amount of β-catenin localized
in the nucleus[27], a similar effect to the putative actions mediated by VDR. There have been
mixed results surrounding this proposed mechanism. While some studies have supported the
notion that resveratrol prevents the translocation of resveratrol into the nucleus [27,28], others
have found that resveratrol has no effect on β-catenin accumulation or cellular distribution[3].
6

Resveratrol has been shown to reduce β-catenin target gene expression, including cyclin D1 and
conductin, in CRC cells[3]. Other studies have linked resveratrol with cancer stem cell
inhibition[29] and apoptosis in human CRC cells[30]. In addition to these in vitro studies,
epidemiological data has linked consumption of foods high in resveratrol with reduced risk of
CRC[31].

VDR polymorphisms
The mechanism of 1,25D and resveratrol-mediated suppression of Wnt/β-cateninmediated CRC development is further complicated by the fact that the human population
expresses different VDR polymorphisms. A single nucleotide polymorphism [SNP] is a change in
one DNA nucleotide within a gene. These slight alterations may or may not change the amino
acid (AA) composition of the final protein because SNPs can occur in coding or non-coding
regions of genes and, due to redundancy in the translation process, a SNP within a codon can
lead to the insertion of the same AA or a different AA, or it can lead to alterations in initiation
or stop codons. Many VDR polymorphisms have been described, but one in particular leads to
two phenotypically distinct protein isoforms. This polymorphism is defined by the FokI
endonuclease and is a T to C substitution at the first initiation codon (methionine 1, or M1)
located in exon 2. Changing the ATG codon to ACG forces translation to begin three codons
downstream at the next available in-frame ATG initiation codon (methionine 4, or M4). The
result of the FokI polymorphism in the VDR gene is that two unique proteins are produced that
differ at their amino-termini, where one VDR (f/M1) is three amino acids longer than the other
(F/M4) (Figure 2).
These unique isoforms are prevalent in the human population at a 35% to 65% ratio for
VDR M1 and M4 respectively[32]. Previous studies suggest functional differences between the
two variants, such that the M4 polymorphism may be more effective at suppressing β-catenin
and target genes like DKK-4[33]. Studies probing the differences in bone mineral densities
between VDR M1 carriers and VDR M4 carriers show increased rates of osteopenia in those
with VDR M1, further suggesting that VDR M4 is more physiologically active than VDR M1 [34]. A
2014 meta-analysis of 77 independent studies found an increased risk of all cancer among
7

Figure 2. Schematic representation of the VDR variants from the FokI polymorphism, f/M1
and F/M4. This polymorphism is the result of a T to C substitution at the first initiation codon
located in exon 2 of the VDR gene. Changing the ATG codon to ACG forces translation to begin
three codons downstream at the next available in-frame ATG initiation codon. The result of the
FokI polymorphism in the VDR gene is that two unique proteins are produced that differ at their
amino-termini, where one VDR (f/M1) is three amino acids longer than the other (F/M4).
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individuals homozygous for VDR M1 versus those homozygous for VDR M4[35] and a casecontrol study of a Japanese population found an apparent decrease in CRC among those with
the VDR M4 polymorphism who had high vitamin D intake[36].
Taken together, the development and progression of colorectal cancer, and other
epithelial tumors, may be influenced by a genetic predisposition (VDR polymorphisms) and
nutritional variation in the form of vitamin D and resveratrol intake. Our hypothesis is that 1)
1,25D and resveratrol both stimulate VDR-mediated attenuation of β-catenin transcriptional
activity and 2) VDR M4 is more functionally active in this regard than is VDR M1. The goal of the
present study is to further elucidate the mechanistic role of vitamin D, VDR polymorphisms, and
resveratrol in chemoprevention. A greater understanding of the interplay between these
factors will empower the development of clinical methods to overcome genetic or dietary
shortcomings and improve the prevention and treatment of multiple cancers.
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Materials and Methods
Cell Culture
HCT-116 (human colorectal adenocarcinoma) cells were obtained from the American
Type Culture Collection (ATCC) biological resource center (Manassas, VA) and grown in a
humidified atmosphere of 5% CO2, at 37°C, in Dulbecco's Modified Eagle Medium (DMEM),
augmented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were plated
approximately 24 hours before transfection in Costar 24-well polystyrene plates from Corning
Inc. (Corning, NY). Cells were transfected via liposome-mediated technology using the PolyJet
Transfection Reagent supplied by SignaGen Laboratories (Rockville, MD) and incubated
approximately 24 hours before being treated with 1,25-dihydroxyvitamin D3 (1,25D) and/or
resveratrol. Crystalline 1,25D and resveratrol were obtained from Enzo Life Sciences
(Farmingdale, NY).

VDR-VDRE Transcription Assay
HCT-116 colon cancer cells were plated in 24-well plates and transfected with a VDREluciferase reporter vector (either XDR3-luc or ROC4-luc), Renilla control plasmid, and a pSG5hVDR SNP (M1 or M4 variant) or VDR mutant (E2A, E420A, L417A, or Δ403). The VDRE
designated XDR3 is taken from the distal direct repeat element in the human cytochrome P450
(CYP)3A4 gene. A tandem repeat of this VDRE was inserted into pLuc-MCS reporter vector with
the following sequence: CAGAGGGTCAGCAAGTTCATTCACAGAGGGTCAGCAAGTTCATTCA, with
the half elements underlined. The sequence of the rat osteocalcin (ROC) VDRE was
GGGTGAATGAGGACA, with the half elements underlined. Four tandem copies were linked to a
luciferase reporter construct. The cells were incubated at 37°C with the transfection mixture
(PolyJet) overnight and then treated with ethanol vehicle, 10-8 M 1,25D, 2.5 x 10-5 M
resveratrol, or both 1,25D and resveratrol (see individual Figure legends for treatment groups).
After cell transfection and incubation with ligands, cells were lysed and the amount of
reporter gene product (luciferase) produced in the cells was measured using a Dual-Luciferase
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Reporter Assay System (Promega Corp, Madison, WI). To control for transfection efficiency, the
RLUs produced by the inducible firefly luciferase reporter were divided by the relative light
units (RLUs) produced by the constitutively expressed Renilla luciferase. The mean ratio of
firefly/Renilla luciferase was determined for each treatment group and the standard deviation
was calculated. All data are reported as the representative of three or more trials.

Glutathione-S-Transferase (GST) Pull-down Assay
To test the β-catenin-VDR interaction, an in vitro GST fusion protein assay system was
employed. An hRXRα- or hVDR-containing expression plasmid (1.0 g) was used as a template
in an in vitro transcription/translation (IVTT) reaction to generate [35S]methionine labeled hVDR
(M1 or M4 variant) and hRXRα proteins. All VDR IVTT reactions were then incubated with 10 -7
M 1,25D or ethanol vehicle for 2 h at 22°C followed by incubation with 20 l of glutathione-Stransferase (GST)-β-catenin fusion protein bound to Sepharose beads (GST-β-Catenin beads).
IVTT reactions containing hRXRα were mixed with GST-VDR beads pre-incubated with 10-7 M
1,25D or ethanol vehicle, and served as a positive control. Following incubation of GST-fusion
protein beads with the IVTT proteins, the beads were washed extensively and the amount of
coprecipitated hRXRα or hVDR M1/M4 was detected by electrophoresis of denatured bead
samples followed by autoradiography. The amount of extract loaded onto the electrophoresis
gel as input was 5% of the amount used in the coprecipitation reactions.

Mammalian two-hybrid assay
To probe the β-catenin-VDR interaction in cell culture, mammalian two hybrid
experiments were conducted using HCT-116 human colon cancer cells. Cells were plated in a
24-well plate and co-transfected with bait (BD-VDR or BD-empty) and prey (AD-β-catenin)
fusion constructs, pFR-Luc reporter gene, and Renilla luciferase control plasmid via liposomemediated (PolyJet) transfection. The cells were incubated at 37°C with the transfection mixture
overnight and then treated with ethanol vehicle, 10-8 M 1,25D, 2.5 x 10-5 M resveratrol, or both
1,25D and resveratrol.
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After 24 h, cells were lysed and subjected to the dual luciferase assay as described
above. Data were collected and generated in the same manner as the VDR-VDRE transcription
assay.

TOPFLASH β-catenin Transcription Assay
A TOPFLASH β-catenin transcription assay was employed to test the ability of the
polymorphic VDRs to inhibit β-catenin activity in the presence of 1,25D, resveratrol, or both
compounds. An expression plasmid for VDR (M1 or M4), β-catenin, TOPFLASH (a β-cateninresponsive reporter vector) and Renilla control plasmid were transfected into colon cancer cells
via liposome-mediated transfection (PolyJet). After transfection, cells were incubated
overnight and then treated with ethanol vehicle, 10-8 M 1,25D, 2.5 x 10-5 M resveratrol, or both
1,25D and resveratrol. After 24 h, cells were lysed and subjected to the dual luciferase assay.
Data were collected and generated in the same manner as the VDR-VDRE transcription assay.
Normally, β-catenin activates the TOPFLASH construct which contains β-catenin-TCF/LEF
DNA binding sites to drive expression of the luciferase reporter gene. In the presence of 1,25D
or resveratrol, VDR is hypothesized to bind β-catenin and prevent β-catenin-mediated
luciferase reporter gene transcription, resulting in a reduction in luciferase/Renilla RLUs.

Quantitative Real-Time PCR
Using quantitative real-time PCR experiments in colon cancer cells, we tested the ability
of either VDR SNP (M1 or M4) to sequester and inhibit β-catenin activity by measuring mRNAs
from endogenous β-catenin target genes in the cell. Colon cancer cells were plated in 6-well
plates and transfected with VDR plasmids, then treated with ethanol vehicle or 10-8 M 1,25D.
Cells were incubated for 24 hours, after which they were harvested, and total RNA was
extracted from each well using the Aurum Total RNA Mini kit (Bio-Rad, Hercules, CA) following
the manufacturer’s protocol. Spectroscopy was employed to obtain A260 and A280 values to
quantify RNA yields. DNase-treated total RNA (1 µg) was reverse-transcribed via the use of the
iScript cDNA Synthesis kit (Bio-Rad) to prepare 20 µL of first strand cDNA. Real-time PCR
reactions solutions were prepared by adding 1.5 µL of cDNA to 5 µL FastStart Universal SYBR
12

Green Master Mix + Rox (Roche Applied Science, Indianapolis IN) and primers for a total volume
of 10 µL. Reactions were performed in 96 well plates in a BioRad CFX96 thermal cycler using a
40 cycle profile. Data analysis was performed using the comparative ΔΔCt method as the
means of relative quantitation, normalized to an endogenous reference (GAPDH) and relative
to a calibrator (normalized Ct value from vehicle-treated cells) and expressed as 2-ΔΔCt according
to Applied Biosystems’ User Bulletin 2: Rev B, “Relative Quantitation of Gene Expression.” For
detection of cMYC expression the forward primer was 5'-TCAAGAGGCGAACACACAAC-3' and the
reverse primer was 5'-GGCCTTTTCATTGTTTTCCA-3'. For detection of Survivin expression the
forward primer was 5'-ACCGCATCTCTACATTCAAG-3' and the reverse primer was 5'CAAGTCTGGCTCGTTCTC-3'. For detection of CyclinD1 expression the forward primer was 5'AAGTGCGAGGAGGAGGTCTT-3' and the reverse primer was 5'-GGATGGAGTTGTCGGTGTAGA-3'.
Expression fold-change was determined by comparing each ligand-treated sample to the
ethanol-treatment sample for that transfection group.
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Results
Evaluating the differences in transcriptional activity between VDR M4 and VDR M1
To assess the potential differences in transcriptional activity between the two VDR SNPs,
M4 and M1, a responsive element-based transcriptional assay system was designed and carried
out in HCT-116 colon cancer cells. In this system, a plasmid containing vitamin D responsive
elements (VDREs) linked to a luciferase gene was transfected into colon cancer cells along with
a plasmid encoding either VDR M4 DNA or VDR M1 DNA. Transfected cells were exposed to
either 1,25-dihydroxyvitamin D (1,25D), resveratrol, or both (see Figs. for concentrations). The
VDR proteins that are transcribed and translated from the transfected DNA bind to the plasmidbased VDREs and initiate transcription of the downstream luciferase gene. The amount of
luciferase protein is quantitated using a commercial kit (see Materials and Methods) and is
directly proportional to the level of VDRE-mediated transcriptional activation. To control for
variation in transfection efficiency, a Renilla reporter gene was also transfected into the cells.
This plasmid is not responsive to 1,25D-VDR, and the transcription of the Renilla luciferase gene
is solely dependent on the amount of plasmid that enters the cell during transfection, thus it
serves to normalize the luciferase gene expression based on relative transfection efficacy.
Results are reported as Luciferase/Renilla RLUs and directly correlate with transcriptional
activity of the VDR SNPs. All groups were tested in triplicate and the experiment was replicated
at least three times with consistent results.
In Figure 3, the transcriptional activities of VDR M1 and VDR M4 were tested in the
presence of 1,25D, resveratrol, or both. In the absence of 1,25D (black bars # 1 and 2), VDR M4
and VDR M1 show no statistically significant difference in basal activity (RLU ratios of 17 and 15
respectively). The addition of 1,25D stimulates the transcriptional activity of both VDR SNPs
(Fig. 1, white bars # 3 and 4), but VDR M4 is more transcriptionally active than VDR M1 in the
presence of the hormone, with Luciferase/Renilla values of 97 and 66, respectively. Addition of
resveratrol alone (Fig. 1, black bars #5 and 6) shows a slight, non-statistically significant
enhancement of the transcriptional activity of both VDR SNPs when compared to cells that
were treated with ethanol vehicle, but the two VDR SNPs display no differences between them
when treated with only resveratrol.
14

Figure 3. VDRE-based transcription assay in HCT-116 cells assessing the different transcriptional
activities between VDR M1 and VDR M4, in the presence of 10-8 M 1,25-dihydroxyvitamin D
(1,25D), 2.5x10-5 resveratrol, or both compounds. An XDR3-Luc plasmid along with VDR M4 or
VDR M1 mammalian expression plasmids were transfected into colon cancer cells. XDR3-Luc
contains three copies of the distal direct repeat vitamin D responsive element in the human
cytochrome P450 CYP3A4 gene linked to a firefly luciferase gene. VDR proteins expressed in the
cells bind to these responsive elements (as a heterodimer with endogenous RXR) and initiate
transcription of firefly luciferase which is then quantitated with a commercial luciferase assay
kit (see Materials and Methods). All groups were tested in triplicate and averaged, and the
experiment was replicated at least three times with consistent results. Error bars show 2
standard deviations from the mean. One representative experiment is shown.
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Interestingly, the simultaneous addition of both resveratrol and 1,25D increases transcriptional
activity for both VDR SNPs more than either compound alone (Fig. 1, white bars # 7 and 8).
Similar to the 1,25D only treatment groups, VDR M4 shows greater activity than VDR M1 when
cells are treated with both 1,25D and resveratrol (Luciferase/Renilla ratios of 124 and 93,
respectively).
To better determine the exact nature of the differences between VDR M1 and VDR M4,
a VDR mutant, E2A, was created. As mentioned above, VDR M1 and VDR M4 differ in the first 3
amino acids (AAs). VDR M1 is the full 427 AA protein whereas VDR M4 is missing the first three
AAs. VDR E2A is a variant of the full 427 AA protein (i.e., it has a VDR M1 “base”). In the wild
type VDR M1, the second AA is a glutamate (E), which contains a negative charge that may
hinder the ability of VDR to interact with other co-modulator proteins required for effective
transcriptional activation. This AA is not present in the VDR M4 SNP, which is missing the first 3
AAs. In the E2A mutant, the acidic glutamate residue has been replaced by a neutral alanine (A)
residue. This eliminates the negative charge, and it is hypothesized that this should make E2A
more functionally similar to VDR M4 even though E2A retains all 427 AAs.
Figure 4 shows the comparison between the transcriptional activities of VDRs M4, E2A,
and M1 in the presence of 1,25D, resveratrol, or both ligands. As shown with the first set of
three black bars, VDRs M4, E2A, and M1 show no differences in basal transcriptional activity in
the absence of 1,25D and resveratrol, as expected (Luc/Ren ratios were 38, 39, and 36
respectively). With the addition of 1,25D (white bars #4-6), both VDR M4 and VDR E2A
demonstrate increased activity over VDR M1 (Luc/Ren ratios of 157, 169, and 125 respectively)
with VDR M4 and VDR E2A essentially equivalent in transactivation. With the addition of
resveratrol alone (black bars #7-9), VDR M4 is more transcriptionally active than VDR E2A and
VDR M1 (Luc/Ren ratios of 41, 29 and 27, respectively) while VDR E2A and VDR M1 were
statistically equivalent. When cells are treated with both 1,25D and resveratrol (Fig. 2, white
bars #10-12), VDR transcriptional activity for all species is greater than with either 1,25D or
resveratrol alone. Unlike with 1,25D treatment alone, VDR E2A is more functionally similar to
VDR M1 than VDR M4 in response to the combination of 1,25D/resveratrol (Luc/Ren ratios of
147 and 133 respectively compared to 199 for VDR M4).
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Figure 4. VDRE-based transcription assay in HCT-116 cells comparing the transcriptional
activities of VDR M4, a VDR mutant E2A, and VDR M1 in the presence of 10-8 M 1,25dihydroxyvitamin D (1,25D), 2.5x10-5 resveratrol, or both compounds. An XDR3-Luc plasmid
along with VDR M4, VDR E2A, or VDR M1-expressing plasmids were transfected into colon
cancer cells. XDR3-Luc contains three vitamin D responsive elements linked to a firefly
luciferase gene. VDR proteins expressed in the cells bind to these responsive elements (as a
heterodimer with endogenous RXR) and initiate transcription of firefly luciferase which is then
quantitated with a commercial luciferase assay kit. All groups were tested in triplicate and
averaged, and the experiment was replicated at least three times with consistent results. Error
bars show 2 standard deviations from the mean. One representative experiment is shown.
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The fact that VDR E2A behaves like M4 in response to 1,25D and like M1 in response to
resveratrol may provide a clue to elucidating the mechanism by which resveratrol modulates
VDR activity (see Discussion).

Evaluating the effect of 1,25D on the VDR Activation Function 2 (AF-2) Domain
To evaluate the impact of select residues found in the AF-2/helix-12 domain, near the Cterminus of VDR, three mutant proteins were created, VDR E420A, L417A, and Δ403. In the
mutant VDR E420A the glutamate (E) at residue 420 was replaced by alanine (A). In VDR L417A,
the lysine (L) at position 417 was replaced by alanine (A), and in VDR Δ403, the protein has
been truncated at residue 403 with the introduction of a stop codon at this position, removing
the rest of the C-terminus. All mutants are based on the 424 AA VDR M4, not the full-length 427
AA protein, M1. The same VDRE-mediated transcriptional assay system described above was
used, except the VDRE plasmid ROC4-Luc (containing the VDRE from the rat osteocalcin gene)
was used instead of XDR3-Luc that contains a similar DR3-type VDRE.
Figure 5A illustrates that in the absence of 1,25D (black bars #1-3) there is no significant
difference between the basal activity of VDRs M4, E420A, and L417A. With the addition of
1,25D (white bars #4-6), the mutant VDRs E420A and L417A both display significantly decreased
transcriptional activity (note log scale) when compared to the wild type VDR M4 protein
(Luc/Ren ratios of 10, 5, and 109 respectively). VDR L417A shows a noticeable, albeit nonstatistically significant, decrease in activity compared to VDR E420A (ratios of 5 and 10
respectively). Figure 5B shows no statistically significant difference between the transcriptional
activities of VDR M4 and Δ403 in the absence of 1,25D (black bars #1-2), but as with the other
C-terminus mutants, the addition of 1,25D renders VDR M4 significantly more active than VDR
Δ403 (white bars #3-4, Luc/Ren RLUs of 858 and 14 respectively). These results reveal that both
the N-terminus (Fig. 2) and the C-terminus (Fig. 3) of VDR possess amino acid residues that are
important for the transcriptional activity of the receptor.
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Figure 5. VDRE-based transcription assay in HCT-116 cell line assessing the different
transcriptional activities between VDR M4, and mutant VDRs E420A, VDR L417A, and VDR Δ403,
in the absence or presence of 10-8 M 1,25-dihydroxyvitamin D (1,25D). The ROC4-Luc plasmid
along with (A) VDR M4, VDR E420A, VDRL417A, or (B) VDR Δ403-expressing vectors were
transfected into HCT116 cells. ROC4-Luc contains four copies of the rat osteocalcin vitamin D
responsive element linked to a firefly luciferase gene. VDR proteins expressed in the cells bind
to these responsive elements (as a heterodimer with endogenous RXR) and initiate
transcription of firefly luciferase which is then quantitated with a commercial luciferase assay
kit. All groups were tested in triplicate and averaged, and the experiment was replicated at
least three times with consistent results. Error bars show 2 standard deviations from the mean.
One representative experiment is shown.
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Assessing the ability of VDR to bind with -catenin
To evaluate the potential for VDR and β-catenin to physically interact, two systems were
employed. The first was a GST “pull down assay,” while the second was a mammalian two
hybrid (M2H) system. As illustrated in Figure 6, both VDR M1 and VDR M4 bind to β-catenin in
vitro (far right). Table 1 displays the quantitation of the GST “pull down” assays via
densitometric scanning of the autoradiographs from several replicate experiments (n=10). Both
VDRs M4 and M1 bind to β-catenin more efficiently in the presence of 1,25D, with the following
density ratios of bands with and without hormone: M4[+1,25D]/M4 [-1,25D] = 1.68;
M1[+1,25D]/M1 [-1,25D] = 2.05. When M1 and M4 are compared against each other in the
presence or absence of 1,25D, VDR M4 binds β-catenin with higher affinity than VDR M1 under
both conditions: M4 [-1,25D]/M1 [-1,25D] = 3.31; M4 [+1,25D]/M1 [+1,25D] = 2.62. The far left
panels illustrate that the GST pull down assay is able to detect physiologically relevant
interactions, such as that between VDR and RXR, and that modulation of the VDR-RXR
interaction by 1,25D can be accurately assessed in this system.
To test the interaction of VDR and β-catenin in the cellular milieu of colon cancer cells,
an M2H system was used. For this assay, VDR was tagged with a binding domain (BD) while βcatenin was tagged with an activation domain (AD). The AD-β-catenin plasmid, a luciferase
vector containing BD binding sites, and either BD-empty or BD-VDR plasmids were transfected
into colon cancer cells. As with the VDRE-based transcription system above, a Renilla luciferase
construct was used to control for relative transfection success. If the BD-anchored VDR protein
interacts with the soluble (prey) AD-β-catenin protein, the AD domain will be localized to the
promoter region resulting in induction of the luciferase gene, which is then quantitated as
described previously. In this system, the N-terminus of VDR was tagged with the BD so the
capacity to differentiate between VDR M1 and VDR M4 is not possible. Results are displayed as
firefly/Renilla luciferase ratios, which in this system directly correlate with the strength of the
protein-protein interaction between VDR and β-catenin.
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Figure 6. In vitro GST fusion protein assay probing the interaction of β-catenin with VDR M1
and M4 in the absence or presence of 1,25D. An hRXRα- or hVDR-containing expression plasmid
(1.0 g) was used as a template in an IVTT reaction (see Materials and Methods) to generate
[35S]methionine labeled hVDR (M1 or M4 variant) and hRXRα proteins. All VDR IVTT reactions
(right) were then incubated with 10-7 M 1,25D (+) or ethanol vehicle (-) for 2 h at 22° C followed
by incubation with 20 l of glutathione-S-transferase (GST)-β-catenin fusion protein bound to
Sepharose beads (GST-β-Catenin). IVTT reactions containing RXR were mixed with GST-VDR
beads (left) pre-incubated with 10-7 M 1,25D (+) or ethanol vehicle (-) to serve as a positive
control. Following incubation of GST-fusion protein beads together with the IVTT proteins, the
beads were washed extensively and the amount of coprecipitated hRXRα (left) or hVDR M1/M4
(right) was detected by electrophoresis of denatured bead samples followed by
autoradiography. The amount of extract loaded onto the gel as "input" was 5% of the amount
used in the coprecipitation reactions. The arrows indicate the migration position of hRXRα and
hVDR.
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Table 1. Quantitation of VDR SNPs M1 and M4 Binding to β-Catenin.
VDR M41 [+1,25D/-1,25D]

1.68 [0.12]

VDR M1 [+1,25D/-1,25D]

2.05 [0.21]

VDR M4 [-1,25D]
VDR M1 [-1,25D]
3.31 [0.34]

VDR M4 [+1,25D]
VDR M1 [+1,25D]
2.62 [0.25]

1Binding

was assessed via GST-β-catenin "pull-down" assays as described in Figure 6, followed
by quantitation via densitometric scanning of radiographs. Values represent the mean ratios
(-/+ SD) of band densities from 10 independent experiments like the one shown in Figure 6.
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Figure 7 shows the results for this M2H system, evaluating the interaction between VDR
and β-catenin in the presence of 1,25D, resveratrol, or both ligands. As expected, the absence
of BD-VDR (bars 1, 3, 5, and 7) establishes a baseline of transcriptional activation. Interestingly,
the addition of VDR in the absence of 1,25D (both sets of black bars) results in a decrease in
reporter activity, suggesting an important role for 1,25D in configuring VDR for an efficient VDRβ-catenin interaction. This is supported by the increased intensity of the VDR-β-catenin
interaction in the presence of 1,25D (both sets of white bars). In the presence of 1,25D, adding
BD-VDR results in a significant increase in transcription of firefly luciferase (relative to Renilla
luciferase) from a ratio of 48 up to 270 without resveratrol and from 43 to 411 with resveratrol.
The addition of resveratrol reveals a similar effect on VDR-β-catenin interaction as it did on VDR
transcriptional activity shown in the VDRE assays above (Figs. 1 and 2). Alone, resveratrol has
only a minimal effect on the interaction of VDR and β-catenin (black bars #5 and 6) when
compared to ethanol vehicle, but resveratrol and 1,25D together possess a synergistic effect,
leading to more VDR-β-catenin protein-protein interaction than with either compound alone
(white bars #7-8).

Probing the ability of VDR to inhibit β-catenin-mediated transcriptional activity
To evaluate the ability of VDR to modulate β-catenin-mediated transcriptional
activation, a β-catenin transcription assay was employed. TOPFLASH is a plasmid containing βcatenin responsive elements linked to a firefly luciferase reporter gene. In this system,
TOPFLASH, β-catenin, and either VDR M4 or VDR M1 were transfected into HCT-116 cells and
the cells were dosed with -/+ 1,25D for 24 hours. Renilla was again used to control for variable
transfection efficiency. When β-catenin interacts with TOPFLASH (in the presence of abundant
endogenous TCF/LEF), the luciferase gene is transcribed/translated and the level of protein
activity can be quantitated. Results are displayed as Luciferase/Renilla RLUs, and a reduction in
RLUs corresponds to a reduction in β-catenin transcriptional activity.
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Figure 7. Mammalian two hybrid (M2H) assay in HCT-116 cells evaluating the interaction
between VDR and β-catenin in the presence of 10-8 M 1,25-dihydroxyvitamin D (1,25D), 2.5x10-5
resveratrol, or both compounds. For this assay, VDR was tagged with a GAL4 binding domain
(BD) while β-catenin was tagged with an activation domain (AD). All groups include a vector
encoding AD-β-catenin, a luciferase plasmid containing BD DNA binding sites, and either BDempty or BD-VDR plasmids, all transfected into the HCT-116 cells. When BD-VDR and AD-βcatenin interact, they activate the transcription of a firefly luciferase gene, which is then
quantitated as described previously. All groups were tested in triplicate and averaged, and the
experiment was replicated at least three times with consistent results. Error bars show 2
standard deviations from the mean. One representative experiment is shown.
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Figure 8A shows that VDR M4 is more effective than VDR M1 at attenuating β-catenin
transcription activation even in the absence of 1,25D. With the addition of 1,25D, both VDR M4
and VDR M1 show enhanced β-catenin inhibition. Figure 8B reveals that VDR E2A is also more
active than M1 at reducing β-catenin-mediated transcription, similar to the profile observed
with VDR M4 (compare Fig. 6A and 6B). The addition of 1,25D further enhances this attenuation
in both VDR proteins and VDR E2A remains more active than VDR M1 in the presence of 1,25D.
We also tested the effect of resveratrol, as in the VDRE transcriptional assays above. The
resveratrol results showed a paradoxical increase in β-catenin transcriptional activity (data not
shown). The implications of these results are discussed below.
As with the VDRE transcription assays described previously, the AF-2 domain mutants,
VDRs L417A, E420A, and Δ403, were compared to VDR M4 in their ability to attenuate βcatenin transcriptional activation. Figure 9A shows that VDR L417A is not statistically significant
different from VDR M4 in its ability to attenuate β-catenin transcription in the absence of
1,25D. With the addition of 1,25D, however, VDR M4 is more active than L417A at reducing βcatenin transcriptional activity (Luc/Ren ratios of 17,488 and 29,829 respectively). Figure 9B
illustrates that in the absence of 1,25D, VDR E420A exhibits less attenuation of β-catenin
transcription than VDR M4, though this does not reach statistical significance. As in Fig 7A,
when 1,25D is added to the cells, VDR M4 shows a robust β-catenin inhibition (from a ratio of
43,621 down to 25,458), whereas the E420A mutant displays no inhibition of β-catenin activity.
The results in Figure 9C indicate that both in the presence and absence of 1,25D, VDR Δ403 is
less effective at inhibiting β-catenin transcriptional activity than M4. As with E420A, the
addition of 1,25D has no effect on the ability of VDR Δ403 to inhibit β-catenin-mediated
transcription, while VDR M4-mediated inhibition is again enhanced. Taken together, these
results intimate that the presence of a functional AF-2 is required for VDR to maximally
suppress β-catenin activity, presumably through a direct VDR-β-catenin interaction to likely
block β-catenin interaction with its TCF/LEF DNA binding partner.
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Figure 8. β-catenin transcriptional assay (TOPFLASH) assessing the differences between A) VDRs
M4 and M1 and B) VDRs E2A and M1 in their ability to inhibit β-catenin-mediated
transcriptional activation in the absence or presence of 1,25D. All groups contain TOPFLASH, a
plasmid with β-catenin responsive elements linked to a firefly luciferase gene. TOPFLASH, βcatenin, and either VDR M4 or VDR M1 were transfected into HCT-116 cells. When β-catenin
interacts with TOPFLASH, the downstream luciferase gene is transcribed and firefly activity is
assessed as previously described. Reduced firefly activity (RLU ratio) corresponds to a reduction
in β-catenin transcriptional activity. All groups were tested in triplicate and averaged, and the
experiment was replicated at least three times with consistent results. Error bars show 2
standard deviations from the mean. One representative experiment is shown.
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Figure 9. β-catenin transcriptional assay assessing the differences between VDR M4 and (A)
VDR mutants L417A, (B) E420A, and (C) Δ403 in their ability to inhibit β-catenin-mediated
transcriptional activation in the absence or presence of 1,25D in transfected HCT-116 cells. All
groups were transfected with TOPFLASH along with an expression plasmid for β-catenin.
Individual transfected groups received expression plasmids for VDR M4 or the indicated VDR
mutant. Reduced firefly activity corresponds to a reduction in β-catenin transcriptional activity
(see Methods and Legend to Fig. 6). All groups were tested in triplicate and averaged, and the
experiment was replicated at least three times with consistent results. Error bars show 2
standard deviations from the mean. One representative experiment is shown.
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Finally, to test the ability of VDR to attenuate transcription mediated by endogenous βcatenin in the context of the naturally occurring chromatin milieu, rather than in artificially
transfected plasmids, real-time PCR was employed, focusing on β-catenin target genes cMYC,
Survivin, and cyclinD1. VDR M4 and VDR M1 were each evaluated in the absence and presence
of 1,25D. In Figure 10, HCT-116 cells were transfected with empty vector or with either M1 or
M4 VDR expression plasmids and β-catenin signaling was quantified using PCR primers specific
for each target gene. Under these conditions, the empty vector control group with ethanol
vehicle is set to a "fold-effect" of 1.0. The addition of 1,25D in the absence of exogenous
(transfected) VDR results in a diminution of β-catenin target gene expression (compare empty1,25D versus empty+1,25D in each panel) likely via endogenous VDR. In the groups transfected
with a VDR expression plasmid, the exogenous VDR M4 attenuates β-catenin-mediated
transcriptional activation of bona fide target genes more effectively than VDR M1. The addition
of 1,25D further enhances this inhibitory effect, with VDR M4 continuing to be more effective
than VDR M1 in the presence of the hormone, as observed in the other assay systems described
above.
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Figure 10. Analysis of VDR-mediated attenuation of β-catenin transcriptional activation using
quantitative polymerase chain reaction (qPCR), probing β-catenin target genes cMYC, cyclinD1,
and survivin. VDR M4 and VDR M1 were each evaluated in the absence and presence of 1,25D.
HCT-116 cells were transfected with either empty vector, or vector encoding M4 or M1 VDR
and dosed with 10-8 M 1,25D or ethanol vehicle for 24 hours. RNA was then extracted using the
BioRad Aurum kit followed by a standard qPCR protocol (see Materials and Methods). Results
are expressed as a fold effect relative to expression of each β-catenin target gene: (A) cMYC, (B)
survivin, and (C) cyclinD1. Expression of each gene was set to 1.0 in the absence of transfected
VDR and 1,25D. All groups were tested in triplicate and averaged, and the experiment was
replicated at least three times with consistent results. Error bars show 2 standard deviations
from the mean. One representative experiment is shown.
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Discussion
VDR polymorphisms and mutants
The goal of this project was to explore the differences between two common VDR
polymorphisms, VDR M1 and M4, in their abilities to modulate β-catenin-mediated
transcription, and in their responses to 1,25D and resveratrol. The structural differences
between the two polymorphisms studied lies in the N-terminus. Like other nuclear receptors,
the VDR amino acid sequence contains a zinc finger motif that is responsible for DNA
recognition and binding as well as a C-terminal ligand binding domain[1]. Unlike other nuclear
receptors, however, the zinc finger motif in VDR occurs very close to the N-terminus rather
than being more centrally located in the protein sequence. In spite of there only being a few
amino acids N-terminal to the zinc fingers, our laboratory has reported that variation at the
extreme N-terminus of VDR nevertheless has functional consequences[32], suggesting that these
few amino acids N-terminal to the zinc fingers may in fact form an "Activation Function-1" (AF1) domain in VDR as has been reported for other receptors with a more extensive N-terminal
AF-1 domain.
The originally reported VDR mRNA sequence encodes a 427 AA protein beginning at
methionine 1 (M1)[2], but a polymorphic base pair change in this initial codon eliminates this
initial methionine, resulting in translation beginning at methionine 4 (M4), yielding a 424 AA
protein. The M4 VDR polymorphism is thought to be more physiologically active than the M1
variant in its interactions with the VDR-interacting proteins (VIPs) RXR and TFIIB[32]. Population
studies have identified that VDR M4 is present in the population at an overall distribution of
about 65%[32]. This is interesting because the M4 variant is a relatively new evolutionary
development arising sometime around the divergence of hominids from apes[32]. The fact that
the newer VDR isoform is more prevalent though it is “younger” suggests that it provides an
evolutionary advantage. Bone mineral density studies have shown that rates of osteopenia are
lower in individuals homozygous for the VDR M4 protein[32]. Additionally, in the African
American population, where osteopenia is relatively rare compared to other groups, the
prevalence of VDR M4 is upwards of 80%. These observations related to bone physiology
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suggest that there may be evolutionary "pressure" to maintain a more active VDR allele in the
face of more limiting calcium acquisition in the diet [32].
In the present study, we probed the putative mechanistic differences between VDR M1
and M4 by evaluating the role of the first three AAs in M1, those missing in M4, on VDR activity
in the context of Wnt/ -catenin signaling, a VDR action of relevance for colon and other
cancers. Of these initial AAs, methionine (M)-glutamate (E)-alanine (A), M and A are neutral
amino acids while E is negatively charged. Previous work exploring the interaction between VDR
and TFIIB demonstrated that this acidic residue may hinder the two proteins from tightly
binding[32]. Through DNA mutagenesis, a mutant VDR was produced wherein the second
residue was changed from E to A, so-called E2A. VDR E2A is a full 427 AAs long but with a
neutral (uncharged) N-terminus. It was hypothesized in earlier studies that removing the
negative charge from VDR M1 would enhance the binding of the receptor with TFIIB for VDRmediated transcription[32] and, if VDR and β-catenin directly interact, this negatively charged
residue may contribute to the binding affinities of these two proteins, as well.
While the N-terminal domain of VDR is responsible for recognizing and binding to DNA,
the C-terminal domain is known to bind to 1,25D and various co-factors necessary for
transcriptional activation[1]. In an effort to probe the importance of the AF-2 (ligand-dependent
transactivation) domain in transcriptional activation and VDR-β-catenin binding, select residues
were identified near the C-terminus. In the same process used to generate the VDR E2A
mutant, three C-terminal mutants were created to probe the role of these specific AAs. Those
mutants are L417A (where leucine has been replaced by alanine at residue 417), E420A (where
glutamate has been replaced by alanine at residue 420), and Δ403 (where a stop codon has
been introduced at position 403, prematurely truncating the protein).

M1 vs. M4 in VDR-mediated transcriptional activity
The difference between the transcriptional activities of VDR M1 and M4 appears to lie in
their variable response to 1,25D stimulation. Without the addition of a ligand, the two VDR
SNPs are statistically equivalent (Fig. 1). Whenever 1,25D is introduced, VDR M4 consistently
outperforms M1 in its ability to activate transcription of a luciferase reporter gene in
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transfected mammalian cells. This is interesting because the AF-2 region near the C-terminus is
known to contain the domain that interacts with co-activator proteins such as SRC-1. If the two
isoforms differ only in the first three amino acids at the N-terminus, a variable response to
ligand stimulation would not be expected. This implies that the initial three N-terminal residues
either play a direct role in ligand binding, or they are important in modifying interactions with
co-modulator proteins stimulated by 1,25D binding to VDR. By substituting a neutral amino acid
for a negatively charged residue at position 2, the 427 AA VDR M1 protein can be converted
into a VDR that is functionally similar to M4 when in the presence of 1,25D (Fig. 2). Thus, the
second amino acid must likely be involved in modulating 1,25D-stimulated transcription.
What is surprising about the differential activity of M1 versus M4 is that the VDR
response to resveratrol does not follow the same pattern as it does for 1,25D. When exposed to
resveratrol alone (Fig. 2), M4 is modestly more active than M1 (similar to the pattern observed
with 1,25D), but the E2A mutant activity is more like that of M1 instead of M4 in the presence
of resveratrol. Moreover, when analyzing the transcriptional activities of the two SNPs in the
presence of both 1,25D and resveratrol (Fig.2), some notable observations include: 1) M1 as
well as M4 activity increases more in the presence of both ligands than with either ligand alone,
2) 1,25D and resveratrol do not appear to compete but rather provide a synergistic stimulation
to the VDR, regardless of isoform, and 3) the E2A mutant activity is again closer to that of M1
than M4. This suggests that the neutralization of the glutamic acid charge at the VDR #2
position does not "revert" E2A back to M4-like activity in the presence of resveratrol, as it does
in the presence of 1,25D; instead the difference between M1 and M4 is still apparent in terms
of resveratrol modulation of VDR activity.
The N-terminal AF-1 domain is thus clearly important in 1,25D and resveratrolstimulation of transcription. Do select residues in the AF-2 domain, near the C-terminus, have
any influence over this activity? All three C-terminal mutants, E420A, L417A, and Δ403, show
decreased 1,25D-stimulated transcriptional activity compared to wild type M4. Given that
these mutants are based on the M4 isoform, it is not possible to compare them directly to VDR
M1. All of the mutants have equivalent activities to M4 in the absence of vitamin D, but are
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dramatically less active in the presence of vitamin D, clearly demonstrating the importance of
the VDR AF-2 domain in ligand-mediated transcription.
Taken together, all of the above observations suggest that when only 1,25D is present,
VDR M4 and E2A interact equivalently with a VDR coactivator. In the presence of resveratrol
(and 1,25D), the coactivator or VDR is modified (perhaps via deacetylation) such that there is
subsequent differential binding between the coactivator and VDR M4 versus VDR E2A. If this is
true, then it is likely that the N-terminus (AF-1) and C-terminus (AF-2) of VDR interact to recruit
coactivator. AF-2 "modulation" via post-translational modifications like phosphorylation (which
has been show to occur at Ser-208 and affect transactivation) or resveratrol-directed deacetylation (which is postulated to occur even closer to the AF-2 at K413) may fine-tune the
interaction between the VDR AF-1 and AF2 and result in a differential interaction of coactivator
with M4 versus E2A VDR, as implied by the measured differences in transactivation by these
VDR variants when both 1,25D and resveratrol are present (Figure 4).
The C-terminal mutants were also tested in the presence of resveratrol alone and with
simultaneous exposure to resveratrol and 1,25D (data not shown). Unlike with the N-terminal
variants (Figure 4), there was no appreciable difference for each mutant when treated with 1)
1,25D alone, 2) resveratrol alone, and 3) combined resveratrol and 1,25D administration. Thus,
the amino acid alterations in the VDR C-terminus investigated in this study result in substantial
attenuation of ligand-dependent VDR transactivation, rendering any comparison between
1,25D and -/+ resveratrol moot.

VDR binds with β-catenin in vitro and in cell culture
It is known that VDR binds with many unique proteins, collectively termed VDRinteracting proteins (VIPs)[32,37]. Thus, it is postulated that the functional differences between
VDR M4 and VDR M1 may be related to the ability of VDR to interact with some of its VIP
partners. It was our goal to extend this concept by testing whether the VDR SNP variants
possess differences in their affinity for β-catenin. Through both GST “pull-down” assays and
mammalian two hybrid (M2H) experiments, we show that VDR and β-catenin directly interact.
These data support previous co-immunoprecipitation (co-IP) studies characterizing the VDR and
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β-catenin interaction[18]. Moreover, since VDR M4 had previously been demonstrated to have a
higher affinity than M1 for other proteins, such as TFIIB[32], we hypothesized that this paradigm
is maintained in terms of how VDR and β-catenin interact in vitro, a hypothesis that was
supported by the data presented herein (Fig. 4 and Table 1). VDR and β-catenin also associate
in the intracellular milieu, as probed via a mammalian two hybrid (M2H) assay in transfected
mammalian cells. Due to the M2H assay design, we were unable to explore the differences
between VDR M4 and M1. In this system, a binding domain (BD) was tagged to the N-terminus
of the VDR protein, while an activating domain (AD) was tagged to the N-terminus of β-catenin.
Since the N-terminus of VDR is where the two SNPs differ, teasing apart the differences
between M4 and M1 is not possible in the context of this experimental assay system design.
Having established that the two proteins directly interact, the next question was
whether 1,25D modulates this interaction. As described in Table 1, the addition of 1,25D
increases the extent to which VDR binds β-catenin, again paralleling the results of earlier co-IP
assays[18]. This 1,25D-stimulated interaction was true for both VDR M4 and M1. Interestingly,
VDR M1 appears to have an exaggerated response to 1,25D than does VDR M4 in vitro. This is
clinically encouraging because if this pattern is maintained in vivo, a patient carrying the
weaker-binding VDR M1 SNP may be more responsive to vitamin D supplementation as a
means to ameliorate the potential negative effects of harboring a less active VDR. Indeed when
VDR M4 is directly compared to VDR M1 in the presence and absence of 1,25D, the difference
between the binding affinities for β-catenin narrows in the presence of 1,25D, at least in vitro.
1,25D stimulation of the VDR-β-catenin interaction is also observed in transfected
mammalian cells. Interestingly, the simultaneous addition of 1,25D and resveratrol leads to an
amplified response in the M2H assay, similar to the synergistic effect of the two ligands noted
in the VDRE-transcriptional assay. Not only does resveratrol promote enhanced 1,25Dstimulated transcriptional activity mediated by VDR, it also appears to influence the direct
binding of VDR to β-catenin. Since VDR normally forms a heterodimer with RXR for
transcriptional activation, one explanation is that resveratrol potentiates the ability of VDR to
bind with any other partner, in this case β-catenin. If this observation is consistent in vivo, it
provides promising evidence to support the benefits of supplementing both resveratrol and
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vitamin D, versus only vitamin D supplementation or no supplementation, to enhance the
binding and subsequent sequestration of β-catenin by VDR. Strengthening the VDR-β-catenin
"bond" will prevent activation of β-catenin target genes and may lower the risk of developing
cancer.
A surprising pattern was noted from the M2H experiments. When BD-VDR was
transfected into cells in the absence of 1,25D, VDR and β-catenin binding decreased compared
to baseline (cells with no exogenously added VDR). This is interesting because one would
expect adding extra VDR would enhance the baseline activity of the assay or at least show no
difference than baseline if 1,25D is absent. This could simply be a function of the dynamics
within the M2H assay system, but the fact that without 1,25D, the VDR association with βcatenin is decreased (in the context of the cellular milieu) further supports the importance of
vitamin D in mediating this vital protein-protein interaction.

VDR-mediates suppression of β-catenin-directed transcription
The fact that VDR and β-catenin directly interact, and that M4 does so more potently
than M1, is not enough to establish a clinically meaningful observation in regards to the effect
on colorectal carcinogenesis. One important question addresses the functional consequence of
VDR-β-catenin interaction. Through β-catenin transcriptional assays (Fig. 6 and 7) and real-time
PCR (Fig. 8), we demonstrated that VDR inhibits the transcriptional activity of β-catenin,
supporting existing data[38], and that VDR M4 is more active than VDR M1 in this regard. This
further reinforces the hypothesis that VDR is capable of attenuating β-catenin activity, thereby
potentially affecting the development of CRC. It has previously been reported that VDR and βcatenin directly interact and that the C-terminus of β-catenin plays a critical role[21]. By
manipulating acetylation sites on the β-catenin C-terminal tail, researchers were able to show
decreased VDR interaction along with increased ability to coactivate TCF-dependent
reporters[21]. Additionally, this group proposed that when a residue in the AF2 region of VDR
(E420) is mutated, the conformational change in helix 12 that allows for recruitment of
coactivators is destabilized. Their proposal was that this mutation would improve the
interaction between VDR and β-catenin while inhibiting partnering of VDR with coactivators[21].
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Our data did not support this proposal. All three AF2 mutations we studied, E420A, L417A, and
Δ403, showed decreased ability to inhibit β-catenin-mediated transcription (Figure 9).
Presuming the method by which VDR inhibits β-catenin activity is via direct interaction, it would
not appear that a mutation in E420 enhances VDR-β-catenin binding.
As in the VDRE transcriptional assays, the key difference between VDR M1 and M4 in
their ability to attenuate β-catenin transcriptional activity appears to be the second glutamate
residue in M1. The E2A mutant, in which the negatively charged glutamate has been replaced
by a neutral alanine, appears functionally similar to the M4 SNP (Fig. 6). It is becoming
increasingly clear that VDR interacts with multiple proteins to carry out or modulate a large
number of physiological functions in the body. The more common M4 variant appears to be
more functionally active because it is unhindered by a negatively charged amino acid in the Nterminus, thus allowing it to better interact with other proteins. There exists a precedent for
this type of variable interaction between the FokI VDR polymorphisms and partner proteins. A
study published in 2000 by Jurutka et al., showed that VDR M1 and M4 physically interact with
the transcription factor TFIIB, and that the glutamate in residue 2 of VDR M1 is the amino acid
that precludes more efficient binding of VDR to TFIIB.
Regardless of VDR polymorphism, 1,25D triggers the activation of VDR. In this regard, it
is not surprising that 1,25D also enhances the VDR-mediated attenuation of β-catenin
transcription. As described above and in previous work[1], 1,25D plays a critical role in
modulating how VDR interacts with co-modulatory proteins. Interestingly, VDR M1 in the
presence of 1,25D shows a similar ability to suppress β-catenin transcription compared to VDR
M4 in the absence of 1,25D (Figure 8A). Whether this effect in transfected mammalian cells also
holds true in vivo, remains to be elucidated, but it is encouraging that the reduced activity of
VDR M1 to inhibit B-catenin can be overcome by 1,25D supplementation. With improved
genetic screening, an individual who is homozygous for the M1 SNP can theoretically be
identified and placed on the proper supplementation regimen to aid in CRC prevention.
A limitation of our β-catenin transcriptional assays, which strongly suggest that VDR
modulates β-catenin activity, is that they rely on a synthetic reporter construct system.
However, our study also includes real time PCR data probing the effect of VDR on nuclear β36

catenin target genes, which show that VDR does, in fact, exert its effects in the nuclear
chromatin environment, reducing the transcription of β-catenin target genes, genes known to
be implicated in carcinogenesis. As in other experiments, the effect is enhanced by 1,25D (Fig.
8). Our data add to prior studies showing that exposure to 1,25D reduced expression of Wnt/βcatenin target genes LGR5, BCL-2, and Survivin in the LT97 line of colon adenoma cells[38]. In
these pre-cancerous cells, 1,25D was also shown to stimulate cellular differentiation and lead to
reduced levels of nuclear β-catenin[38].
The β-catenin transcriptional assays illustrated in Figs. 6 and 7 were also performed with
resveratrol (data not shown) as well as 1,25D, yielding some unexpected results. It was
hypothesized that resveratrol would enhance the VDR-mediated suppression of β-catenin
activity, but the results revealed the opposite response. One explanation for this could be that
the proposed mechanism by which resveratrol aids in β-catenin suppression is by sequestering
β-catenin in the cytoplasm, preventing it from translocating into the nucleus and binding to
nuclear DNA[27,28,38]. With more β-catenin in the cytoplasm, where the exogenously transfected
TOPFLASH reporter constructs are predominantly localized, it would be reasonable to expect an
increase in β-catenin-mediated transcription of the reporter gene. To test this hypothesis, realtime PCR would be necessary to probe the effect of resveratrol on β-catenin transcription of
true nuclear target genes in the context of their endogenous chromatin environment.
Previous studies probing the influence of resveratrol on Wnt/β-catenin signaling have
reported conflicting results. One study evaluating the effect of resveratrol on Waldentröm’s
macroglobulinemia showed that resveratrol indeed inhibited nuclear translocation of βcatenin[28]. This was supported by another investigation of resveratrol in colon-derived cells
which found that resveratrol likely downregulates the expression of β-catenin nuclear-targeting
genes Legless and Pygopus, thereby preventing accumulation of β-catenin in the nucleus[27].
Both of these papers are in opposition to a newer manuscript published in 2012 that
supports the overall hypothesis that resveratrol inhibits Wnt/β-catenin signaling but suggested
that the mechanism was not via alterations in β-catenin trafficking[3]. In this report, resveratrol
had no effect on β-catenin accumulation, cellular distribution, or nuclear targeting. Instead, this
report demonstrated that resveratrol inhibits the stability of the β-catenin/TCF complex in the
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chromatin milieu[3]. Though these groups found differing mechanisms behind the phenomenon,
they all agree that resveratrol appears to inhibit Wnt/β-catenin signaling. Further confounding
matters, it has been reported that resveratrol improves Wnt/β-catenin signaling in osteoblasts
and endothelial cells, leading to osteoblastogenesis and angiogenesis. In these cells, resveratrol
appears to activate extracellular signal-regulated kinases (ERKs) leading to GSK3β
phosphorylation and inactivation. Inactivated GSK3β leads to β-catenin stabilization and nuclear
translocation, increasing transcription of Wnt-dependent genes[39,40].
Clearly, the method by which resveratrol inhibits Wnt/β-catenin signaling is complex.
The conflicting results on whether or not resveratrol prevents the nuclear accumulation of βcatenin could be due to the fact that these findings are from different cell types. Indeed, even
whether resveratrol inhibits or augments Wnt/β-catenin signaling seems to depend on cell
type[39,40]. We nevertheless hypothesize that VDR is a key protein that mediates the effect of
resveratrol on β-catenin. Our investigation has shown that VDR inhibits β-catenin-mediated
transcription and that it does so, at least in part, by directly binding β-catenin. We have also
shown that resveratrol potentiates VDR-mediated transcription, a finding supported by
previously reported data[41]. In this previous work, resveratrol was found to improve VDR-1,25D
binding and to augment the interaction of VDR with other protein partners such as RXR[41].
Similarly, our data support a similar modulatory role for resveratrol in the VDR-β-catenin
interaction.

Conflicting Observational and Clinical Trial Data on vitamin D and CRC
Clinical and cohort studies probing the effects of vitamin D supplementation in humans
have been inconclusive. A recent case-control study and meta-analysis found an inverse
correlation between levels of circulating 25D, the precursor to active 1,25D, and colorectal
cancer[42]. In contrast, a population-based case-control study found no association between
1,25D supplementation, VDR polymorphism, and occurrence of colorectal cancer[43]. The latter
study was limited, however, by a small population and did not investigate the FokI
polymorphism featured in this report. Supporting the lack of efficacy in reducing colon cancer
risk, a 3 to 5-year study tracked the effect of calcium and vitamin D supplementation on CRC
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recurrence and found no significant reduction in risk[44]. However, if the main mechanism by
which vitamin D prevents CRC development is in the early, pre-cancerous stage, it may not be
surprising that CRC recurrence is not affected by 1,25D supplementation. Indeed, in precancerous adenoma cells, mice fed a diet high in vitamin D had reduced levels of nuclear βcatenin and lower TCF-4 staining in intestinal crypts[38].
Further support for benefits of high circulating 25D is provided by studies have found
that vitamin D and its analogs may be useful in the prevention of malignant transformation in
not just CRC but in breast cancer, prostate cancer, and others[45]. A pilot, randomized, placebocontrolled clinical trial of calcium and vitamin D supplementation in sporadic adenoma patients
found an increase in APC and E-cadherin expression and a decrease in β-catenin expression,
supporting the evidence that vitamin D can modify pre-cancerous colonic risk factors[46]. Recent
epidemiologic studies found that lower levels of circulating 25D correlated with higher rates of
CRC[45, 46] and higher β-catenin nuclear expression[47]. Meta-analyses of observational data show
a relative CRC risk of 0.66 for patients with higher levels of circulating 25D[49,50]. In both human
and animal models, vitamin D has been shown to prevent inflammation and tumor formation in
inflammatory bowel disease[51,52,53,54]. In different models of inflammatory-associated colon
cancer, vitamin D was found to be protective against precancerous lesions in a dose-dependent
manner[55,56]. Ultimately, the discrepancy between observational data, cohort studies, and
clinical trials indicate there is more research to be done. Trial length, vitamin D exposure levels,
disparate population risk and genetic variation may obscure the effects of nutrient
supplementation and weaken the strength of trial data[57].
The importance of the VDR protein has also been emphasized in prior colorectal cancer
investigations. A study in VDR knockout mice showed enlargement of the proliferation zone in
colonic mucosa[58]. Experiments on metastatic derivatives of colon cancer cells found very low
levels of VDR, making the lack of response to vitamin D unsurprising[59,60]. In fact, the majority
of colon cancers express less VDR in later stages[9]. This highlights the importance of preventive
intervention with vitamin D rather than treatment of already-established cancers. The precancerous levels and functional activities of VDR polymorphisms, such as VDR M1 and M4, as
well as SNPs in enzymes like CYP24A1 and CYP27B1 that regulate vitamin D metabolism[61], are
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likely key to understanding how CRC development progresses and how nutritional
chemoprevention impacts this process on an individual, case-by-case basis.
Clearly the interplay between 1,25D, resveratrol, VDR and β-catenin is complex. In
controlled experiments, 1,25D-stimulated VDR is consistently shown to reduce β-catenin
signaling. Epidemiologic studies also find strong correlations between high vitamin D levels,
resveratrol exposure, and lower risk of CRC development[26,47,48]. One challenging obstacle
facing clinical trials is controlling for genetic differences not only in the VDR protein but also in
metabolism of vitamin D. As genetic mapping becomes more practical and inexpensive, its use
in the clinical sphere will likely become increasingly important. If scientists can analyze genetic
variations in the 1,25D-VDR-β-catenin interaction, perhaps specific targets can be identified to
stratify the population into groups likely to benefit from 1,25D and resveratrol supplementation
and those predisposed toward lack of vitamin D-driven CRC prevention. At least one study has
estimated that if Americans take 2000 IU/day of vitamin D3 the incidence of CRC would
decrease by 27%[62]. If we can more precisely target those at increased risk and those more
likely to benefit from vitamin D intervention, perhaps an even greater reduction in CRC
incidence can be achieved.
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Future Directions
The present data support the hypothesis that VDR suppresses β-catenin-mediated
transcription, thereby potentially aiding in the prevention of CRC, where activation of β-catenin
signaling is a known contributing factor to hyperproliferation and possibly to tumorigenesis. An
important next step will be identifying how this interaction affects CRC development in vivo,
and whether a meaningful difference between the two VDR polymorphisms exists in the
context of CRC. Additional steps will be necessary to evaluate if in vivo supplementation of
vitamin D provides significant protection from CRC development. Though earlier clinical trials
have not shown promising results, low populations, short trial duration, and lack of attention to
genetic variation in VDR activity and vitamin D metabolism were likely culprits of the null
outcomes.
It will be necessary to explore further the effect of resveratrol on β-catenin activity in
the transcription of nuclear genes. Also, it will be useful to define more completely the effects
of 1,25D and resveratrol on the interaction between VDR and β-catenin, and to probe the
potential involvement of additional signaling proteins and modulators, such as SIRT1, on the
VDR- -catenin signaling axis. Studies have shown that histone deacetylases not only influence
VDR expression in colon cancers, but also modulate β-catenin trafficking and expression of Wnt
inhibitors[9]. To further elucidate these effects, it would be useful to explore the effects of VDR,
resveratrol, and HDACs on the Wnt/β-catenin signaling pathway. Such future studies would
extend the mechanistic work descried herein and expand our understanding of the role of
vitamin D, as well as modulatory nutraceuticals like resveratrol, on CRC risk in the context of
pharmacogenomics and human VDR SNPs.
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Conclusion
The impact of vitamin D on the Wnt/β-catenin signaling system has been a topic of
considerable clinical interest in recent years. Preliminary data support the observed ability of
vitamin D, through the actions of VDR, to attenuate β-catenin activity. Given that most known
sporadic cases of colon cancer arise from β-catenin dysfunction, it will be critical to clarify this
pathway, as well as explore possible avenues for targeted therapeutics, in order to improve our
understanding of and ability to treat colon cancer. Our data support and extend current
literature, showing that VDR directly binds to β-catenin. Both vitamin D and resveratrol appear
to enhance this interaction. It is also evident that 1,25D-stimulated VDR is capable of inhibiting
β-catenin transcriptional activity. Significantly, we have shown that the two common VDR
polymorphisms M1 and M4, are functionally variable, both in activation of vitamin Ddependent genes and in their potential to reduce β-catenin-mediated transcription. VDR M4
exhibits elevated physiologic activity compared to M1, and studies employing site-directed
mutagenesis of VDR implicate the glutamic acid at position 2 in VDR M1 as responsible for the
reduced activity of the M1 variant with respect to VDR transactivation as well as the ability to
silence -catenin signaling. Both SNPs are responsive to 1,25D-mediated activation, and their
differences appear to narrow in the presence of this hormone. Taken together, these data
support the notion that VDR influences pathways important for colorectal carcinoma (CRC)
development, and supplementation with vitamin D and resveratrol may reduce colon cancer
risk in the general population, especially in individuals with the less active M1 VDR
polymorphism. A comprehensive understanding of 1,25D and resveratrol action in VDR
signaling may allow for a more personalized medicine approach toward treating vitamin D–
related disorders and evaluating risk for carcinogenesis.
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