
Evaluating the Role of VDR Polymorphisms and
Beta-catenin Signaling in Colorectal Neoplasia

Item Type text; Electronic Dissertation

Authors Egan, Jan Bailey

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:41:06

Link to Item http://hdl.handle.net/10150/195709

http://hdl.handle.net/10150/195709


EVALUATING THE ROLE OF VDR POLYMORPHISMS AND BETA-CATENIN  
SIGNALING IN COLORECTAL NEOPLASIA 

 
 

by 

Jan Bailey Egan 

 

 

A Dissertation Submitted to the Faculty of the 

GRADUATE INTER-DISCIPLINARY PROGRAM IN CANCER BIOLOGY 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2009 

 

 

 



2 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation  

prepared by Jan Bailey Egan 

entitled Evaluating the Role of VDR Polymorphisms and β-catenin Signaling in 

Colorectal Neoplasia 

and recommend that it be accepted as fulfilling the dissertation requirement for the  

Degree of Doctor of Philosophy 

 
___________________________________________________________ Date: 1/7/09 
Patricia Thompson, PhD    
 
___________________________________________________________ Date: 1/7/09 
G. Tim Bowden, PhD    
  
___________________________________________________________ Date: 1/7/09 
Eugene Gerner, PhD    
 
___________________________________________________________ Date: 1/7/09 
María Elena Martínez, PhD    
    
___________________________________________________________ Date: 1/7/09 
Elizabeth Jacobs, PhD 
    
___________________________________________________________ Date: 1/7/09 
Peter Jurutka, PhD    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 1/7/09 
Dissertation Director:  Patricia Thompson, PhD    



3 

 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 
     SIGNED:  Jan Bailey Egan 
 
 



4 

 

ACKNOWLEDGEMENTS 

 

This all would not have been possible without the support of many different 

people.  It was the tireless effort of my mentor, Patricia Thompson, which allowed me to 

conduct my research in Phoenix so I wouldn’t be separated from my husband and son.  

Although the distance between Tucson and Phoenix presented many challenges, Patty 

went above and beyond in her efforts to mentor and teach me.  Her knowledge and 

insight helped me to grow not only in my technical skills, but in my ability to think 

critically and to evaluate a problem. 

My parents, John and Shelley, have given unselfishly of their time and energy to 

support and encourage me through this journey.  Your demonstration of practical love 

carried me through both happy and sad times.  Your hours spent babysitting so I could 

have plenty of focused writing time and provision of delicious meals and clean clothes 

were welcome breaths of fresh air just when I needed it. 

Last, but certainly not least, my husband Vern who has faithfully cheered me on 

from the beginning to the end.  You were the encouraging voice in the times of trial and 

frustration and the rejoicing voice in the times of joy and celebration.  You were always 

there, encouraging, loving, telling me I need to take a nap and being a wonderful father to 

our son.  This accomplishment was made possible because of your unwavering love and 

strength. 



5 

 

TABLE OF CONTENTS  

LIST OF TABLES ......................................................................................................................... 9 

LIST OF FIGURES ..................................................................................................................... 10 

ABSTRACT .................................................................................................................................. 12 

I.  INTRODUCTION ................................................................................................................... 13 

Colorectal Cancer Statistics .................................................................................................... 13 

Colon Cancer Etiology ............................................................................................................. 13 

Screening of Colorectal Cancer .............................................................................................. 17 

Treatment and Prevention of Colorectal Cancer and Colorectal Adenoma ...................... 18 

Vitamin D and Colorectal Cancer Risk ................................................................................. 20 

Genetic Variants in VDR and Colorectal Cancer Risk ......................................................... 21 

Vitamin D as an Important Mediator of Cellular Homeostasis ........................................... 25 

Vitamin D, the hormone ........................................................................................................ 25 

Action of Vitamin D in the Cell ............................................................................................. 25 

The Vitamin D Receptor as the Mediator of 1,25(OH)2D3 Activity ...................................... 27 

Classic Role of Vitamin D ..................................................................................................... 28 

Neo-Classical Role of Vitamin D and Anti-Tumorigenic Effects ......................................... 28 

Low Affinity Vitamin D Receptor Ligand, Lithocholic Acid ............................................... 30 

The Vitamin D Receptor as a Regulator of Wnt Signaling .................................................. 31 

Wnt Signaling ........................................................................................................................... 32 

APC as a Regulatory Element in Wnt Signaling ................................................................... 33 

Role of β-catenin as a Mediator of Wnt Signaling ................................................................ 35 

Interaction of VDR and β-catenin .......................................................................................... 38 



6 

 

TABLE OF CONTENTS - Continued 

Genetic Variants in Wnt Signaling and Colorectal Cancer Risk ........................................ 39 

APC Polymorphisms .............................................................................................................. 39 

β-catenin Polymorphisms ...................................................................................................... 41 

Summary and Conclusions...................................................................................................... 41 

Hypothesis ................................................................................................................................. 42 

Specific Aims ............................................................................................................................ 43 

II. METHODS AND MATERIALS ........................................................................................... 44 

Introduction .............................................................................................................................. 44 

Molecular Studies..................................................................................................................... 44 

Co-immunoprecipitation ........................................................................................................ 44 

GST Pulldown Assay ............................................................................................................. 46 

Mammalian Two Hybrid Assay ............................................................................................. 48 

Real Time-Polymerase Chain Reaction ................................................................................. 49 

TOPFlash Assay .................................................................................................................... 51 

VDR-VDRE Transcription Assay .......................................................................................... 52 

Western Blot .......................................................................................................................... 53 

     Co-immunoprecipitation ................................................................................................... 53 

     APC ................................................................................................................................... 54 

     IVTT .................................................................................................................................. 55 

Population Studies ................................................................................................................... 55 

Study Population .................................................................................................................... 55 

Endpoint Ascertainment ........................................................................................................ 56 

Statistical Analysis ................................................................................................................. 57 



7 

 

TABLE OF CONTENTS - Continued 

APC polymorphism analysis .................................................................................................. 58 

     VDR polymorphism analysis ............................................................................................. 58 

Genotyping............................................................................................................................. 59 

     APC polymorphisms ......................................................................................................... 59 

     VDR Polymorphisms ......................................................................................................... 61 

Haplotype Determination ....................................................................................................... 62 

III. VDR POLYMORPHISMS AND METACHRONOUS COLORECTAL ADENOMA .. 63  

Introduction .............................................................................................................................. 63 

Results ....................................................................................................................................... 65 

Discussion ................................................................................................................................. 80 

IV. ROLE OF VDR, β-CATENIN AND APC IN COLORECTAL CANCER ...................... 83 

Introduction .............................................................................................................................. 83 

Results ....................................................................................................................................... 85 

VDR Interaction with β-catenin ............................................................................................. 85 

VDR AF-2 is Required for β-catenin Binding and Potentiation of VDR Activity ................ 92 

VDR Ligands Modulate Interaction with β-catenin ............................................................... 94 

Ligand Mediated Suppression of β-catenin Target Genes ................................................... 102 

APC Enhances the Interaction of VDR and β-catenin ......................................................... 106 

FokI Polymorphism in VDR Affects Interaction with β-catenin ......................................... 114 

Discussion ............................................................................................................................... 120 

Effect of Ligands on VDR and β-catenin Interaction .......................................................... 120 

VDR AF-2 Domain Important for VDR-β-catenin Interaction ........................................... 123 

 



8 

 

TABLE OF CONTENTS - Continued 

Differential Suppression of β-catenin Transcriptional Activity by FokI Variants ............... 124 

APC Enhances VDR-β-catenin Interaction ......................................................................... 125 

Assay Limitations ................................................................................................................ 126 

Conclusions and Future Directions ...................................................................................... 127 

V.  APC POLYMORPHISMS AND RISK OF METACHRONOUS ADENOMA .............. 129 

Introduction ............................................................................................................................ 129 

Results ..................................................................................................................................... 131 

Discussion ............................................................................................................................... 145 

VI. CONCLUSIONS AND FUTURE DIRECTIONS ............................................................ 151 

Action of VDR with Low 1,25D Concentration ................................................................... 154 

Action of VDR with High 1,25D Concentration .................................................................. 154 

Action of VDR with 1,25D and APC .................................................................................... 156 

Action of VDR with LCA ...................................................................................................... 158 

APPENDIX A:  CO-IMMUNOPRECIPITATION RESULTS AND DISCUSS ION .......... 162 

APPENDIX B:  SUMMARY OF VITAMIN D AND VDR POLYMORPHISM 
EPIDEMIOLOGY STUDIES ....................................................................... 170 

APPENDIX C:  SUMMARY OF VITAMIN D AND VDR LABORATORY STUDIES  .... 177 

APPENDIX D:  SUMMARY OF APC POLYMORPHISM STUDIES ................................ 183 

REFERENCES ........................................................................................................................... 188 

 



9 

 

LIST OF TABLES 

Table 1:  Vitamin D and VDR Polymorphism Epidemiology Studies ...................... 171 

Table 2:  Vitamin D and VDR Laboratory Studies ................................................... 178 

Table 3:  APC Polymorphism Studies ......................................................................... 184 

Table 4:  Summary of coIP experiments....................................................................... 46 

Table 5:  Summary of RNA Preparations .................................................................... 50 

Table 6:  Taqman Gene Expression Assays .................................................................. 51 

Table 7:  Primers Utilized for SNPStream Genotyping .............................................. 60 

Table 8:  Baseline characteristics of the pooled population, WBF and UDCA ......... 66 

Table 9:  Characteristics of selected SNPs .................................................................... 68 

Table 10:  Association between SNPs and advanced adenoma recurrence ............... 70 

Table 11:  Association between SNPs and other adenoma recurrence ...................... 72 

Table 12:  D' and r2 values for evaluated SNPs ........................................................... 75 

Table 13:  Baseline characteristics of the Pooled Population, WBF and UDCA .... 132 

Table 14:  Characteristics of Selected Single Nucleotide Polymorphisms ............... 133 

Table 15:  Association Between SNPs and Adenoma Recurrence ............................ 134 

Table 16:  Multinomial analysis of all SNPs counting chromosomes ....................... 135 

Table 17:  Multinomial analysis of all SNPs counting individuals ........................... 137 

Table 18:  Association Between Haplotype and Any Adenoma Recurrence ........... 139 

Table 19:  Association Between Haplotype and Adenoma Recurrence ................... 141 

Table 20:  Association Between Diplotype and Adenoma Recurrence .................... 144 

  



10 

 

LIST OF FIGURES 

Figure 1:  Model of colorectal carcinogenesis .............................................................. 14 

Figure 2:  Mechanism of action of 1,25D in the cell ..................................................... 26 

Figure 3:  Positional map of VDR SNPs and any metachronous neoplasia .............. 77 

Figure 4:  Positional map of VDR SNPs and proximal neoplasia .............................. 78 

Figure 5:  Positional map of VDR SNPs and distal neoplasia..................................... 79 

Figure 6:  Probing interactions between VDR and β-catenin ..................................... 86 

Figure 7:  Western blot of IVTT mixture  ..................................................................... 87 

Figure 8:  IVTT utilizing cell lysates ............................................................................. 89 

Figure 9:  VDR truncation mutants .............................................................................. 91 

Figure 10:  Effect of E420A VDR mutation and β-catenin on VDRE activity .......... 93 

Figure 11:  VDR ligands and β-catenin on VDR mediated transactivation .............. 95 

Figure 12:  Effect of 1,25D and LCA on the interaction of VDR and β-catenin ....... 97 

Figure 13:  Effect of VDR on β-catenin transcriptional activity  ................................ 99 

Figure 14:  Effect of 1,25D and LCA on β-catenin transcriptional activity  ............ 101 

Figure 15:  Upregulation of MYC with 1,25D treatment of Caco-2 ......................... 103 

Figure 16:  Effect of 1,25D and LCA on DKK-4 expression in Caco-2 .................... 105 

Figure 17:  Effect of 1,25D and APC on the interaction of VDR and β-catenin ..... 107 

Figure 18:  Western blot of APC protein .................................................................... 108 

Figure 19:  Effect of 1,25D and β-galactosidase on VDR/β-catenin interaction...... 110 

Figure 20:  Effect of APC on β-catenin transcriptional activity (TOPFlash).......... 112 

Figure 21:  Effect of APC on β-catenin transcriptional activity (FOPFlash) .......... 113 

Figure 22:  Effect of M1/M4 variants on β-catenin transcriptional activity  ........... 115 



11 

 

LIST OF FIGURES - Continued 

Figure 23:  Effect of 1,25D on β-catenin transcriptional activity (FOPFlash) ........ 116 

Figure 24:  Effect of APC & FokI variants on β-catenin transcription ................... 118 

Figure 25:  Effect of β-galactosidase & FokI variants on β-catenin transcription . 119 

Figure 26:  Proposed mechanism of action of VDR ligands 1,25D and LCA .......... 152 

Figure 27:  Proposed titration experiment with 1,25D and LCA ............................. 160 

Figure 28:  Co-IP with VDR IP and β-catenin western blot ..................................... 164 

Figure 29:  Cross-reactivity of secondary antibody with VDR IP antibody ........... 166 

Figure 30:  DTT titration  ............................................................................................. 167 

Figure 31:  Co-IP with modifications .......................................................................... 168 

 



12 

 

ABSTRACT 

 

Colorectal cancer is estimated to cause approximately 50,000 deaths each year in 

the United States.  Epidemiological studies have demonstrated an inverse association 

between sunlight exposure, which stimulates the formation of vitamin D in the skin, and 

colorectal carcinoma.  Laboratory studies report that metabolites of vitamin D, acting 

through the vitamin D receptor (VDR), regulate cellular proliferation, differentiation and 

apoptosis.  In addition, VDR contains a polymorphic variant, FokI, which results in two 

different isoforms of VDR.  We have demonstrated a differential suppression of β-catenin 

transcriptional activity by these isoforms in the presence of 1,25(OH)2D3 (1,25D).  

Epidemiological evaluation of metachronous colorectal adenoma formation indicates that 

VDR includes several single nucleotide polymorphisms (SNPs) which influence the odds 

of developing colorectal adenoma.  In addition, we have found full length Adenomatous 

Polyposis Coli (APC), a frequently mutated tumor suppressor gene in colorectal cancer, 

augments both the interaction of VDR and β-catenin as well as the suppression of 

β-catenin transcriptional activity in the presence of 1,25D.   We have also demonstrated 

in epidemiological studies that the presence of a T-A haplotype in APC codons 486 and 

1822, respectively, reduces the odds of any metachronous adenoma by 27% [odds ratio 

(OR), 0.73; 95% confidence interval (95% CI), 0.59 – 0.91].  Taken together, these data 

support not only a protective role for vitamin D acting through the VDR, but also for an 

important role of heritable polymorphic variation in VDR and APC in carcinogenesis. 
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I.  INTRODUCTION 

 

Colorectal Cancer Statistics 

Colorectal cancer is a significant public health concern as it is the third leading 

cause of cancer death in the United States (1).  The American Cancer Society (ACS) 

estimates that in 2008 there will be almost 150,000 new cases of colorectal cancer 

diagnosed, with almost 50,000 deaths (1).  The incidence rates and death rates from 

colorectal cancer have dropped significantly in the last twenty years, due in part to 

screening efforts resulting in detection of and removal of premalignant adenoma 

precursors (1). 

 

Colon Cancer Etiology 

The accumulation of multiple genetic mutations over time including APC, KRAS, 

p53 and deleted in colorectal cancer (DCC) (2, 3) contributes to the initiation, promotion 

and progression of colorectal cancer (Fig. 1).  This sequential accumulation of genetic 

mutations results in genetic instability and clonal expansion which pass through an 

adenoma to carcinoma sequence ultimately resulting in cancer (4, 5).  While these 

mutations often appear at specific points in the progression to carcinoma, the 

accumulation of genetic mutations is as important as the order in which the mutations are 

acquired (2, 3).  APC, an early onset mutation, which is present in >80% of colorectal 

cancers and is thought to play an important gatekeeper role in the colon (3).  Most 

sporadic colorectal tumors have an inactivating APC mutation that is an early onset 
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mutation in colorectal carcinogenesis (6, 7).  Hereditary germline mutations are often 

inactivating and are found throughout the APC gene (7).  In contrast, somatic mutations 

tend to cluster in the central region of the APC gene which has been aptly named the 

mutation cluster region (MCR) (7, 8).  Mutations in the MCR often result in APC 

proteins which are truncated at the C-terminus (7, 8).  The specific location of mutations 

within APC can affect the nature of the subsequent tumor development.  Attenuated 

polyposis is associated with mutations on the 5’ or 3’ ends of the open reading frame 

while carcinoma is associated with mutations found in the MCR (7). 

 

 

Figure 1:  Model of colorectal carcinogenesis.  Adapted from Kinzler and Vogelstein 

1996 (3) and McLaughlin and Gallinger 2005 (9). 

 

Another gene that is often mutated in colorectal cancer is KRAS.  RAS proteins 

play an important role in cellular signaling cascades which regulate the cell cycle (10).  

Mutations in KRAS result in aberrant proliferation and transformation (11).  The tumor 

suppressor p53 is often mutated later in the progression between late adenoma and 

carcinoma (3).  p53 activates genes which regulate the cell cycle.  Together these genes 
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play key roles in the maintenance of normal cellular processes, which when disrupted by 

mutations, result in aberrant cell cycle regulation, proliferation and ultimately cancer. 

Colorectal cancer can occur spontaneously among individuals with no known 

family history of risk as well as among families with inherited forms of colorectal cancer.  

There are two familial forms of colorectal cancer, Familial Adenomatous Polyposis 

(FAP) and Hereditary Non-Polyposis Colorectal Cancer (HNPCC).  FAP is characterized 

by chromosome instability (CIN) (12).  This instability is caused by a mutation in APC 

which often results in truncated protein (6, 13, 14).  Penetrance of this mutation is nearly 

100% with clinical manifestations of disease first appearing in the teenage years as 

hundreds of benign colorectal adenomas (6).  These adenomas, if not removed, will 

become cancerous by about age 42 (3, 6).  Polyp size is usually <1 cm with histology of 

pedunculated or sessile, tubular, tubulo-villous or villous (15).  The size and number of 

polyps directly affect the risk of developing colorectal cancer (15).  Carriers of the FAP 

APC mutation are also more likely to develop tumors in extra-colonic tissues.  These 

other tumor types include:  desmoids, periampullary, pancreatic carcinoma, hepatic 

carcinoma, papillary thyroid carcinoma, sarcoma, and medulloblastoma (6, 15, 16). 

The most common form of hereditary colorectal cancer (16), HNPCC, is 

characterized by microsatellite instability (MSI) resulting from mutations in mismatch 

repair genes (8, 12, 16, 17).  These germline mutations are found in MSH2, MLH, MSH6, 

PMS1 and PMS2 (8, 16, 17).  Almost 90% of HNPCC cases can be attributed to 

mutations in MSH2 and MLH1, while MSH6, PMS1 and PMS2 contribute to the 

remaining 10% of cases (16, 17).  Histological characteristics of HNPCC tumors include:  
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poor differentiation, infiltration of lymphocytes and the presence of mucoid and signet 

cell features (16, 17).  Approximately 70% of HNPCC tumors are located in the right side 

of the colon (16, 17).  Unlike FAP, HNPCC is not characterized by uncontrolled 

adenoma formation, but the age of onset for HNPCC matches that of FAP (early to mid-

forties).  Much like those with FAP, those with HNPCC are also prone to extra-colonic 

tumors.  These include tumors of the endometrium, ovary, stomach, small bowel, 

pancreas, hepatobiliary tract, brain, ureter and renal pelvis, sebaceous gland and brain 

(16, 17). 

 While the accumulation of genetic mutations contributes to the development of 

colorectal cancer, environmental and lifestyle choices modify the risk of developing 

colorectal cancer.  Consumption of red meat and alcohol, as well as low vegetable intake 

and little physical activity increase the risk of developing colorectal cancer (9, 18, 19).  

On the other hand, regular exercise, high consumption of vegetables and low intake of 

red meat and alcohol are associated with reduced risk of developing colorectal cancer (9, 

18, 19).  Furthermore, users of hormone replacement therapy and non-steroidal anti-

inflammatory drugs are less likely to develop colorectal cancer than non-users of these 

drugs (9, 18).    Finally, those who live in lower latitudes and are exposed to more 

sunlight, which generates the hormone vitamin D in the skin, are less likely to develop 

colorectal cancer (20). 
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Screening of Colorectal Cancer 

The presence of a premalignant to malignant transition in colon carcinogenesis 

and the relative accessibility of the colon to endoscopic procedures and other forms of 

visualization make early intervention and effective cancer risk reduction deliverable.   

Screening for the presence of colorectal cancer or colorectal adenoma is recommended 

beginning at age 50 for average risk individuals.  There are several different methods of 

screening for colorectal cancer including fecal occult blood test (FOBT), sigmoidoscopy, 

colonoscopy and double contrast barium enema.  FOBT is used to detect the presence of 

microscopic amounts of blood in the stool that may result from tumors bleeding into the 

lumen of the colon (21).  This test lacks sensitivity and specificity, thus the ACS 

recommends the FOBT every year or in combination with a sigmoidoscopy every five 

years.  A sigmoidoscopy visualizes only the lower portion of the colon while a 

colonoscopy examines the entire length of the colon (21).  Colonoscopy is recommended 

every 10 years for those who are not at high risk for colorectal cancer (1), which largely 

includes persons without a family history of colorectal cancer and who have no personal 

history of cancer or colorectal adenoma.  While the sigmoidoscopy and colonoscopy are 

more common screening procedures, use of a double barium enema remains in practice in 

the community setting, especially for those individuals for whom movement of a scoping 

device is obstructed by anatomy or other barrier.  This procedure should be repeated 

every five years (1) and involves the placement of barium solution and air into the rectum 

so X-rays can be taken of the colon (21). 
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Carcinoembryonic antigen (CEA) is a protein serum marker that can be used for 

screening, but only under specific circumstances.  It is not recommended for general use 

because the sensitivity and specificity of the CEA test for colorectal cancer is very low 

(18).  CEA is most utilized in post-operative patients who have liver or lung metastasis to 

assess tumor burden and for use to follow response in those patients eligible for resection 

of their metastasis (18). 

The above recommendations are for individuals who do not have a personal or 

family history of colorectal cancer.  Individuals who are at high risk need to begin 

screening at an earlier age.  Those at risk of Familial Adenomatous Polyposis (FAP) 

should begin screening with sigmoidoscopy between 10 and 12 years of age (16).  

Annual screening is recommended for individuals with identified colon polyps or 

germline APC gene mutation (16).  Screening colonoscopy every one to three years 

should begin between 20 and 25 years of age for those carrying germline MLH1, MSH2 

or MSH6 mutations for HNPCC or who present with sufficient clinical evidence to 

warrant a more frequent screening schedule (16). 

 

Treatment and Prevention of Colorectal Cancer and Colorectal Adenoma 

The most common treatment for colorectal cancer and the presence of colorectal 

adenoma is surgical resection (1).  Chemotherapy and/or radiation may be employed in 

the treatment of more advanced tumors (1).  For high risk groups like those with FAP, 

surgical intervention is necessary at some point (15) although the severity of the surgery 

will vary on a case by case basis.  Treatment of FAP subjects and polyp regression with 
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non-steroidal anti-inflammatory drug (NSAID) treatment provided evidence for even 

earlier intervention opportunities at the adenoma stage.  While only temporary (15, 16) in 

FAP subjects, such intervention has provided the foundation of chemoprevention 

strategies for the prevention of colorectal adenoma with hopes of complete future 

eradication of colorectal cancer.   

To this end, several large chemoprevention trials have been conducted on strong 

data from epidemiology and laboratory studies.  The Calcium Polyp Prevention Study 

was conducted to evaluate the effect of calcium carbonate supplementation on the risk of 

colorectal adenoma recurrence (22).  A protective effect of calcium on recurrence of 

colorectal adenoma was observed (RR, 0.78; 95% CI, 0.63 – 0.96).  Another recently 

completed trial evaluated the effect of combination treatment with 

Difluoromethylornithine (DFMO) and Sulindac on colorectal adenoma formation (23).  A 

protective effect of the dual drug treatment on adenoma formation was observed (RR, 

0.30; 95% CI, 0.18 – 0.49) (23).  The United Kingdom Colorectal Adenoma Prevention 

Trial, which evaluated the use of aspirin and folate to prevent colorectal adenoma 

recurrence found aspirin to confer a significant protective effect against the development 

of advanced adenoma (RR, 0.59; 95% CI, 0.40 – 0.86) (24).  These trials are an example 

of how data from laboratory and epidemiological studies can be utilized to direct clinical 

trials and ultimately impact chemoprevention recommendations. 
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Vitamin D and Colorectal Cancer Risk  

While a number of dietary and environmental risk factors have been proposed to 

cause colorectal cancer, chronically low levels of the vitamin D hormone as a risk factor 

in colorectal cancer remains a high interest and modifiable putative risk factor.  The first 

association between vitamin D and colorectal cancer risk was reported by Garland and 

Garland in 1980.  In their report, they found colon cancer incidence and mortality to be 

highest among those living in higher latitudes, where sunlight exposure is more limited, 

particularly in the winter months (20).  Since the release of this ecological study, a 

number of other studies have been conducted to more precisely assess the role of vitamin 

D and colorectal cancer. 

Results of studies of dietary vitamin D and risk of colorectal cancer are mixed 

with some finding no association between dietary vitamin D intake and colorectal cancer 

risk (25, 26), while others support an inverse association between dietary vitamin D and 

colorectal cancer (25-29).  Table 1 (Appendix B) contains a summary of these studies.  

Furthermore, in studies of colorectal adenoma, the precursor to colorectal cancer, again 

there was no association with dietary vitamin D (25).  The association between plasma 

measures of vitamin D and colorectal cancer has also been evaluated.  No association was 

found between levels of the hormonally active form of vitamin D, 1,25(OH)2D3 (1,25D) 

and colorectal cancer risk (25) while there is evidence to suggest an inverse association 

between a metabolite of vitamin D, 25(OH)D (25D) and colorectal cancer (26, 28, 30-

32).  Serum levels of 1,25D are tightly regulated due to the important role of 1,25D in 

bone mineral homeostasis so minimal variance exists between individuals in the 
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concentration of this metabolite.  In contrast, 25D, a precursor to 1,25D, which reflects 

total vitamin D intake from diet as well as from sunlight exposure to skin, is not tightly 

regulated and is more likely to vary between individuals.  As a result, 25D is a more 

reliable measure of vitamin D status than 1,25D.  Taken together these data suggest that 

plasma indicators of vitamin D are a better indicator of potential risk than dietary intake 

of vitamin D. 

 

Genetic Variants in VDR and Colorectal Cancer Risk  

To pursue the relationship between vitamin D and risk of colorectal cancer, a 

number of studies of genetic polymorphisms in VDR thought to influence individual 

lifetime exposure and response to vitamin D hormone have been investigated as gene 

determinants of colorectal cancer risk.  For example, a Cdx2 polymorphism (rs11568820) 

located in the VDR promoter where the Cdx2 transcription factor binds (33) has been 

studied as a surrogate of lifetime VDR activity.  Transcriptional activity of the VDR 

promoter in the presence of the G allele has been shown to be reduced by 70% compared 

to the transcriptional activity of the A allele (33).  This reduced activity was clinically 

correlated to reduced bone mineral density in G allele carriers supporting functional 

importance at least for the classical role of vitamin D action in the bone (33).  While the 

enhanced transcriptional activity of VDR with the A allele would suggest that the A allele 

may confer protection against colorectal cancer, this has not shown to be true in 

case-control studies which hint that the A allele, or presumed higher activity allele, 

increases the risk of colorectal cancer (OR, 2.27; 95% CI, 0.95 – 5.41) (34).  In another 
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study, Slattery et al., found no effect of Cdx2 on colon or rectal cancer (35).  The 

conclusions by Ochs-Balcom et al. are limited due to small sample size (250 cases and 

246 controls) while the study by Slattery et al. included 2365 colorectal cancer cases and 

2969 controls (Table 1) (34, 35). 

VDR also contains a poly (A) microsatellite that varies in length and has been 

classified as long or short variant groups (36).  This microsatellite is present in the 

3’-untranslated region (UTR) and has been proposed to affect the mRNA stability or its 

ability to be translated (36).  In one study by Slattery et al., the short (SS) form of the 

poly (A) was found to be protective against colorectal cancer for men and individuals 

over 60 years of age (29).  Among SS carriers, high intake of calcium, vitamin D and 

low-fat dairy products reduced the risk of colon cancer, but this protective effect was 

only seen for rectal cancer among those with low to medium calcium intake (29). 

Three other single nucleotide polymorphisms (SNPs) in VDR include BsmI, TaqI, 

and ApaI restriction endonuclease sites (36, 37).  BsmI and ApaI are intronic SNPs while 

TaqI is located in exon 9 (38).  Variable bone mineral density has been associated with 

variation found at these three SNPs (39) although none results in an amino acid change.  

No association has been found between ApaI and TaqI and recurrence of any or advanced 

colorectal adenoma or cancer (34, 38).  While BsmI was not associated with risk of 

adenoma (40) or colorectal cancer risk (38, 41) in some studies, others have found the BB 

genotype of BsmI to be protective against colorectal cancer (42, 43) although the effect of 

vitamin D and calcium on this relationship remains unclear (29, 44). 
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A polymorphism in the FokI restriction endonuclease site introduces an ATG start 

site that is only present in the VDR f/M1 variant and is upstream from the VDR F/M4 

variant ATG start site (45).  Consequently, the VDR f/M1 protein is composed of 427 

amino acids while the VDR F/M4 protein is composed of 424 amino acids (46).  The FokI 

SNP differentially affects interaction of VDR and transcription factor II B (TFIIB) 

resulting in altered levels of transcriptional activity in COS-7 and HeLa cells (46).  Ingles 

et al. (40), reported a statistically significant protective effect of VDR Ff and ff genotypes 

on formation of adenomas greater than 1cm, while Park et al. found the greatest risk in 

the VDR FF genotype (47).  Others reported no overall significant effect of the FokI 

polymorphism on adenoma occurrence (38, 48) or colorectal cancer (42, 49) even after 

adjusting for calcium, 25(OH)D, and 1,25D (48).  However, Peters et al., demonstrated 

an inverse association between 25(OH)D levels and VDR FF and Ff genotypes on risk of 

colorectal adenoma (50) while others found an increased risk of  colorectal cancer with 

the VDR ff genotype (51), particularly when factors such as dietary fat intake, energy 

intake, red and processed meat intake, body mass index (BMI), and physical activity are 

considered (34, 52, 53). 

While some of the VDR SNPs have individually been associated with colorectal 

cancer risk, others such as TaqI, are only found to affect risk when evaluated in the 

context of a haplotype.  An increased risk of colorectal cancer is associated with the T-G 

FokI-TaqI haplotype (34).  When Cdx2 is added to the haplotype the A-T-G Cdx2-FokI-

TaqI haplotype also confers increased risk of colorectal cancer (34).  These data suggest 

that TaqI works in synergy with other SNPs and not alone.  Other studies evaluating the 
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risk of haplotypes including BsmI, poly(A), FokI and Cdx2 have been conducted, but the 

findings are inconsistent across studies and a role for the VDR gene as a heritable risk 

factor in colorectal cancer remains unknown (35, 54).   

While results from observational studies remain equivocal, the biologic evidence 

supporting an important role for vitamin D in colon homeostasis and health is growing 

(see Table 2, Appendix C) and will be reviewed in detail in the following sections.  Thus, 

while the epidemiologic evidence remains modest, there is significant interest in vitamin 

D as an anti-cancer hormone especially for its potential applications in chemoprevention. 

As reviewed below, 1,25D plays an important role in cellular homeostasis but its delivery 

to humans is somewhat hampered by high dose toxicity that includes hypercalcemia (55, 

56).  As a result, the use of 1,25D as a chemopreventive agent in clinical trials is limited 

by dose and the lack of information on ‘healthy’ or tumor inhibitory levels.  This 

limitation is driving research into the mechanism of action of vitamin D and to the 

development of vitamin D analogs that are able to exploit the desirable anti-tumor effects 

of vitamin D while reducing or eliminating the undesirable calcemic effects.  Thus far, 

vitamin D analogs have not successfully passed through clinical trials (12).  For example, 

EB1089, a 1,25D analog which has a modified carbon 17 side chain, demonstrated anti-

tumor activity in a colon cancer mouse xenograft model, and was well tolerated in Phase 

I trails, but demonstrated no clear tumor suppression (57).  
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Vitamin D as an Important Mediator of Cellular Homeostasis 

Vitamin D, the hormone 

Vitamin D is a fat-soluble prohormone (58) and is found in two major forms.  

Ergocalciferol (D2) is derived from plant sources while cholecalciferol (D3) is derived 

from animal sources (39).  Vitamin D is found in small amounts in the diet, but the 

primary source of vitamin D occurs from sunlight exposure to the skin.  When skin is 

exposed to ultraviolet light from the sun, vitamin D is formed.  It is then hydroxylated to 

25-hydroxyvitamin D [25(OH)D] by a hepatic enzyme 25-hydroxylase (39, 55, 56, 59).  

The 25(OH)D (25D) then moves to the kidney for the final hydroxylation by 

25-hydroxyvitamin D-1α-hydroxylase to form 1,25(OH)2D3 (1,25D), the metabolically 

active form of vitamin D (39, 55, 56, 59).  Vitamin D status is determined by measuring 

plasma levels of 25D (58).  25D is the preferred plasma measurement because it is an 

indicator not only of dietary vitamin D intake, but also of the ability of the skin to 

synthesize vitamin D when exposed to sunlight (58).  1,25D levels are tightly regulated 

due to its influence on bone mineral homeostasis, thus it is not the preferred plasma 

measurement for vitamin D status.   

 

Action of Vitamin D in the Cell 

The action of 1,25D in a cell is through its receptor, the vitamin D receptor 

(VDR).  Figure 2 depicts this action in the cell.  1,25D binds to VDR, translocates to the 

nucleus and forms a heterodimer with the retinoid X receptor (RXR).  Formation of the 

VDR-RXR heterodimer releases corepressors and increases VDR transcriptional activity 
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by the binding of VDR-RXR to the vitamin D-responsive element (VDRE) in target 

genes such as CYP24A1, osteopontin, and parathyroid hormone (PTH) (46, 59-62).  

VDRE’s contain a repeat sequence PuGGTCA separated by three nucleotides (62-64).  

This heterodimer then recruits coactivators, such as steroid receptor coactivator-1 

(SRC-1), which contain histone acetyl-transferase activity for chromatin remodeling (36).  

In addition, vitamin D interacting proteins (DRIPs) are recruited to the pre-initiation 

complex to serve as a bridge between VDR-RXR and RNA polymerase thereby enabling 

transcription to occur (36). 

 

Figure 2:  Mechanism of action of 1,25D in the cell 
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The Vitamin D Receptor as the Mediator of 1,25(OH)2D3 Activity 

VDR is a member of the large nuclear receptor family, which is made up of ligand 

regulated transcription factors (65, 66).  These ligands are small, lipophilic and include 

steroids, thyroid hormone, retinoids and 1,25D (62, 65).  Almost 50 different nuclear 

receptors have been identified (66).  VDR is a type 2 receptor along with thyroid 

receptor, retinoic acid receptor, and peroxisome proliferator-activated receptor, all of 

which form heterodimers with RXR (62, 65). 

Nuclear receptors possess a highly conserved structure.  The N-terminal region 

contains an activation function (AF-1) domain (62, 66, 67).  Next is the highly conserved 

DNA binding domain (DBD), which contains two zinc fingers, enabling the VDR to 

recognize specific DNA sequences and thus regulate transcription by binding to hormone 

response elements of target genes (HRE) (62, 64, 66, 67).  Specifically, the DBD is 

responsible for the binding of VDR to the VDRE of target genes.  Located between the 

DBD and the ligand binding domain (LBD) is a variable hinge region (62, 66, 67).   

The C-terminal LBD is also highly conserved (62, 64, 66, 67) and consists of a 

ligand binding pocket (LBP) and activating function (AF-2) domain (68).  The ligand 

binding pocket consists of eleven α-helices (H1-H11) (69).  Upon binding to a ligand, a 

conformational shift in a twelfth α-helix (H12) forms a “lid” over the LBP to effectively 

hold the ligand in place and to create the interacting surface of the AF-2 domain (69, 70).  

The AF-2 domain of the LBD plays an important role in the recruitment of co-repressors 

as well as co-activators which are necessary for the assembly of the initiation complex for 

transcription (39, 62, 64, 65).  1,25D dependent transcription relies on two highly 
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conserved amino acids, leucine 417 and glutamate 420, which when mutated render the 

AF-2 incapable of normal interactions with co-activators (71, 72). 

 

Classic Role of Vitamin D 

Vitamin D was first recognized for its role in bone mineral homeostasis.  Vitamin 

D regulates mineral homeostasis by exerting control of calcium and phosphate absorption 

in the intestine, reabsorption of calcium and phosphate in the kidney and resorption of 

calcium and phosphate from bone (39, 55).  Intestine and bone are the primary target 

tissues of 1,25D (55, 59).  When the action of 1,25D is prevented, whether by deficiency 

or genetic mutation in VDR, the result is decreased mineral transport and hypocalcemia 

(39).  This then leads to hypophosphatemia from secondary hyperparathyroidism with the 

clinical manifestation of childhood rickets or adult onset osteomalacia (39).   

 

Neo-Classical Role of Vitamin D and Anti-Tumorigenic Effects 

In addition to the well studied role of vitamin D in bone mineral homeostasis, it 

has also been found to play a key role in cellular proliferation and differentiation.  1,25D 

causes growth inhibition by regulating the expression of MYC, FOS and JUN (73).  

Furthermore, 1,25D influences the synthesis of growth factors and cytokines (12).  

Cultured colon cancer cells have shown restored sensitivity to TGF-β, an inhibitor of 

proliferation in colonic epithelia, after treatment with 1,25D (12, 74).  In addition to 

growth inhibition, 1,25D is also involved in cellular differentiation.  Colon cancer cells 

become more differentiated after exposure to 1,25D (12, 63, 75, 76).  1,25D up-regulates 
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E-cadherin and other cellular adhesion proteins (77).  This in turn leads to increased 

translocation of β-catenin from the nucleus into the membranous portion of the cell and 

away from TCF (T-cell factor) binding sites (77). 

Cell cycle regulation is yet another neo-classical role for VDR bound to 1,25D.  

Cells treated with 1,25D are more likely to arrest at the G0/G1 phase of the cell cycle 

than untreated cells (78).    This G1 cell cycle arrest is due to the upregulation of cell 

cycle inhibitors p21WAF/CIP and p27KIP (12).  In addition to cell cycle regulation, 1,25D 

also regulates members of the Bcl-2 family, which are involved in apoptosis (63, 79, 80).  

Specifically, vitamin D down-regulates anti-apoptotic protein Bcl-2 and upregulates pro-

apoptotic proteins Bak and Bax (79). 

VDR expression has been demonstrated to change with progression towards 

carcinogenesis.  Normal colonic cells have little VDR expression (62).  Subjects with 

high ratios of tumor to normal VDR expression in colonic cells were more likely to have 

well differentiated tumors and to display a better prognosis than subjects with low tumor 

to normal ratios (81).  Later studies have shown that the expression of VDR increases in 

the early stages of colon tumor development, but then drops in advanced carcinoma (56, 

82).  In addition, Parisi et al., demonstrated that 25D levels of colorectal cancer patients 

were lower than controls although VDR expression was not correlated with 25D levels 

(41).  These data demonstrate the important role of VDR in cell cycle regulation, 

proliferation, differentiation and apoptosis; thus suggesting a protective role of VDR in 

colon carcinogenesis.   
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Low Affinity Vitamin D Receptor Ligand, Lithocholic Acid 

Another less known ligand of VDR is lithocholic acid (LCA), a secondary bile 

acid (12).  Bile acids are synthesized in the liver and utilized by the body to absorb 

dietary fat.  Micelles are formed by bile acids and fat thus enhancing the absorption of 

fats in the intestine (83).  The majority of bile acids are reabsorbed in the ileum and 

returned to the liver via the enterohepatic system (83).  Thus, only about 2-5% of bile 

acids reach the colon (83).    When these bile acids, which include cholic acid (CA) and 

chenodeoxycholic acid (CDCA), reach the colon, they are metabolized by anaerobic 

bacteria to form secondary bile acids (83).  One secondary bile acid, deoxycholic acid 

(DCA) is soluble and can be absorbed in the colon and returned to the liver while LCA is 

insoluble and is not amenable to reabsorption in the colon (83, 84).  Consequently, the 

level of LCA that reaches the colon is dependent on dietary fat intake.  Those who 

consume a high fat diet have higher levels of bile acid in their stool than those who do not 

consume a high fat diet (85). 

The presence of high amounts of bile acids has adverse effects on colon cells.  

Rats given increasing amounts of bile acids had increased proliferation in the colon (86) 

and significant morphological changes in colon tissue (87).  Cultured human colon cancer 

cells demonstrated increased cytotoxicity with increasing concentrations of bile acids 

(88).  Prolonged exposure to bile acids results in both acute and chronic cytotoxicity, with 

LCA showing the greatest cytotoxicity of the bile acids tested (89).  Furthermore, LCA 

also causes single strand DNA breaks (90), formation of DNA adducts (91) and 
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promotion of initiated cells (92).  Interestingly, it was demonstrated that VDR may bind 

to LCA at high LCA concentrations (84). 

LCA is a low affinity ligand for VDR (93).  Other bile acids which activate VDR 

are LCA metabolites:  3-keto-LCA, Glycol-LCA, and 6-keto-LCA (84).  Like the high 

affinity VDR ligand 1,25D, LCA binds directly to VDR, but LCA interacts with different 

contact residues within the ligand binding pocket (93).  Furthermore, LCA is capable of 

inducing interaction between VDR and SRC-1 that is ligand dependent (84).  LCA is also 

responsible for the upregulation of CYP3A, SULT2A1 and MRP3 which are involved in 

LCA detoxification (84, 93).  While VDR’s role as an intestinal bile acid sensor may 

protect the colon from the deleterious effects of colorectal cancer (12), it is also possible 

that LCA in high enough concentrations can compete with 1,25D for finite VDR 

molecules, thus reducing the anti-proliferative effect of 1,25D. 

 

The Vitamin D Receptor as a Regulator of Wnt Signaling 

VDR has been demonstrated to interact with β-catenin, a critical mediator of Wnt 

signaling whose activity is disrupted in most colon cancers (77).  The role of VDR and its 

hormone ligand 1,25D as regulators of β-catenin is a key component of the research 

theme pursued herein, therefore, Wnt signaling, the role of the APC tumor suppressor and 

β-catenin in Wnt signaling and their relevance to colorectal cancer are reviewed in brief 

herein.   
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Wnt Signaling 

The Wnt family of genes encodes a class of signaling molecules that are 38 to 43 

kDa in length and are rich in cysteine (7).  These signaling molecules have characteristics 

associated with secreted growth factors including a hydrophobic signal sequence, 

oligosaccharide consensus sequence linked to conserved asparagines and 22 conserved 

cysteine residues (7).  Gene expression, cellular adhesion and development of tissues is 

tightly linked to Wnt signaling (65). 

Wnt signaling molecules are secreted in an autocrine and paracrine fashion, 

thereby exerting their control by binding as ligands to Frizzled receptors (65).  Frizzled 

related protein and Wnt inhibitory factor regulate the ability of Wnt ligands to bind 

Frizzled in the extracellular space (65).  Upon binding of Wnt to Frizzled, Dishevelled is 

phosphorylated leading to the activation of GSK3β binding protein (GBP) (94).  GBP 

then inhibits the ability of GSK3β to phosphorylate β-catenin, allowing β-catenin to 

translocate to the nucleus and upregulate target genes (94).   

When Wnt signaling is not active, β-catenin is found either bound to E-cadherin 

as part of the adherens junctions or bound to the destruction complex, which consists of 

APC, Axin, β-catenin and GSK3β.  Axin acts as a scaffold to bring these components 

together and enables GSK3β to phosphorylate β-catenin at serines 33, 37 and 45 as well 

as threonine 41 (65).   Phosphorylation of β-catenin tags it for ubiquitination and 

subsequent degradation by the proteosome (95).  When mutations occur in APC, axin and 

β-catenin, effectively disabling the phosphorylation of β-catenin, the level of β-catenin in 



33 

 

the cell accumulates resulting in unchecked cellular proliferation and ultimately 

carcinoma (65). 

 

APC as a Regulatory Element in Wnt Signaling 

The APC gene is very large and contains 15 exons (15, 96).  Its protein has a 

molecular weight of 310 kD and is made up of 2343 amino acids (15, 96).  The MCR 

located in the center of the APC protein consists of several different repeat areas that 

each participate in a different function.  Axin, which acts as a scaffolding protein in the 

destruction complex binds to APC via three SAMP (Ser-Ala-Met-Pro) repeats located in 

the MCR (97).  APC’s binding and degradation of β-catenin is enabled by seven 20 

amino acid repeats (20R) and three 15 amino acid repeats (15R) within the MCR (97).  

The affinity of APC for β-catenin is further enhanced by phosphorylation within the 

MCR (98). 

As mentioned previously, APC binds to β-catenin as part of the destruction 

complex which is critical in regulating cellular levels of β-catenin induced by the Wnt 

signaling molecules.  Cytosolic levels of β-catenin are reduced in the presence of intact, 

full length APC (99).  APC’s role in regulating β-catenin is very important and is affected 

by its phosphorylation status.  Phosphorylated APC demonstrates enhanced β-catenin 

degradation (98, 100).  When APC is not phosphorylated both axin and APC can bind to 

β-catenin at the same time (101).  Casein kinase 1 (CK1) and glycogen synthase kinase 

3β (GSK3β) work cooperatively to phosphorylate APC (101).  Upon phosphorylation, 

APC then competes with axin for binding to β-catenin (101, 102).  After binding to 
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β-catenin, APC is then dephosphorylated allowing APC to pass β-catenin to axin for 

phosphorylation by GSK3β (97). 

APC also contains nuclear localization signals (NLS) and nuclear export signals 

(NES) which are important in the shuttling of APC in and out of the nucleus.  The NLS 

are located in the C-terminal region and the NES is located in the Arm repeats (97).  This 

nuclear role of APC is important for normal cellular homeostasis.  Nuclear expression of 

APC is present in normal cells, but is not found in colon polyps or carcinoma (103).  The 

APC NLS are highly conserved and required for proper nuclear import of intact APC 

(104).  While nuclear import of APC may be hindered with NLS mutations, cytoplasmic 

APC is still capable of interacting with β-catenin and facilitating its degradation (105).  

Cellular density may affect the ability of APC to import into the nucleus as nuclear 

localization is favored in subconfluent cells and cytosolic localization is favored in 

superconfluent cells (106).  NLS can also be affected by the phosphorylation or 

dephosphorylation of conserved phosphorylation sites (104).  Cell density sensitive 

nuclear localization of APC requires residue 2034 to be phosphorylated by CK2 and 

residue 2054 to be dephosphorylated by protein kinase A (PKA) for optimal nuclear 

localization (104, 106).  Thus, regulation of nuclear APC is affected not only by the 

presence of the NLS, but also by phosphorylation of specific residues. 

In order for APC to exit the nucleus it must utilize its nuclear export signal (NES).  

APC contains two highly conserved NES located at the N-terminus which utilize the 

CRM1/exportin pathway (107, 108).  APC shuttling of β-catenin from the nucleus to the 

cytoplasm is dependent on the NES (107) and is important for the export of β-catenin to 
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the cytoplasm for degradation (105).  When the NES is mutated, APC accumulates in the 

nucleus (108) and is unable to reduce nuclear levels of β-catenin (14).  While mutated 

APC may not be able to reduce nuclear β-catenin, a decrease in β-catenin transcriptional 

activity is still observed (105).  This suggests that while APC is not actively involved in 

β-catenin degradation in the nucleus, APC is still sequestering β-catenin from TCF/LEF 

binding sites and thereby affecting β-catenin transcription (105). 

While APC has been well studied for its role in Wnt signaling and nuclear 

regulation of β-catenin, APC also has some other less well understood roles in the cell.  

APC may be able to bind to DNA (109) and may also interact with components of the 

base excision repair pathway (110).  In addition, APC accumulates at the ends of 

microtubules and on the margins of actively migrating membrane structures (111-113).  

When APC is lost, cell migration is less efficient, formation of protrusions is inhibited 

(114) and there is a decrease in apoptosis (115).  In addition, microtubule stability is 

weakened leading to abnormal spindle formation and to a compromised spindle assembly 

checkpoint (115).  

 

Role of β-catenin as a Mediator of Wnt Signaling 

Mutations in the β-catenin gene (CTNNB1) are much less common than APC in 

sporadic colorectal cancer, but do appear with greater frequency in HNPCC tumors (8).  

β-catenin mutations of serine-threonine residues, which are targets for GSK3β 

phosphorylation, can render the β-catenin protein resistant to the actions of the 

destruction complex (7, 116).  As a result, β-catenin accumulates in the cell even in the 
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presence of full length APC.  Consequently, β-catenin is free to translocate to the nucleus 

and initiate transcription of target genes.  

 The β-catenin protein contains an armadillo domain consisting of thirteen, 42 

amino acid repeats (117).  These repeats form a triple α-helix that is important in the 

ability of β-catenin to interact with other proteins (117).  Specifically, Arm repeats 5 and 

6 are responsible for binding of β-catenin to TCF4 and E-cadherin (65).  β-catenin binds 

to the C-terminal cytoplasmic domain of E-cadherin (117).  APC binds to β-catenin Arm 

4 (118). 

β-catenin is an integral part of the adherens junction at the plasma membrane.  A 

complex is formed between epithelial-cadherin (E-cadherin), a transmembrane 

glycoprotein, and β-catenin (117, 119).  Alpha catenin binds to β-catenin and acts as a 

link to the actin cytoskeleton (117).  E-cadherin contains five extracellular cadherin 

repeat domains as well as two intracellular domain binding regions (117).  The extra-

cellular domains are involved in forming strong cell-cell adhesion interactions (120).  

Phosphorylation of specific serine residues in E-cadherin by CK2 and GSK3β kinases 

enhances the interaction between β-catenin and E-cadherin (117, 121).  In contrast, when 

specific tyrosine residues are phosphorylated, β-catenin’s ability to bind to E-cadherin is 

compromised (122). 

1,25D, has been shown to upregulate E-cadherin (77, 123, 124) and to cause 

translocation of β-catenin from the nucleus to the plasma membrane (77, 125, 126).  

Tumors which overexpress SNAIL protein demonstrate reduced E-cadherin expression 
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(124).  This suggests that proteins such as SNAIL, which can inhibit E-cadherin and 

VDR (125), may contribute to carcinogenesis by compromising cell-cell adhesion. 

In the nucleus, β-catenin is involved in the transactivation of target genes.  

β-catenin transcriptional activity is suppressed in the presence of 1,25D (77).  In contrast, 

β-catenin is a transcriptional co-activator of VDR with increased VDRE activity in the 

presence of 1,25D (77, 127).   The VDR AF-2 domain is required for β-catenin to interact 

with VDR and affect VDRE transcriptional activity (128).   

β-catenin target genes regulate cell proliferation, depolarization and 

dedifferentiation and include JUN, MYC and CCND1 (118) as well as PPARγ, TCF-1, 

matrilysin and CD44 (65).  β-catenin upregulates its target genes by binding to the 

N-terminus of TCF (T-cell factor)/LEF (lymphoid enhancer factor) (118).  Groucho and 

CtBP, TCF repressors, are displaced from TCF/LEF by the binding of β-catenin to 

TCF/LEF (129).  β-catenin must be bound to TCF/LEF for target genes to be upregulated 

(118).  TCF is a transcription factor and belongs to the TCF and LEF family which 

include LEF1, TCF-1, TCF-3, and TCF-4 (118):  colorectal cancer cells often express 

TCF-4 (130).       

In addition to its role in the adherens junction and with nuclear proteins, β-catenin 

also interacts with ligand enhanced nuclear receptors.  Retinol, a known inhibitor of 

tumorigenesis, has been shown to disrupt β-catenin signaling by increasing the 

proteosomal degradation of β-catenin resulting in suppression of gene transcription 

mediated by β-catenin (131).  β-catenin target genes CCND1 and MYC exhibited a 

decrease in expression in the presence of retinol (131) while cells transfected with 
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β-catenin showed increased protein levels of CCND1 (132).  Others have shown that 

vitamin D downregulates MYC (133-136) but has no effect on CCND1 (133).  Jaiswal et 

al. (137), found decreased MYC protein levels correlated with β-catenin degradation in 

HCT-116 cells.  Taken together, these observations implicate β-catenin as vital to the 

expression of cell proliferation genes, a process which becomes dysregulated in 

carcinogenesis, while β-catenin "inhibitors", such as retinol, disrupt β-catenin signaling 

resulting in reduced expression of β-catenin target genes such as MYC.  Like retinol, 

1,25D is also an inhibitor of tumorigenesis, and 1,25D-VDR has been shown to interact 

with β-catenin, but the precise molecular dynamics involved in 1,25-VDR regulation of 

β-catenin signaling require further investigation. 

 

Interaction of VDR and β-catenin 

VDR and β-catenin have been demonstrated to interact with one another 

independently of 1,25D both in vitro and in cell culture (77, 138).  A ligand enhanced 

interaction between VDR and β-catenin has been demonstrated to inhibit TCF/LEF 

transcriptional activity (77, 128).  Furthermore, Palmer et al. found TCF-4 was reduced in 

β-catenin immunoprecipitates exposed to 1,25D, suggesting that 1,25D may in some 

cases modulate VDR-β-catenin association (77).  Although 1,25D increases the 

expression of E-cadherin (124), the observed suppression of β-catenin transcriptional 

activity in the presence of 1,25D is independent of E-cadherin (128).  These findings 

suggest a potentially important role of 1,25D, VDR and β-catenin in the molecular 

processes leading to carcinogenesis.  What is not yet understood is the role of APC on the 
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interaction of VDR and β-catenin and on β-catenin transcriptional activity.  Furthermore, 

the effect of the low affinity ligand LCA on VDR-β-catenin interaction and β-catenin 

transcriptional activity has not yet been investigated. 

 

Genetic Variants in Wnt Signaling and Colorectal Cancer Risk 

While the role of APC in carcinogenesis is well accepted, the evidence just 

presented suggests an important role for 1,25D, VDR and β-catenin in carcinogenesis as 

well.  Genetic variation present in these key mediators and regulators of Wnt signaling is 

a likely contributor to a heritable component in the development of colorectal cancer. 

 

APC Polymorphisms 

A summary of APC polymorphisms and colorectal cancer can be found in Table 3 

(Appendix D).  A rare SNP in APC creating an isoleucine to lysine substitution at codon 

1307 and putative hypermutable tract has been associated with increased risk of 

colorectal cancer among individuals of Ashkenazi Jewish descent (139, 140).  However, 

results from other studies are less informative with the majority observing no difference 

in risk of colorectal adenomas or of colorectal cancer by 1307 genotype (141-147).  The 

frequency of the 1307K polymorphism is highest in Ashkenazi Jewish populations (~6%) 

(139, 146, 148) and rare in other groups (143, 149, 150).  Therefore, risk associated with 

1307K is less generalizable across populations and inconsistent results for this 

polymorphism may reflect population specific effects. 
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Investigations of other rare variants in the highly polymorphic APC gene have 

been similarly inconsistent but generally indicate a role for low-penetrance variants of 

APC and colorectal carcinogenesis (146).  A missense glutamic acid (E) to glutamine (Q) 

variant at codon 1317 occurring in 1 - 4 % of the population has been investigated as a 

risk allele (151).  Carriage of Q at 1317 has been associated with multiple colorectal 

adenomas but not with cancer risk (151, 152).  Hahnloser et al., found no association with 

1317Q allele and adenoma or cancer risk using spousal controls.  However, when 

compared to a colonoscopy negative control group, 1317Q was more prevalent with 

adenoma and with cancers especially among those that retained mismatch repair (151).  

Subsequent work has generally not supported a major role for the 1317Q in colorectal 

cancer risk (141, 143, 149, 150, 153) though the cumulative and more recent evidence do 

implicate 1317Q in adenoma risk (146). 

In addition to these rare allele variants, a commonly occurring aspartic acid (D) to 

valine (V) polymorphic variant at codon 1822 located in the middle of the β-catenin 

down regulatory domain was originally reported as a mutation for non-classical FAP 

(154).  Subsequently, the 1822V variant was reclassified as a common APC 

polymorphism (frequency ≈ 0.22) that lacked clinical significance (155); a conclusion 

that was challenged by Macdonald and Wallis who suggested that the 1822 minor variant 

might act as a low penetrance allele (155).  Slattery et al., found no significant association 

between colon cancer risk and carriage of the D1822V variant (156).  Similarly, no main 

effects of the 1822 variant have been observed in subsequent studies for colorectal 

adenoma or colorectal cancer (156-158).  Additional analyses of gene by environment 
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interaction, however, hint at protective risk modifying effects of the 1822 variant in the 

presence of dietary fat (156) or hormone replacement therapy (157). 

 

β-catenin Polymorphisms 

β-catenin contains 3 nonsynonymous SNPs located in exons 6 and 13 (159).   

SNP rs35288908 contains a G to A transition resulting in a serine to asparagine amino 

acid change at codon 287 (159).  Another SNP, rs25523547, contains a frameshift 

mutation from the deletion of an adenine nucleotide (159).  The third SNP, rs4135384, 

involves a G to A transition resulting in a valine to methionine amino acid change at 

codon 688 (159).  β-catenin SNP rs1880481, located in intron 6, has shown a significant 

association with a positive family history of colon cancer (160).  The functional and 

clinical significance of β-catenin polymorphisms on tumorigenesis have not been 

explored.  Due to the important role of β-catenin and APC in cell proliferation and 

tumorigenesis, further investigation into the functional significance of these 

polymorphisms is warranted. 

 

Summary and Conclusions 

The evidence presented thus far implicates vitamin D and its metabolites in a 

protective role against colon carcinogenesis and suggests that LCA may attenuate that 

effect by competing for binding with the VDR.  APC is a key player in the regulation of 

cellular levels of β-catenin, an important component of the Wnt signaling pathway.  

β-catenin, in addition to interacting with E-cadherin as part of the adherens junction also 
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interacts with nuclear receptors such as VDR.  This interaction with VDR is important in 

the transactivation of VDR target genes.  Finally, polymorphic variation in these genes 

can differentially affect risk of developing colorectal adenomas and cancer. 

While much work has been done to better understand colorectal carcinogenesis, 

there are still many questions that remain unanswered.  While LCA has been implicated 

in colorectal carcinogenesis, the effect of LCA on the interaction between VDR and 

β-catenin has not yet been explored.  In addition, APC interacts with β-catenin, but how 

this interaction is affected in the presence of 1,25D is unknown.  Furthermore, the effect 

of polymorphisms in APC and VDR on the risk of colorectal adenoma, a precursor to 

colorectal cancer, warrants further study due to conflicting data in the present literature. 

 

Hypothesis 

The central hypothesis is that polymorphisms in VDR contribute to variable risk 

of adenoma recurrence by altering interaction of VDR with β-catenin both physically and 

functionally.  This hypothesis is based on evidence that a polymorphism in a FokI site in 

VDR has been shown in cell lines to alter VDR transcription (46) and that VDR and 

β-catenin associate at the protein-protein level (77, 128, 138).  The rationale for the 

proposed research is that once the genotype-phenotype relationship is clarified and the 

mechanism of action understood, susceptible populations may be identified for whom 

chemopreventive interventions would be most beneficial. 
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Specific Aims 

Aim 1 is to examine the interaction between VDR and β-catenin in vitro and in 

cell culture to confirm that VDR associates both physically and functionally with 

β-catenin and to determine the role of APC, if any, in this interaction.  The working 

hypothesis is that VDR and β-catenin associate in colon cancer cells and that this 

interaction may exert a functional effect on either VDR or β-catenin signaling activity, or 

both and that the interaction is independent of intact APC activity. 

Aim 2 is to evaluate the relationship between polymorphisms in APC and risk of 

recurrent adenoma.  The working hypothesis is that APC polymorphisms contribute to the 

risk of recurrent adenoma. 

Aim 3 is to explore the relationship between VDR polymorphisms and risk of 

recurrent colorectal adenoma.  The working hypothesis is that VDR polymorphisms 

contribute to the risk of recurrent adenoma. 

Aim 4 is to examine the association between FokI VDR(F/M4) and VDR(f/M1) 

variants and β-catenin to determine if FokI VDR polymorphisms alter association with 

β-catenin.  The working hypothesis is that VDR polymorphisms, such as FokI, alter the 

ability of VDR to interact with β-catenin in colon cancer cell lines, thus contributing to 

altered risk of recurrent adenoma. 
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II. METHODS AND MATERIALS 

 

Introduction 

 This project involved molecular studies of the interaction between VDR, 

β-catenin and APC as well as population studies on the role of polymorphic variation in 

VDR and APC in the development of colorectal adenoma.  Due to the different nature of 

these studies, the methods and materials has been divided into two sections.  Section one 

includes the methodology for the molecular biology studies while Section two includes 

the methodology for the population studies. 

 

Molecular Studies 

Co-immunoprecipitation 

HT29, HT29-APC or Caco-2 cells were plated (720,000 cells/60 mm plate) and 

then transfected with VDR, RXR, β-catenin, and/or empty VDR or β-catenin vector.  

After overnight incubation cells were treated with 10-8 M 1,25D and allowed to incubate 

for 24 hours prior to lysing of the cells.  Cells were lysed using one of two extraction 

buffers.  The first buffer was a TEZ wash buffer containing 10 mM Tris, pH 7.6, 1 mM 

EDTA, 0.3 mM zinc chloride, 5 mM DTT, 10% Tween 20, 140 mM KCl, Bovine Serum 

Albumin, and HALT protease inhibitor.  The second buffer, a Nonidet P-40 (NP-40) 

wash extraction buffer, contained 20 mM Tris-HCl pH8, 137 mM NaCl, 10% glycerol, 

1% NP-40, 2 mM EDTA and HALT protease inhibitor.  Cell lysates were sonicated 

briefly on ice to facilitate optimal cellular lysing, centrifuged and the supernatant 
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removed for use in immunoprecipitation (IP).  Cell extracts were pre-cleared by adding 

protein G (Thermo Fisher Scientific, Rockford, IL) or A/G Plus (Santa Cruz 

Biotechnology, Santa Cruz, CA) agarose beads and incubating with rocking followed by 

centrifugation and removal of the supernatent.  Next, extracts were incubated with 

selected antibodies (see Table 4 for summary of antibodies and conditions) with rocking.  

Protein G or A/G beads were added to the extracts, incubated with rocking, washed and 

centrifuged to collect the beads and immunocomplexes.  Beads were suspended in 

loading buffer (8% SDS, 20% β-mercaptoethanol, 0.25 M Tris pH 6.8, 40% glycerol, 

0.016% bromophenol blue) and boiled for two minutes.  A summary of results and 

discussion from the co-IP experiments can be found in Appendix A. 
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Table 4:  Summary of coIP experiments 
Transfected expression plasmids • VDR & RXR 

• VDR & β-catenin 
• VDR & β-catenin vector 
• VDR vector &  β-catenin 
• VDR vector only 
• β-catenin vector only 

Extraction buffers • TEZ with DTT 
• TEZ with DTT and MG132 

treatment prior to lysis 
• NP-40 

Immunoprecipitation antibodies • IgG (estrogen receptor) 
• IgG (rat) 
• IgG (mouse) 
• VDR 
• β-catenin  

(N-terminus epitope) 
• β-catenin  

(C-terminus epitope) 
Western primary antibodies • VDR 

• β-catenin  
(N-terminus epitope) 

• β-catenin  
(C-terminus epitope) 

Immunoprecipitation beads • A/G Plus agarose 
• Protein G agarose 

 

 

GST Pulldown Assay 

GST fusion proteins were used to assess binding of radiolabeled bait and 

glutathione-immobilized prey proteins.  Human full length VDR, or C-terminal VDR 

truncation mutants, β-catenin (β-CAT) or rat hairless (Hr) expression plasmids (1.0 µg) 

containing the T7 promoter were used as a template in an in vitro transcription/translation 
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(IVTT) reaction to generate 35S-methionine-labeled bait proteins.  The reaction mixture 

contained VDR or β-catenin DNA templates, TNT Quick Master Mix (Promega, 

Madison, WI), HALT protease inhibitor (Thermo Fisher Scientific, Rockford, IL) and 

35S-Methionine (Perkin-Elmer, Waltham, MA).  Glutathione Sepharose beads (GE 

Healthcare, Piscataway, NJ) coupled to β-catenin or VDR were pre-blocked using chilled 

TEZ wash buffer containing 10 mM Tris, pH 7.6, 1 mM EDTA, 0.3 mM zinc chloride, 5 

mM DTT, 10% Tween 20, 140 mM KCl, Bovine Serum Albumin, and HALT protease 

inhibitor.   The VDR (either on the bead or in the IVTT mix) was then exposed for 1 hour 

to ethanol vehicle, 10-6 M 1,25D, or 10-4 M lithocholic acid (LCA).  The beads and IVTT 

mixture were then incubated with gentle shaking for 30 minutes to allow for protein-

protein interaction.  Next, the beads were washed with TEZ wash buffer, placed into 

loading buffer (4% SDS, 10% β-mercaptoethanol, 125 mM Tris-HCl, pH 6.8, 20% 

glycerol, 0.008% bromophenol blue) and boiled for two minutes.  Samples were 

separated by gradient 5-15% SDS PAGE and visualized using autoradiography. 

Cell lysates used in later GST pulldown assays were prepared by first growing 

HT29-APC cells and allowing them to grow to confluence in a 12 well cell culture plate.  

At the time of cell plating, six wells were treated with sterile water and six wells were 

treated with zinc chloride at 300 µM to induce the stably transfected APC plasmid.  Cells 

were lysed with the TEZ wash buffer described above, centrifuged and the supernatant 

protein quantitated using the BCA (bicinchoninic acid) protein assay (Thermo Fisher 

Scientific, Rockford, IL).  Samples of each supernatant were diluted 1:2 and 1:10 and 

placed in duplicate into a 96 well plate along with bovine serum albumin (BSA) protein 



48 

 

standards diluted in a range of 0 – 2000 µg/mL.  BCA working reagent was added to each 

sample well and the plate placed on a vigorously shaking platform for 1 minute at room 

temperature.  The plate was then incubated for 30 minutes at 37°C.  After allowing the 

plate to cool for 10 minutes the plate was placed into a Multiskan Spectrum v1.2 for 

reading at 562 nm.  Once the protein concentration was determined, the samples were 

normalized to 3000 µg/mL.  The normalized cell lysate was then used in place of the TEZ 

wash buffer for the incubation of beads and IVTT mixture in the protocol above.  TEZ 

wash buffer without cell lysates was utilized for the wash steps. 

 

Mammalian Two Hybrid Assay 

Mammalian two hybrid experiments were conducted using HT29-APC colon 

cancer cells which contain an inducible (metallothionein promoter), stably expressed 

plasmid for APC.  These cells were chosen to assess if VDR and β-catenin interact within 

an intact cell in the presence and absence of full length APC.  Cells were plated at 90,000 

cells/well in a 24 well plate.  The cells were co-transfected utilizing bait (BD) and prey 

(AD) fusion constructs, pFR-Luc reporter gene and renilla control plasmid via liposome-

mediated transfection with Lipofectamine LTX and PLUS reagent (Invitrogen, Carlsbad, 

CA).  The cells were incubated with the transfection mixture overnight and then treated 

with ethanol vehicle or 10-8 M 1,25D.  In order to induce the APC plasmid, 150 µM zinc 

chloride or water vehicle was added with the 1,25D.  After 24 hour incubation, cells were 

lysed and subjected to a luciferase assay (Promega, Madison, WI).  Independent 

experiments were conducted with triplicate samples for each treatment group.  In order to 
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rule out an effect of zinc, the APC inducing agent, on the interaction with VDR and 

β-catenin, HT29-βgal cells (which contain a zinc-inducible β-galactosidase plasmid) were 

co-transfected, treated and lysed in the same fashion as the HT29-APC cells.  Caco-2 

colon cancer cells were utilized to investigate the effect of LCA on the interaction of 

VDR and β-catenin.  Cells were transfected as described above and then treated with 

ethanol vehicle, 10-8 M 1,25D, or 70 µM LCA prior to cell lysis and luciferase assay.   

 

Real Time-Polymerase Chain Reaction 

Cells were plated (720,000 cells/60 mm dish all but HCT116 cells or 2 million 

cells/plate HCT116 only) and then transfected with pSG5 empty vector, pSG5-hVDR 

(see Table 5 for summary of conditions tested) along with Lipofectamine LTX and 

PLUS.  Cells were incubated with the liposome transfection mixture overnight and then 

treated with ethanol vehicle, 1,25D or LCA.  After a 24 hour incubation period, the cells 

were harvested and RNA extracted utilizing the Aurum Total RNA Mini Kit (Biorad, 

Hercules, CA).  cDNA was generated using the iScript cDNA Synthesis Kit (Biorad, 

Hercules, CA) with the following thermocycling conditions:  5 min at 25°C, 30 min at 

42°C, 5 min at 85°C and then held at 4°C until removed and placed in -20°C for storage.  

The endogenous control, GAPDH and target genes MYC and DKK-4 were labeled with 

FAM.  RT-PCR was performed using the Applied Biosystems (ABI, Foster City, CA) 

7500 Fast with 50 ng cDNA per reaction, Taqman Fast Universal PCR Master Mix (2X), 

No AmpErase UNG (ABI, Foster City, CA), and Taqman Gene Expression Assay (ABI, 

Foster City, CA) primer/probe kit.  Table 6 contains a summary of the Taqman Gene 
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Expression Assays used.  The following thermocycling conditions were utilized:  95°C 

for 20 sec and then 40 cycles of 95°C for 3 sec and 60° for 30 sec.  Expression was 

normalized to GAPDH endogenous control and fold change determined by comparing the 

ligand treated samples to the ethanol treated sample of the same transfection group. 

 

Table 5:  Summary of RNA Preparations 
Cell 
line 

VDR M4 
(ng/plate) 

VDR M1 
(ng/plate) 

β-catenin* 
(ng/plate) 1,25D (M) 

1,25D 
exposure 

LCA 
(µM) 

Zinc 
(µM) 

HT29 

Vector 
600 
900 
1200 

Vector 
600 
900 
1200 

0 10-8 M 24 hours 0 0 

HT29-
APC 

Vector 
100 
200 
300 
350 
400 

(∆131-
141 200 

ng) 

0 0 10-8 M 24 hours 0 
75 
90 
150 

HT29-
βgal 

Vector 
200 

0 0 10-8 M 24 hours 0 150 

Caco-2 

Vector 
400 
600 
900 
1200 

(∆131-
141 600 

ng) 

Vector 
600 
900 
1200 

50 ng 
200 ng 

10-8 M 
10-7 M 
10-6 M 

4 hours 
24 hours 

70 
µM 

0 

HEK-
293 

3000 0 1000 10-8 M 24 hours 0 0 

HCT-
116 

600 
3000 

0 0 
10-8 M 
10-7 M 

24 hours 0 0 

*Transfected with 900 ng VDR 
 



51 

 

Table 6:  Taqman Gene Expression Assays 

Gene Task Assay ID 

GAPDH Endogenous 4333764F 

MYC Target Hs00153408_m1 

DKK-4 Target Hs00205290_m1 
 

TOPFlash Assay 

HT29 colon cancer cells were plated (70,000 cells/well in a 24 well plate) and 

then transfected with varying amounts of f/M1 or F/M4 VDR expression plasmid, 

β-catenin vector, renilla control plasmid and TOPFlash or FOPFlash along with 

Lipofectamine LTX (Invitrogen, Carlsbad, CA) and PLUS reagent.  TOPFlash is a 

reporter gene which contains three TCF/LEF binding sites in the promoter and is used to 

measure β-catenin transcriptional activity while FOPFlash contains mutated TCF/LEF 

binding sites and thus serves as a negative control (130).  The cells were incubated with 

the transfection mixture overnight and then treated with ethanol vehicle or 10-8 M 1,25D.  

After 24 hour incubation, cells were lysed and subjected to luciferase assay (Promega, 

Madison, WI).    

Caco-2 colon cancer cells were utilized to determine the effect of LCA on 

β-catenin transcriptional activity.  Cells were plated at 70,000 cells/well in a 24 well plate 

and transfected with F/M4 VDR expression plasmid, β-catenin vector, renilla control 

plasmid and TOPFlash or FOPFlash as described above treated with ethanol vehicle,    

10-8 M 1,25D, or 70 µM lithocholic acid prior to cell lysis and luciferase assay.   
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In order to assess the effect of APC on β-catenin transcriptional activity in the 

presence of the 1,25D hormone, HT29-APC cells were plated (70,000 cells/well in a 24 

well plate) and then transfected as described above with f/M1 or F/M4 VDR expression 

plasmid, β-catenin vector, renilla control plasmid and TOPFlash.  The cells were allowed 

to incubate with the transfection mixture overnight and then treated with vehicle or 150 

µM zinc chloride (for APC induction) in addition to ethanol vehicle or 10-8 M 1,25D.  

After 24 hour incubation, cells were lysed and subjected to luciferase assay.  

 

VDR-VDRE Transcription Assay  

Caco-2 colon cancer cells were plated (90,000 cells/well in a 24 well plate) and 

then transfected as described above with a β-catenin expression plasmid, renilla control 

DNA, a VDRE-luciferase reporter vector, and pSG5-hVDR (F/M4) or pSG5-E420A 

(contains an alanine (A) substitution for glutamic acid (E) at amino acid 420).  The 

VDRE-reporter vector contains a 5500 bp fragment of the promoter region from the 

human 24-hydroxylase gene linked to luciferase and is used to assess VDR 

transcriptional activity.  The cells were incubated with the transfection mixture overnight 

and then treated with ethanol vehicle or 10-8 M 1,25D.  After 24 hour, cells were lysed 

and subjected to luciferase assay.  
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Western Blot 

Co-immunoprecipitation 

Samples were separated on 5-15% SDS or 5% stacking and 10% resolving SDS 

gel with proteins then transferred to an Immobilon-P (Millipore, Billerica, MA) or 

Hybond-P membrane (GE Healthcare, Piscataway, NJ) respectively.  The membrane was 

blocked in 5% blotto [5% non-fat dry milk in tris-buffered saline (TBS)] and washed in 

0.1% TBST (0.1% Tween-20 in TBS) prior to immunoblotting.  Membranes were 

incubated with the opposite antibody used in the IP, thus if anti-VDR was incubated with 

cell extracts, the Western blot would be probed with anti-β-catenin.  Membranes were 

probed with the appropriate primary anti-VDR or anti-β-catenin antibody (Table 4) 

diluted 1:10,000 or 1:300 respectively at 4°C overnight with rocking.  Membranes were 

then washed in 0.1% TBST at room temperature prior to secondary antibody incubation.  

Next, the membranes were incubated with anti-rat HRP (VDR) or anti-mouse HRP 

(β-catenin) conjugated secondary antibody diluted 1:5000 for one hour at room 

temperature or overnight at 4°C with rocking.  The membranes were washed again and 

excess liquid removed prior to exposure of the membrane to ECL Advance (GE 

Healthcare, Piscataway, NJ) and KODAK BioMax XAR film (Carestream Molecular 

Imaging, Rochester, NY). 

In order to determine if the DTT in the extraction buffer was separating the light 

and heavy chains in the antibodies a DTT titration experiment without cell lysates was 

conducted.  The NP-40 extraction buffer described previously was treated with 0 – 5 mM 

DTT.  Anti-VDR antibody was added separately to each DTT treatment level and 
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incubated for 1 hour at 4°C with rocking.  Protein G beads were then incubated with the 

extracts for 1 hour at 4°C with rocking, washed and collected by centrifugation.  To 

prevent separation of the light and heavy antibody chains by the loading buffer, loading 

buffer without β-mercaptoethanol (8% SDS, 0.25 M Tris pH 6.8, 40% glycerol, 0.016% 

bromophenol blue) was added to the bead samples and boiled for two minutes.  Samples 

were then separated on a 5% stacking and 10% resolving SDS gel and proteins 

transferred to a Hybond-P membrane.  The membrane was blocked in 5% blotto for 1 

hour and then washed with 0.1% TBST.  Next, the membrane was incubated for 1 hour 

with goat anti-rat conjugated to Horseradish Peroxidase (HRP) secondary antibody 

diluted 1:5000 in 5% blotto.  After washing the membrane in 0.5% TBST and removing 

excess liquid the membrane was exposed to SuperSignal (Thermo Fisher Scientific, 

Rockford, IL) and then Kodak BioMax XAR film. 

 

APC 

HT29-APC cells were plated (2 million cells/10 cm plate) and allowed to grow to 

80% confluency prior to treatment with sterile water, 150 µM or 300 µM zinc chloride.  

After treatment, cells were incubated at 37°C, 5% CO2 overnight and then lysed in a 1.5 

M Tris-HCl (pH 8), 137 mM sodium chloride, 10% glycerol, 1% Nonidet P-40, 2 mM 

EDTA lysis buffer containing HALT protease inhibitor. Loading buffer (4% SDS, 10% 

β-mercaptoethanol, 125 mM Tris-HCl, pH 6.8, 20% glycerol, 0.008% bromophenol blue) 

was added to each sample and samples boiled for two minutes.  Samples were separated 

on a 7.5% Next Gel™ (ISC BioExpress, Kaysville, UT).  Proteins were then transferred 
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to a Hybond-P membrane.  The membrane was blocked in 5% blotto and washed in 0.1% 

TBST prior to immunoblotting.  The membrane was incubated with primary anti-APC 

mouse monoclonal IgG1 antibody (Calbiochem, Gibbstown, NJ) diluted 1:250 in 1% 

blotto at room temperature for two hours with rocking.  The membrane was then washed 

in 0.1% TBST at room temperature prior to secondary antibody incubation.  Next, the 

membrane was incubated with goat anti-mouse HRP conjugated secondary antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:5000 in 1% blotto for one hour at 

room temperature with rocking.  The membrane was washed again and excess liquid 

removed prior to exposure of the membrane to ECL Advance and KODAK BioMax 

XAR film. 

 

IVTT 

IVTT samples were separated on a 5-15% polyacrylamide gel and then were 

transferred to an Immobilon P membrane (Millipore, Billerica, MA) and blocked with 3% 

blotto.  The membrane was incubated for 48 hours with anti-β-catenin primary antibody 

conjugated to horseradish peroxidase (BD Biosciences, San Jose, CA) diluted 1:300 in 

1% blotto.  Membranes were washed with TBST and then developed as described above. 

 

Population Studies 

Study Population 

Subjects were  participants in the Wheat Bran Fiber (WBF) and Ursodeoxycholic 

Acid (UDCA) trials conducted at the University of Arizona (161-163), as described 
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elsewhere.  Briefly, the purpose of the WBF study was to determine the effect of a high 

fiber vs. low fiber cereal supplement on colorectal adenoma recurrence among 

participants in a randomized, double-blind clinical trial (162).  Study participants were 

between the ages of 40 and 80 years, with at least one histologically confirmed colorectal 

adenoma removed no more than 3 months prior to entry into the study (162). A total of 

1310 participants completed the trial by having had a follow-up colonoscopy (164); no 

effect of the high fiber supplement on colorectal adenoma recurrence was detected.  The 

UDCA trial was a Phase III, double blind, placebo controlled study designed to determine 

the effect of UDCA as a preventive agent for recurrent colorectal adenomas (163).  

Subjects were between 40 and 80 years old and had a colorectal adenoma removed no 

more than 6 months prior to enrollment in the study (163).  A total of 1192 participants 

completed the trial (163), though no effect of UDCA on adenoma recurrence was 

observed. Both the WBF and UDCA trials were approved by the University of Arizona 

Human Subjects Committee and Institutional Review Board.   

 

Endpoint Ascertainment 

Participants’ medical records and pathology reports were utilized to determine 

adenoma characteristics (165).  Metachronous adenoma was defined as any adenoma 

detected at least five months after trial randomization; while advanced metachronous 

adenoma had a diameter ≥ 1 cm, tubulovillous or villous histology and/or were classified 

as adenocarcinoma.  Metachronous adenomas not meeting the advanced adenoma criteria 
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were considered to be non-advanced.  Proximal adenomas were located to the right of the 

splenic flexure while distal adenomas were located to the left of the splenic flexure. 

 

Statistical Analysis 

Statistical analyses were conducted utilizing STATA version 9.0 (College Station, 

TX).  Covariates that were considered a priori as potential confounders were evaluated in 

a preliminary model of the association between SNPs, haplotypes, diplotypes and 

adenoma recurrence. These included age, intake of dietary fat, energy, alcohol, dietary 

fiber,  calcium, body mass index (BMI), aspirin use, history of smoking, family history of 

colon cancer, gender, race, history of previous polyps, and study (WBF vs. UDCA).  

Additional baseline adenoma characteristics such as histology size, number, and location 

were included as these variables have been shown to positively predict the recurrence of 

adenomas in this study population (165).  Stepwise regression was used to determine 

which covariates were statistically significant (P <0.10)  and therefore were included in 

the final model.   Odds ratios and 95% confidence intervals were calculated for 

unadjusted as well as the fully adjusted models. There were no major differences in the 

point estimates with the observed associations between the unadjusted and adjusted 

model; therefore, only the fully adjusted models are presented.   

Analyses were first conducted in each of the WBF and UDCA populations 

separately.  Similar trends in the association between the exposure and the outcome were 

observed in both populations.  In addition, tests for heterogeneity of effect between the 

WBF and UDCA trials were conducted with  likelihood ratio tests with a p-value of 0.10.  
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No statistically significant differences were found between these populations.  Therefore, 

the data were pooled to achieve more precise estimates.    

 

APC polymorphism analysis 

Initial assessment of the association between haplotypes and metachronous 

adenoma utilized multinomial regression with the endpoints of any metachronous 

adenoma, non-advanced metachronous adenoma, and advanced metachronous adenoma.  

Those with no metachronous lesions were used as the reference group for all analyses.  

For investigations of the effect of single SNPs and haplotypes, the most common allele 

and haplotype served as the referent groups, respectively.  Final modeling of the 

association between SNPs, haplotypes and diplotypes was performed using logistic 

regression.   

 

VDR polymorphism analysis 

An unadjusted model of the association between all genotyped SNPs and 

metachronous adenoma was first conducted using a log additive model to identify 

potential SNPs of interest.  Only these identified SNPs were included in the final adjusted 

model.  Final analysis was conducted with a co-dominant model utilizing logistic 

regression with a log additive model utilized for determining P-trend of the minor allele. 
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Genotyping  

APC polymorphisms 

Polymorphisms at codons 486, 1678 and 1960 of APC were selected because of 

the potential protective effect against cancer, identified in schizophrenic subjects carrying 

a CAT haplotype reported by Cui et al. (166). Additionally, the common SNPs at codons 

1822 (MAF 0.225) and 2502 (MAF 0.017) were investigated because of prior colorectal 

cancer risk associations (156).  SNPstream (Beckman Coulter, Inc., Fullerton, CA), a 

fluorescence based single base extension assay, was used to genotype SNPs in codons 

486, 1678, 1960 and 2502 (Sequence Detail Table 7) according to manufacturer 

recommended protocols.  Polymerase chain reaction (PCR) reaction mixture was 

prepared with a final concentration of 1X PCR Buffer II, 5mM MgCl2, 90 µM each dNTP 

mix, 50 nM each primer pool, 2 ng genomic DNA/5 µL, 0.1U Taq Gold/µL.  The 

extension reaction was prepared with SNPware Extension Dilution Buffer, 5 µM each 

SNPware C/G Extension Primer Mix, SNPware C/G 20X Extension Mix, and SNPware 

DNA polymerase.  Standard SNPstream thermocycle conditions were applied in both 

reactions.   After extension, the reaction wells were washed with Wash Buffer 1 and 

dried.  Hybridization solution was prepared with SNPware Hybridization Solution and 

SNPware Hybridization Additive, added to the reaction wells, incubated, washed with 

Wash Buffer 2 and dried.  The dried plates were then placed in the SNPstream Imager for 

imaging. 
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Table 7:  Primers Utilized for SNPStream Genotyping 
Codon 486 

 
Forward: 
5’-GACTACAGGCCATTGCAGA-3’ 

 
Reverse:   
5’-CATATCGTCTTAGWGTAATACTGTAGTGG-3’ 

 
Base extension:  
5’- AGCGATCTGCGAGACCGTATTATTGCAAGTGGACTGTGAAATGTA-3’ 

Codon 1678 
 Forward: 5’- CCTTCTGTAGGAATGGTATCT-3’ 
 Reverse: 5’- TATTGTGTTGAAGGGACACCTATA-3’ 

 
Base extension:  
5’- GGATGGCGTTCCGTCCTATTGTTTTTCAAATTCACCTGACTGTGC-3’ 

Codon 1960 
 Forward: 5’ GGCTCAGTCTCTTTGATAGGTTC-3’ 
 Reverse: 5’-AGCAACTGATGAAAAGTTACAGA-3’ 

 
Base extension:  
5’- AGGGTCTCTACGCTGACGATGAGAGGAATTATGAGAAAAGCAAAC-3’ 

Codon 2502 
 Forward: 5’- TGCAATATCATGGCGCTT-3’ 
 Reverse: 5’- ACAAACTCCAGTTTTAAGTCCTTC-3’ 

 
Base extension:  
5’- GTGATTCTGTACGTGTCGCCTTAGGTGGGAGTTTTCGCCATCCAC-3’ 

 

Taqman Assay-by-DesignSM™ primer ID number C_3162935_20  (Applied 

Biosystems (ABI), Foster City, CA) was used to genotype codon 1822 which did not 

convert to SNPstream.  PCR reaction mixture was prepared using 2X Taqman Universal 

PCR Master Mix with No AmpErase UNG, 20X SNP Genotyping Assay Mix and 3 ng of 

DNA according to manufacturer instructions.  The reaction was then thermocycled under 

the following cycling conditions:  10 min at 95ºC followed by 40 cycles of 15 sec at 92ºC 

and 1 min at 60ºC.  Upon completion of thermocycling, the plate was placed in an ABI 

Prism 7700 Sequence Detector (ABI) for analysis.  The T allele complimentary strand 
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probe contained the sequence 5’-CAGAATTTGAAAAATAATTCCAAGG [A/T] 

CTTCAATGATAAGCTCCCAAATAAT-3’ and was labeled with FAM reporter dye on 

the 5’ end.  The complimentary probe for the A allele was labeled with VIC reporter dye 

on the 5’ end.   

Genotyping was successfully performed in 666 of the participants in the WBF 

study and in 946 of the participants of the UDCA.  Participants for whom blood samples 

were not available were not genotyped (n=970, 39%).  After exclusion of participants 

with no recurrence data (n=260), discordant genotype calls (n=8), failed genotype calls 

(n=142) or with haplotype probability scores of <0.9 (n=89), as identified from PHASE 

2.1 (167, 168) as described below; the final study population included 1399 subjects.  

The genotyping success rate was 96.1% for codon 486, 96.3% for codon 1678, 

98.3% for codon 1822, 97.6% for codon 1960 and 98.1% for codon 2502.  All blanks 

failed to generate genotypes and no Mendelian inconsistencies were observed in 

controls.   Concordance among laboratory blinded replicate samples that included CEPH 

DNA (Coriell Institute for Medical Research, Camden, NJ) and blinded study samples 

were 100% for codons 486, 1822 and 2502 while concordance was 97.4% for codons 

1678 and 1960.  Genotype frequencies for all the polymorphisms were found to be in 

Hardy-Weinberg equilibrium.    

 

VDR Polymorphisms 

Genotyping of the samples was performed on the Illumina Golden Gate platform 

(Illumina®, San Diego, CA).  Briefly, DNA is activated with streptavidin/biotin and 
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added to a hybridization mixture.  After hybridization, the samples were washed followed 

by extension, ligation and cleanup.  Universal primers labeled with Cy3 or Cy5 were 

utilized for PCR labeling of the DNA.  Next, the labeled DNA was allowed to hybridize 

with the Sentrix Array Matrix (SAM) and finally, placed in the BeadArray Reader for 

reading of the fluorescence signal.  Analysis of the output from the fluorescence reading 

was managed using Bead Studio software (Illumina®, San Diego, CA).   

 

Haplotype Determination 

Haplotypes were derived for the APC SNPs only using PHASE 2.1 (Seattle, WA; 

http://www.stat.washington.edu/stephens/software.html) utilizing default iteration 

settings (167, 168).  Haploview v3.2 (Cambridge, MA) was utilized for Hardy-Weinberg 

and D’ determination (169).  All SNPs were found to have a D’ value > 0.90.  Individuals 

with a haplotype probability, as determined by PHASE, of < 0.90 were dropped from the 

analysis.  Haplotypes that included less than eight participants, including cases and 

controls, were dropped from the analysis.   
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III. VDR POLYMORPHISMS AND METACHRONOUS  

COLORECTAL ADENOMA 

 

Introduction 

The potential protective effect of vitamin D from sunlight exposure on the 

incidence of colorectal cancer was first proposed in 1980 (20) and has been supported by 

later work (170).  Subsequent studies have demonstrated a weak inverse association 

between dietary intake of vitamin D and the incidence of colorectal cancer (26-28).  In 

contrast, a significant inverse association was found between blood levels of 25(OH)D 

(25D), a serum marker used to determine systemic vitamin D levels, and incidence of 

colorectal cancer (26, 28, 30-32). 

Vitamin D is found in small amounts in the diet, but the primary source of vitamin 

D occurs from sunlight exposure to the skin.  When skin is exposed to ultraviolet light 

from the sun, vitamin D is formed and undergoes two hydroxylation reactions in the liver 

and kidney respectively to form 1,25(OH)2D3 (1,25D), the metabolically active form of 

vitamin D (39, 55, 56, 59).  Colon cells are also capable of the second hydroxylation step 

which converts 25D, into 1,25D (82, 171).  1,25D binds to the vitamin D receptor (VDR), 

translocates to the nucleus and forms a heterodimer with the retinoid X receptor (RXR).  

Formation of the VDR-RXR heterodimer releases co-repressors and increases VDR 

transcriptional activity by the binding of VDR-RXR to the vitamin D-responsive element 

(VDRE) in VDR target genes (46, 59-62), including those involved in the regulation of 

vitamin D metabolites (172).    
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In addition to the well studied role of 1,25D in bone mineral homeostasis, there 

are several proposed mechanisms of action for putative anti-carcinogenic properties 

observed in both epidemiological and laboratory studies.   1,25D plays a key role in the 

regulation of cellular proliferation (73) and differentiation (12, 63, 75, 76), regulation of 

the cell cycle (12, 78) and members of the Bcl-2 family, which are involved in apoptosis 

(63, 79, 80).  Vitamin D has been shown to upregulate E-cadherin, an important 

component of cellular adhesion (77, 123, 124), resulting in the translocation of β-catenin 

from the nucleus to the plasma membrane (77, 125, 126).  All of these actions are 

mediated through the VDR, which exhibits polymorphic variation.  

VDR is a highly polymorphic gene with over 100 identified single nucleotide 

polymorphisms (SNPs), of which only a handful of have been studied to determine an 

association between genetic variation and risk of colorectal adenoma and colorectal 

cancer.  These include BsmI (rs154410), TaqI (rs731236), and ApaI (7975232) and FokI 

(rs2288570) restriction endonuclease sites, as well as Cdx2 (rs11568820).   ApaI and 

TaqI do not alter risk of adenoma recurrence or colorectal cancer (34, 38), but data 

suggests the BsmI B allele may be protective against colorectal cancer (42, 43).  The 

Cdx2 A allele has been associated with increased risk of colon cancer (34, 35) while the 

risk of adenoma recurrence and colorectal cancer are equivocal for FokI alleles (34, 38, 

40, 42, 47-53).  Few studies (48, 50) have evaluated circulating vitamin D levels and 

FokI in parallel.  One of these studies suggested an enhanced protective effect of the F 

allele in the context of higher 25D levels (50).   
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In addition to epidemiological studies, our own experimental data demonstrate 

that polymorphic variation at the FokI site differentially affects the interaction between 

VDR and β-catenin in cell culture, with the F/M4 variant being more efficient at 

suppression of β-catenin transcriptional activity than the f/M1 variant (discussed in detail 

in Chapter IV).  Furthermore, the presence of full length APC enhances the suppression 

of β-catenin transcriptional activity, but only for the F/M4 variant (discussed in detail in 

Chapter IV).  Taken together, these results indicate a potential role for genetic variation 

in VDR with risk of metachronous colorectal adenoma. 

Although the specific SNPs discussed above (TaqI, FokI, etc.) have been 

evaluated for their association with the development of colorectal adenoma, no studies 

have yet comprehensively evaluated VDR polymorphic variation with the risk of 

developing colorectal adenoma upon follow-up colonoscopy.  We sought to 

comprehensively probe the VDR gene to determine the role of these as yet unstudied 

polymorphisms and the development of metachronous colorectal adenoma.   

 

Results 

Baseline characteristics of the genotyped participants included in the analysis of 

metachronous adenoma and VDR are presented in Table 8.  Fewer participants in the 

Wheat Bran Fiber (WBF) trial were smokers, had a family history of CRC, or had a 

personal history of previous polyps as compared to those in the Ursodeoxycholic Acid 

(UDCA) trial.  Furthermore, participants in the WBF had fewer proximal or large polyps 

at baseline than participants in the UDCA trial.  On the other hand, the WBF trial 
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included more participants who were Caucasian, had any metachronous adenoma, had 

advanced adenoma, or  had more adenomas present at baseline than those in the UDCA 

trial.  While the UDCA trial participants consumed more calories, they also had lower 

intake of fat and greater calcium consumption than WBF participants.  A test for 

heterogeneity of genotypes between the two populations was performed with no 

significant differences found; thus, the data were pooled for more precise estimates. 

 

Table 8:  Baseline characteristics of the pooled population, WBF and UDCA 
Characteristics Pooled WBF UDCA 
Demographics    
 Mean age, y (SD) 66.0 ± 8.3 65.8 ± 8.2 66.2 ± 8.3 
 Gender, male, n (%) 1046 (67.2) 433 (66.3) 613 (67.8) 
 Race, white, n (%)* 1466 (95.1) 630 (96.6) 836 (93.9) 
 Study, WBF, n (%) 653 (41.9)  -  - 
Mean dietary intake    
 

Energy, kcal/day (SD)* 
1961.9 ± 

778.5 
1914.0 ± 

689.8 
1996.6 ± 

835.4 
 Total fat, g/day (SD)* 63.9 ± 30.9 67.3 ± 29.5 61.3 ± 31.6 
 Total fiber, g/day (SD) 22.3 ± 10.5 22.2 ± 9.9 22.4 ± 11.0 
 Alcohol, g/day (SD) 8.3 ± 16.1 7.7 ± 17.0 8.6 ± 15.3 
 

Total calcium, mg/day (SD)* 
970.7 ± 
460.1 

895.5 ± 
374.6 

1025.0 ± 
506.3 

Non-dietary characteristics    
 Mean BMI (SD) †, * 27.8 ± 4.5 27.3 ± 4.2 28.2 ± 4.7 
 Aspirin use, yes, n (%)‡ 445 (28.6) 196 (30.0) 249 (27.5) 
 Current smoker, yes, n (%)* 1013 (66.0) 405 (62.0) 608 (68.9) 
 Family history of colorectal cancer, 

yes, n (%)§, * 365 (23.4) 117 (17.9) 248 (27.4) 
 Previous polyps, yes, n (%)║, * 631 (40.5) 243 (37.2) 388 (42.9) 
 Any adenoma recurrence, yes, n 

(%)¶, * 706 (45.3) 332 (50.8) 374 (41.4) 
 Advanced adenoma recurrence, yes, 

n (%)††, * 214 (13.8) 92 (14.1) 122 (13.5) 
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Table 8 cont.:  Baseline characteristics of the pooled population, WBF and 
UDCA 
Characteristics Pooled WBF UDCA 
Baseline adenoma characteristics    
 Number (SD) §§, * 1.67 ± 1.13 1.81 ± 1.36 1.57 ± 0.91 
 Location, proximal, n (%)*, ‡‡ 773 (51.0) 287 (46.8) 486 (53.9) 
 Location, distal, n (%)║║ 1037 (68.5) 433 (70.6) 604 (67.0) 
 Histology, villous, n (%) 318 (20.5) 126 (19.3) 192 (21.3) 
 Size, large, n (%)* 615 (39.5) 239 (36.6) 376 (41.6) 
*   P ≤ 0.05 between WBF & UDCA as determined by students t-test for continuous 

variables and by χ2 for categorical variables 
†   Body mass index (kg/m2) 
‡   Regular use of aspirin in the previous month 
§   History of colorectal cancer in parent or sibling 
║  History of polyps before qualifying colonoscopy 
¶   Presence of polyps after qualifying colonoscopy 
†† Advanced adenoma includes diameter of 10mm or more, high grade dysplasia, 

villous or tubular villous histology or cancer 
§§  Total number of adenomas 
‡‡ Proximal adenoma is located between the ileo-cecal valve and the splenic flexure 
║║ Distal adenoma is located between the splenic flexure and rectum 

 

After passing quality control measures, 42 SNPs were screened with a log-

additive approach in an unadjusted logistic regression model in order to identify SNPs 

with marginal or significant association with any, advanced, multiple, proximal or distal 

metachronous adenoma (P ≤ 0.10).  This resulted in the identification of seven SNPs of 

interest for further analysis (Table 9).  After identification of these SNPs of interest, a 

stepwise model was implemented to identify potential confounders for inclusion in the 

final adjusted model.  Each SNP was analyzed independently to test for a main effect on 

any, advanced, multiple, proximal or distal metachronous adenoma (Tables 10 & 11).  

The most common genotype served as the reference group for all analysis. 
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Table 9:  Characteristics of selected SNPs 

SNP rs number 
Nucleotide 

change 
Minor allele 
frequency* 

Minor allele frequency in 
pooled population† 

SNP1 rs4760658 A → G 0.367 0.336 
SNP2 rs11574077 A → G 0.075 0.043 
SNP3 rs3819545 T → C 0.397 0.397 
SNP4 rs2189480 C → A 0.392 0.367 
SNP5 rs4328262 T → G 0.421 0.413 
SNP6 rs3782905 C → G 0.298 0.318 
SNP7 rs11168287 A → G 0.414 0.509 
* http://www.ncbi.nlm.nih.gov/SNP/ 
† http://www.hapmap.org 

 

The association between those SNPs marginally or significantly associated with 

any and advanced metachronous adenoma is presented in Table 10.  A 41% increase in 

odds of any or advanced metachronous adenoma was observed for the SNP4 AA 

genotype (OR, 1.41; 95% confidence interval (95% CI), 1.03 – 1.92 and OR, 1.41; 95% 

CI, 1.03 – 1.93 respectively), with a statistically significant increase in odds of any A 

allele (P-trend 0.026 and 0.027 respectively).   The CC genotype of SNP5 was associated 

with a 40% increase in odds of any or advanced metachronous adenoma (OR, 1.40; 95% 

CI, 1.03 – 1.90 and OR, 1.40; 95% CI, 1.03 – 1.89 respectively) although the increase in 

odds with any C was marginally significant (P-trend 0.053 & 0.054 respectively).  In 

addition, the data suggest the G allele of SNP3 confers increased odds of any or advanced 

metachronous adenoma (P-trend 0.043 and 0.044 respectively).  The AG genotype of 

SNP7 was associated with a 34% reduction in odds for both any and advanced 

metachronous adenoma (OR 0.76; 95% CI, 0.59 – 0.98).  Interestingly, the magnitude of 

the reduction in risk for the AA genotype (OR 0.78, 95% CI 0.59 – 1.05) is almost 
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identical to that of the AG genotype suggesting that the A allele acts in a dominant 

manner and thus only one allele is required for risk reduction. 

The analysis was then focused on the endpoints of multiple, proximal and distal 

metachronous adenoma (Table 11).  A 44% increase in odds of multiple metachronous 

adenoma (OR 1.44; 95% CI, 1.08 – 1.92) was observed for the AG genotype of SNP3.  In 

the SNP4 AC genotype, an increase in odds of 34% was observed for multiple 

metachronous adenoma (OR 1.34; 95% CI, 1.02 – 1.77).  The presence of any G allele in 

SNP2 is associated with a 50% increase in odds (OR 1.50; 95% CI, 1.05 – 2.15; P-trend 

0.026) of proximal metachronous adenoma while the presence of any A allele in SNP4 is 

associated with an 18% increase in odds (OR 1.18; 95% CI, 1.01 – 1.38; P-trend 0.038) 

in proximal metachronous adenoma.  For distal metachronous adenoma, the AG genotype 

of SNP7 conferred a 25% reduction in odds (OR 0.75; 95% CI, 0.56 – 0.99). 
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Table 10:  Association between SNPs and advanced adenoma recurrence in the pooled population 

rs number 
No 

recur 
Any 
recur 

Advanced 
recur 

Any recurrence 
OR (95% CI) P-trend 

Advanced recurrence 
OR(95% CI) P-trend 

SNP1        
AA 359 326 112 1.00§  1.00†  
AG 379 300 81 0.83 (0.66 - 1.03)  0.82 (0.66 - 1.03)  
GG 104 74 19 0.77 (0.55 - 1.09)  0.77 (0.55 - 1.09)  

Any G    0.86 (0.74 - 1.01) 0.059 0.86 (0.74 - 1.00) 0.057 
SNP2        

AA 775 629 196 1.00¶  1.00¶  
AG 61 57 13 1.16 (0.79 - 1.70)  1.16 (0.79 - 1.70)  
GG 1 5 2 6.62 (0.77 - 57.32)  6.62 (0.77 - 57.32)  

Any G    1.31 (0.92 - 1.85) 0.135 1.31 (0.92 - 1.85) 0.133 
SNP3        

AA 321 231 62 1.00†  1.00†  
AG 402 343 102 1.19 (0.95 - 1.49)  1.19 (0.94 - 1.49)  
GG 119 118 42 1.35 (0.99 - 1.84)  1.35 (0.99 - 1.84)  

Any G    1.17 (1.00 - 1.36) 0.043 1.17 (1.00 - 1.35) 0.044 
SNP4        

CC 366 269 77 1.00†  1.00†  
AC 373 319 95 1.17 (0.93 - 1.46)  1.16 (0.93 - 1.45)  
AA 109 114 39 1.41 (1.03 - 1.92)  1.41 (1.03 - 1.93)  

Any A    1.18 (1.02 - 1.37) 0.026 1.18 (1.02 - 1.37) 0.027 
SNP5        

AA 299 230 69 1.00†  1.00†  
AC 408 321 98 1.03 (0.82 - 1.30)  1.03 (0.81 - 1.29)  
CC 127 138 41 1.40 (1.03 - 1.90)  1.40 (1.03 - 1.89)  

Any C    1.16 (1.00 - 1.34) 0.053 1.16 (1.00 - 1.34) 0.054 
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Table 10 cont.:  Association between SNPs and advanced adenoma recurrence in the pooled population 

rs number 
No 

recur 
Any 
recur 

Advanced 
recur 

Any recurrence 
OR (95% CI) P-trend 

Advanced recurrence 
OR(95% CI) P-trend 

SNP6        
GG 374 342 98 1.00§  1.00§  
CG 392 299 94 0.82 (0.66 - 1.02)  0.82 (0.66 - 1.02)  
CC 85 64 21 0.79 (0.55 - 1.14)  0.79 (0.55 - 1.14)  

Any C    0.86 (0.74 - 1.01) 0.070 0.86 (0.74 - 1.01) 0.067 
SNP7        

GG 200 197 65 1.00†  1.00†  
AG 429 333 97 0.76 (0.59 - 0.98)  0.76 (0.59 - 0.98)  
AA 208 161 47 0.78 (0.59 - 1.05)  0.78 (0.59 - 1.05)  

Any A    0.88 (0.76 - 1.02) 0.092 0.88 (0.76 - 1.02) 0.092 
¶ Adjusted for age, BMI, family history of colorectal cancer, gender, race and study 
† Adjusted for age, BMI, aspirin use, gender, race and study  

§ Adjusted for age, BMI, aspirin use, family history of colorectal cancer, gender, race and study 
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Table 11:  Association between SNPs and any, multiple, proximal, distal and advanced adenoma recurrence in 
the pooled population 

rs number 
No 

recur 
Multiple 

recur 
Proximal 

recur 
Distal 
recur 

OR multiple recur  
(95% CI) * 

OR proximal recur  
(95% CI) 

OR distal recur  
(95% CI)‡ 

SNP1        
AA 359 146 236 163 1.00§ 1.00† 1.00 
AG 379 143 207 166 0.97 (0.74 - 1.26) 0.80 (0.63 - 1.01) 1.03 (0.80 - 1.33) 
GG 104 36 53 40 0.91 (0.59 - 1.38) 0.78 (0.54 - 1.13) 0.90 (0.61 - 1.35) 

Any G     0.96 (0.79 - 1.16) 0.85 (0.72 - 1.01) 0.98 (0.82 - 1.17) 
P-trend     0.642 0.062 0.796 

SNP2        
AA 775 289 441 333 1.00§ 1.00¶ 1.00 
AG 61 26 45 26 1.02 (0.64 - 1.64) 1.38 (0.92 - 2.05) 0.91 (0.57 - 1.44) 
GG 1 3 4 3 3.55 (0.68 - 18.56) 4.89 (0.88 - 27.16) 2.74 (0.54 - 13.91) 

Any G     1.17 (0.78 - 1.78) 1.50 (1.05 - 2.15) 1.04 (0.69 - 1.55) 
P-trend     0.447 0.026 0.864 

SNP3        
AA 321 97 167 122 1.00§ 1.00† 1.00 
AG 402 172 243 184 1.44 (1.08 - 1.92) 1.13 (0.89 - 1.45) 1.14 (0.87 - 1.49) 
GG 119 49 82 55 1.17 (0.79 - 1.74) 1.19 (0.86 - 1.66) 1.04 (0.72 - 1.50) 

Any G     1.14 (0.95 - 1.37) 1.10 (0.94 - 1.29) 1.04 (0.87 - 1.24) 
P-trend     0.160 0.242 0.645 

SNP4        
CC 366 115 186 146 1.00§ 1.00† 1.00 
AC 373 159 231 167 1.34 (1.02 - 1.77) 1.20 (0.95 - 1.53) 1.05 (0.81 - 1.36) 
AA 109 48 82 53 1.17 (0.79 - 1.73) 1.38 (0.99 - 1.92) 1.03 (0.72 - 1.49) 

Any A     1.13 (0.95 - 1.36) 1.18 (1.01 - 1.38) 1.02 (0.86 - 1.22) 
P-trend     0.173 0.038 0.787 

        
        



73 

 

Table 11 cont.:  Association between SNPs and any, multiple, proximal, distal and advanced adenoma 
recurrence in the pooled population 

rs number 
No 

recur 
Multiple 

recur 
Proximal 

recur 
Distal 
recur 

OR multiple recur  
(95% CI)  * 

OR proximal recur  
(95% CI)‡‡ 

OR distal recur  
(95% CI)  ║║,‡  

SNP5        
AA 299 110 167 125 1.00§ 1.00† 1.00 
AC 408 150 225 166 0.99 (0.74 - 1.32) 0.99 (0.77 - 1.26) 0.93 (0.71 - 1.22) 
CC 127 62 98 71 1.10 (0.77 - 1.59) 1.27 (0.92 - 1.74) 1.22 (0.86 - 1.72) 

Any C     1.04 (0.87 - 1.25) 1.10 (0.94 - 1.29) 1.08 (0.91 - 1.28) 
P-trend     0.660 0.216 0.402 

SNP6        
GG 374 151 242 172 1.00§ 1.00¶ 1.00 
CG 392 141 209 160 0.99 (0.76 - 1.29) 0.84 (0.67 - 1.07) 0.97 (0.75 - 1.25) 
CC 85 33 49 38 1.02 (0.65 - 1.59) 0.92 (0.63 - 1.35) 1.07 (0.71 - 1.63) 

Any C     1.00 (0.83 - 1.22) 0.91 (0.77 - 1.08) 1.01 (0.84 - 1.21) 
P-trend     0.976 0.298 0.910 

SNP7        
GG 200 88 138 109 1.00║ 1.00† 1.00 
AG 429 153 234 169 0.92 (0.67 - 1.25) 0.82 (0.63 - 1.07) 0.75 (0.56 - 0.99) 
AA 208 78 119 84 0.96 (0.68 - 1.39) 0.89 (0.66 - 1.21) 0.78 (0.56 - 1.09) 

Any A     0.98 (0.82 - 1.17) 0.94 (0.80 - 1.10) 0.88 (0.74 - 1.04) 
P-trend     0.822 0.448 0.129 

† Adjusted for age, BMI, gender, race and study 
‡ Adjusted for age, energy intake, calcium intake, history of smoking, race and study 
¶ Adjusted for age, BMI, family history of colorectal cancer, gender, race and study 
§ Adjusted for age, BMI, energy intake, calcium intake, history of smoking, gender, race and study 
║ Adjusted for age, BMI, energy, calcium intake, aspirin use, history of smoking, gender, race and study 
* Multiple recurrence is the recurrence of more than one adenoma 
‡‡ Proximal adenoma is located between the ileo-cecal valve and the splenic flexure 
║║ Distal adenoma is located between the splenic flexure and rectum 
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Several of the SNPs discussed previously, including, SNP2, SNP3, SNP4, and 

SNP5 demonstrated similar direction and magnitude of effect on risk, so the sample set 

was analyzed in Haploview v4.1 (173) to determine D’and r2 values which indicate the 

degree of linkage between SNPs.  A summary of these values for the SNPs included in 

the final analysis is found in Table 12.  For any and advanced adenoma, SNP4 and SNP5 

were associated with ~40% increase in risk for the minor allele homozygote.  The D’ 

value for these two SNPs is 0.056 and the r2 value is 0.003 suggesting that these are 

independent effects.  In contrast, for multiple metachronous adenoma, SNP3 and SNP4 

have a D’ value of 0.766 and r2 value of 0.517, indicating that these effects are likely due 

to linkage and are therefore not acting independently.  A similar observation is seen with 

proximal metachronous adenoma and SNP2 and SNP4, which have a D’ value of 0.947 

and and r2 value of 0.069.   
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Table 12:  D’ and r2 values for evaluated SNPs 
 SNP1 SNP2 SNP3 SNP4 SNP5 SNP6 
D’       
SNP2 0.094 - - - - - 
SNP3 0.016 0.834 - - - - 
SNP4 0.066 0.947 0.766 - - - 
SNP5 0.871 0.078 0.024 0.056 - - 
SNP6 0.035 0.940 0.996 0.951 0.024 - 
SNP7 0.938 0.243 0.002 0.014 0.719 0.102 
       
r2       
SNP2 0.001 - - - - - 
SNP3 0 0.020 - - - - 
SNP4 0.001 0.069 0.517 - - - 
SNP5 0.272 0 0.001 0.003 - - 
SNP6 0 0.018 0.302 0.244 0 - 
SNP7 0.463 0.003 0 0 0.356 0.005 
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Figures 3 – 5 illustrate the OR of three different models for each SNP and their 

respective location along the chromosome for any, proximal and distal metachronous 

adenoma.  These plots were generated using only the Caucasian participants, which 

differs from the overall analysis which included all races.  No difference in main effects 

was observed between the analysis which included subjects of all races and the analysis 

which included only Caucasian subjects which suggests the observed findings are 

independent of race.  Arrows on these figures indicate the location of the SNPs included 

in the final analysis.  The arrows appear to form two clusters, Cluster 1 includes the first 

four arrows on the left from the approximate chromosome position 46539000 to 

46552000 and includes SNP2, SNP3, SNP4, and SNP6.  Cluster 2 includes SNP1, SNP5, 

and SNP7 which are the last three arrows, located approximately between chromosome 

positions 46571000 and 46582000.  When the D’ values between the SNPs in these 

clusters of SNPs are compared the SNPs in Cluster 1 have D’ values of 0.766 – 0.996 and 

Cluster 2 has D’ values of 0.719 – 0.938.  When SNPs were compared between clusters 

the D’ values were 0.002 – 0.243 suggesting there is minimal linkage between the 

clusters and indicating the likely presence of two haplotype blocks. 
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Figure 3:  OR and P-value positional map of VDR SNPs and any metachronous neoplasia. 

Black circles are additive model, blue circles are dominant model and green circles are recessive model.  Arrows 

indicate SNPs presented in Tables 10 and 11. 
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Figure 4:  OR and P-value positional map of VDR SNPs and proximal neoplasia 

Black circles are additive model, blue circles are dominant model and green circles are recessive model.  Arrows 

indicate SNPs presented in Tables 10 and 11. 
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Figure 5:  OR and P-value positional map of VDR SNPs and distal neoplasia 

Black circles are additive model, blue circles are dominant model and green circles are recessive model.  Arrows 

indicate SNPs presented in Tables 10 and 11. 
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Discussion 

 Increased odds of any or advanced metachronous adenoma was associated with 

SNP3, SNP4 and SNP5 respectively.  The heterozygote of SNP3 and SNP4 conferred an 

increase in odds of multiple metachronous adenoma.  Increased odds of proximal 

metachronous adenoma were associated with any minor allele of SNP2 and SNP4.  A 

reduction in odds of distal metachronous adenoma was observed with the heterozygote of 

SNP7.  Furthermore, when the SNPs were plotted on a graph relative to their 

chromosome position two clusters of SNPs appeared; each of which contains highly 

linked SNPs.  Taken as a whole, this suggests these SNPs are informing on one another 

or may serve as markers for an unidentified causal variant. 

 Although there is a paucity of data in the literature regarding the SNPs that were 

determined to be associated with adenoma in this work, a study by Kiel et al. reports a 

marginally significant association between SNP4 and bone mineral density as part of the 

Osteoporosis Study nested within the Framingham Heart Study.  This suggests that SNP4 

may have functional effects or serves as a marker for other SNPs that do. 

The clustering of SNPs observed in Figures 3 – 5 and the strong linkage between 

the SNPs of each cluster suggests the SNPs within these clusters are not acting alone, or 

one SNP is serving as a marker of another functionally significant SNP.  As reported by 

our group, co-carriage of alleles in APC can alter the risk of metachronous adenoma 

(174); therefore, further analysis of this VDR locus using a haplotype strategy will likely 

resolve the intra-allele and inter-allele relationship of these hits and the studied outcomes 

related to adenoma.  Future analyses will also include testing for interaction between 
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SNPs with adjustment for multiple comparisons as well as the use of principal 

components analysis at the gene level to globally test for an association between gene 

variation in VDR and risk of adenoma using all genotype data derived from the 42 SNPs. 

 This study included genotyping of well studied SNPs including FokI, BsmI, TaqI, 

and Cdx2.  BsmI, TaqI and Cdx2, passed all quality control measures, but were not found 

to be significantly associated with any of the endpoints evaluated in this study.  A 

limitation of our current data was our inability to obtain successful genotype data for the 

functionally significant and well studied FokI polymorphism in VDR.  And because the 

FokI variant is not in linkage disequilibrium with other tags for which data were 

obtained, we were unable to interrogate this site. 

The common SNP recognized by the FokI restriction endonuclease introduces an 

ATG start site that is only present in the VDR f/M1 variant and is upstream from the VDR 

F/M4 variant ATG start site (45).  Consequently, the VDR f/M1 protein is composed of 

427 amino acids while the VDR F/M4 protein is composed of 424 amino acids (46).  The 

FokI SNP differentially affects interaction of VDR and transcription factor II B (TFIIB) 

resulting in altered levels of transcriptional activity in cultured cells (46).  

Epidemiological studies of FokI are equivocal.  Ingles et al. (40), reported a statistically 

significant protective effect of VDR Ff and ff genotypes on formation of adenomas 

greater than 1cm, while Park et al. found the greatest risk in the VDR FF genotype (47).  

Others reported no overall significant effect of the FokI polymorphism on adenoma 

occurrence (38, 48) or colorectal cancer (28, 42, 49) even after adjusting for calcium, 

25D, and 1,25D (48).  However, Peters et al., demonstrated an inverse association 
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between 25(OH)D levels and VDR FF and Ff genotypes on risk of colorectal adenoma 

(50) while others found an increased risk of  colorectal cancer with the VDR ff genotype 

(51, 175), particularly when factors such as dietary fat intake, energy intake, red and 

processed meat intake, body mass index (BMI), and physical activity are considered (34, 

52, 53).   

Taken together, the laboratory and epidemiological data support a protective role 

for vitamin D and its receptor, VDR, in colorectal carcinogenesis.  These data suggest 

that polymorphic variation in VDR may modestly influence risk of colorectal cancer.  

SNP by SNP and whole gene including haplotype or principal components analysis, may 

aid in the identification of regions of interest for more refined mechanistic efforts to 

identify alleles with functional consequence using cell culture studies or deep 

resequencing efforts.  In addition, follow up genotyping on a different genotyping 

platform to interrogate the FokI variant is needed to complete the evaluation of the VDR 

gene in our population.  Taken together, these findings suggest a potentially important 

role of 1,25D, polymorphic VDR and β-catenin in the molecular processes leading to 

carcinogenesis. 
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IV. ROLE OF VDR, β-CATENIN AND APC IN COLORECTAL CANCER 

 

Portions of this chapter have been included as part of a manuscript in preparation for 

submission to JBC and includes Figures 6, 9, 10, 11, 12, 13, 14, 16, 17, 18, 19, 20, 22, 

24, 25.  

 

Introduction 

Epidemiological studies have found vitamin D to be a protective factor in the 

development of colorectal cancer.  Numerous laboratory studies have sought to elucidate 

the molecular actions of 1,25D bound to its receptor, VDR, in the cell.  Yet the 

understanding of the precise mechanism of this protective effect is still an area of active 

research.  Advancing this knowledge will assist in the development of vitamin D analogs 

which capitalize on the anti-proliferative benefits of vitamin D without the calcemic side 

effects of 1,25D. 

While the interaction of VDR and β-catenin is well accepted, the role of APC in 

this interaction has not been investigated.  HT29-APC cells contain a stably transfected 

plasmid coding for full-length APC which contains a metallothionein promoter.  

Endogenously expressed APC protein in HT29-APC cells is truncated, but the β-catenin 

protein is full length, and functional (176, 177).  HT29-APC cells were chosen to allow 

the cellular background of proteins to remain identical between experiments with the only 

difference arising from the induction of the APC plasmid.  Consequently, the data from 

experiments in the induced and un-induced cells could be compared equally and 
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differences attributed to APC rather than to differences in cellular proteins between 

various cell lines.  The inducing agent used for the HT29-APC cells is zinc chloride.  

Zinc is involved in a number of cellular processes so all results must be interpreted with 

this in mind.  As a result, another cell line was utilized to rule out the potential effect of 

zinc on the proteins of interest.  This cell line is HT29-βgal which contains a plasmid 

coding for β-galactosidase rather than APC.  β-galactosidase does not interact with VDR 

or β-catenin, thus the HT29-βgal cell line can be induced with zinc chloride to determine 

if any effects observed in the HT29-APC cells are due to APC or to zinc. 

Furthermore, the effect of lithocholic acid (LCA) on this interaction has yet to be 

fully elucidated.  Caco-2 colon cancer cells are amenable to liposome transfection.  The 

transfection process and treatment with LCA is toxic to the cells; therefore a resilient cell 

line that is not adversely affected by these toxic agents is preferred.  The zinc used to 

induce HT29-APC cells is also toxic, so the use of HT29-APC cells with LCA is not 

optimal due to high cell death. 

In summary, further study is needed to understand how VDR and its ligands 

behave in the context of colon cancer cells.  Expanding the knowledge of the role of 

1,25D, LCA and VDR in colon cancer will not only assist in the development of vitamin 

D analogs, but also contribute to the development of a risk profile that can impact clinical 

decision making regarding screening and therapeutic intervention. 
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Results 

VDR Interaction with β-catenin  

We first sought to demonstrate the ability of VDR to interact with β-catenin in an 

in vitro, GST fusion protein “pulldown” assay to confirm the association of VDR and 

β-catenin reported previously (77, 138), and to clarify the role of the 1,25D ligand in this 

interaction.  Representative results of the GST-pulldown experiments are shown in Figure 

6.  Lanes 1-3 contain 5% aliquots of radiolabeled protein to indicate the migration pattern 

and level of synthesis of each protein in the gel.  No significant binding occurred between 

the protein-containing lysates and the GST sepharose beads (Lanes 4-6).  Lanes 7, 8, 11 

& 12 illustrate the 1,25D-independent interaction of VDR and β-catenin shown 

previously by our group (138) and others (77).  The VDR corepressor hairless (Hr) was 

used as a positive control with GST-VDR beads and as a negative control with the GST-

β-catenin beads.  Significant interaction of Hr was observed with the GST-VDR beads 

(lane 14), but not with the GST-β-catenin beads (Lane 10) validating the utility of the 

IVTT pull-down assay system.  
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Figure 6:  Probing protein-protein interactions between VDR and β-catenin. 

GST fusion proteins were used to assess binding of radiolabeled bait and 

glutathione-immobilized prey proteins.  Human VDR, β-catenin (β-CAT) or rat 

hairless (Hr) expression plasmids (1.0 µg) containing the T7 promoter were used as 

a template in an in vitro transcription/translation (IVTT) reaction to generate 
35S-methionine-labeled bait proteins.  VDR-containing lysates were also incubated 

with 10-6 M 1,25D (+D), 10-4 M lithocholic acid (+L), or ethanol vehicle (-) as 

indicated below the lanes 7-9.  The lysates were then combined with either 20 µL of 

glutathione-S-transferase (GST) fusion protein alone bound to Sepharose beads 

(GST; lanes 4-6), GST-WT-VDR (lanes 7-10) or GST-β-catenin-S37A (lanes 11-14) 

for 30 min.  GST-VDR beads were pre-incubated with the indicated ligands at the 

same concentration employed for the lysates (lanes 11-13).  The beads were then 

washed extensively and the amount of coprecipitated VDR, β-catenin, or hairless 

was detected by electrophoresis of denatured bead samples followed by 

autoradiography.  The arrows indicate the migration position of VDR, β-catenin 

and hairless.  Aliquots (5%) of all radiolabeled protein inputs are shown at far left 

(lanes 1-3). 
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In order to confirm that the multiple bands in our β-catenin input and pull-down 

samples (lanes 2, 11-13) were β-catenin or β-catenin fragments, we separated IVTT input 

samples on a 5-15% gradient gel and either exposed to autoradiography or subjected to 

western blot probed with β-catenin primary antibody (Fig. 7).  The banding patterns 

derived from autoradiography and from the western blot were identical, leading to the 

conclusion that the IVTT system was functional and generated β-catenin protein. 

 

 

 

Figure 7:  Western blot of IVTT mixture. 

IVTT mixture was separated on a 5-15% SDS gel and exposed to autoradiography 

(left panel) or subjected to western blot with anti-β-catenin antibody (right panel).  

The double arrow indicates the location of full length β-catenin. 
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Due to the observation that the interaction of VDR and β-catenin was very weak, 

GST-pulldown was performed using cellular extracts normalized to 3000 µg/mL to 

determine if the absence of an unknown cofactor was reducing the ability of VDR and 

β-catenin to interact.  Figure 8 contains a representative GST-pulldown with cell extracts 

incubated with the GST beads and IVTT mixture.  These results suggest, as has been 

shown in the literature (128), that VDR is best able to interact with β-catenin fragments.  

These results suggest an enhanced interaction in the presence of 1,25D although 

reproducibility was difficult to achieve in this system. 
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Figure 8:  IVTT utilizing cell lysates. 

A.  IVTT was performed as in Figure 6, but beads and IVTT lysate were incubated 

in wash buffer only or wash buffer with cell extracts from HT29-APC cells 

which were treated with water vehicle (-Z) or zinc (+Z) to induce APC.  Beads 

and extracts were also treated with ethanol vehicle (-D) or 1,25D (+D).  GST 

beads were incubated with β-catenin IVTT mixture (lanes 3-5) and GST-VDR 

with RXRα IVTT mixtures (lanes 6-10).  Input lanes (lanes 1-2) represent 5% of 

total IVTT proteins generated.   

B. IVTT performed like (A), utilizing GST-VDR beads.  Beads were incubated with 

ethanol vehicle (-D, lanes 1-3), 1,25D (+D, lanes 4-6) and LCA (+L, lanes 7-9). 
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Next we sought to identify the region of VDR involved in the β-catenin 

interaction. A mapping experiment utilizing the GST-pull down method with truncated 

VDR proteins was performed.  Representative results from these experiments are shown 

in Figure 9. While the wild-type (WT) VDR band is significantly more intense with GST-

β-catenin than with GST-only beads (compare lanes 6 and 7), the truncated ∆304, ∆202, 

and ∆134 VDR proteins display the same migration patterns and band intensity with the 

GST-only (lanes 8, 10 and 12 respectively) and GST-β-catenin lanes (lanes 9, 11 and 13 

respectively) indicating that these mutant VDRs are unable to specifically associate with 

β-catenin.  In contrast, the ∆1-88 N-terminal VDR truncation shows a strong band in the 

presence of GST-β-catenin beads (lane 15) not present in the control lane (lane 14).  

Thus, removal of the C- but not the N-terminus of VDR appears to significantly impact 

β-catenin interaction, at least in the context of the GST in vitro assay system, and 

implicates the C-terminal activation function (AF-2) of VDR as one region required for 

β-catenin interaction 
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Figure 9:  VDR truncation mutants define one region of the receptor required for 

contact with human β-catenin.  

WT and C-terminally truncated VDR proteins were generated in the IVTT system 

and incubated with either 20 µL of GST-β-CAT-Sepharose (GST-β-CAT) or GST-

Sepharose only (GST) for 30 min.  The beads were then washed and analyzed as 

described in the legend to Fig. 6.  Three C-terminal truncated receptor mutants are 

shown, with a stop codon inserted at the indicated residue position in VDR (∆304, 

∆202, ∆134).  An N-terminal truncated receptor that is missing the first 88 amino 

acids was also employed (∆1-88).  
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VDR AF-2 is Required for β-catenin Binding and Potentiation of VDR Activity 

To address the effect of β-catenin on VDR-mediated transcription and the role of 

the AF-2 domain of VDR in the interaction, we utilized a VDR transcription assay in 

transfected Caco-2 cells with a VDRE-reporter vector that contains a large fragment of 

the promoter region from the human 24-hydroxylase gene linked to luciferase.  Results in 

Figure 10 demonstrate minimal VDR-mediated transcription in the presence of WT VDR 

and the absence of 1,25D.  In contrast, 1,25D results in a 16-fold increase in VDR 

transcriptional activity when compared to the vehicle control.  Furthermore, this 16-fold 

increase in VDR activity is augmented to 25-30 fold stimulation in transcriptional activity 

by a dose-dependent overexpression of β-catenin.  Thus, β-catenin can act as a bone fide 

VDR coactivator to facilitate transcription from a VDRE in the context of the natural 

24-hydroxylase gene promoter, an authentic 1,25D regulated gene.  To address the 

putative compensatory role for β-catenin in the absence of a functioning AF-2 domain, 

we utilized an E420A mutant of VDR which contains an alanine (A) substitution for a 

glutamic acid (E) at amino acid 420 which differs from the glutamine (Q) substitution 

used by Shah et al. (128).  The E420A VDR displays less than 1% of the activity of WT 

VDR, both in the presence and absence of 1,25D (Fig. 10, inset).  Importantly, when 

exogenous β-catenin is added, there is no compensatory increase in 1,25D-dependent 

transactivation exhibited by E420A VDR (Fig. 10, inset).  Moreover, mammalian two-

hybrid assays in Caco-2 cells with β-catenin bait and WT or E420A VDR prey revealed 

no interaction between β-catenin and E420A VDR (data not shown).  Thus, in contrast to 
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the results of Shah et al. (128) who reported both a significant interaction between 

β-catenin and E420Q VDR, and an increase in E420Q activity by over-expression of 

exogenous β-catenin in HEK-293 kidney cells, our results suggest that in Caco-2 colon 

cancer cells, such a mechanism does not apply. 

  

 

 

Figure 10:  Effect of E420A VDR mutation and β-catenin on VDRE activity. 

WT and E420A mutated VDR was transfected into Caco-2 cells along with the 

indicated amount of β-catenin, human CYP24 promoter-luciferase reporter and 

renilla plasmid.  Cells were treated with ethanol vehicle or 10-8 M 1,25D prior to 

luciferase assay.  VDR-mediated transactivation was measured as firefly luciferase 

output.  Firefly values were normalized for transfection efficiency (using renilla 

luciferase) and expressed as the ratio of Firefly/Renilla relative light units (RLUs) 

prior to calculation of fold effects.  Error bars indicate standard deviation. 
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VDR Ligands Modulate Interaction with β-catenin 

Because of the 1) consistent association in human studies between low vitamin D 

hormone levels and colorectal cancer risk, and 2) the proposed role of secondary bile 

acids in colorectal carcinogenesis and their low affinity binding to VDR, we next 

investigated the effect of lithocholic acid (LCA) on the interaction between VDR and 

β-catenin in the in vitro GST-pulldown experiment (Fig. 6).  This was followed by an 

examination of the effect of both 1,25D and LCA ligands on the physical and functional 

association of VDR and β-catenin in a cellular context of transfected Caco-2 colon cancer 

cells.  First, the interaction of VDR IVTT lysates and β-catenin-GST beads was 

attenuated in the presence of LCA (Fig. 6, lane 9) when compared to VDR in the absence 

and the presence of 1,25D (lanes 7 & 8 respectively).  These results are supported by a 

similar decrease in the pull down signal when β-catenin lysates are incubated with 

VDR-GST beads in the presence of LCA (compare lanes 11-13).  

Next, we observed that both 1,25D (10-7 M) and LCA (70 µM) were able to 

stimulate VDR-mediated transactivation (Fig. 11) of the CYP24 reporter vector in 

transfected Caco-2 cells (22-fold versus 8-fold, respectively).  However, overexpression 

of β-catenin (200 ng) resulted in a further augmentation of transcription by 1,25D-VDR 

(up to 30-fold) but not by LCA-VDR (Fig. 11, bars on right).  Thus, while both 1,25D 

and LCA can bind to and activate VDR, the level of transactivation elicited by 

LCA-VDR is attenuated and, unlike 1,25D-VDR, the LCA-VDR complex cannot employ 

β-catenin as an efficient coactivator for transcriptional stimulation of VDRE-controlled 

genes such as CYP24. 
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Figure 11:  Effect of VDR ligands and β-catenin on VDR mediated transactivation.  

WT VDR was transfected into Caco-2 cells along with the indicated amount of 

β-catenin, human CYP24 promoter-luciferase reporter and renilla plasmid.  Cells 

were treated with ethanol vehicle, 10-7 M 1,25D, or 70 µM LCA prior to luciferase 

assay.  VDR-mediated transactivation was measured as firefly luciferase output, and 

then normalized as in Figure 10.  Error bars indicate standard deviation. 
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To further address the potential modulatory effects of 1,25D and LCA on the 

interaction of VDR and β-catenin, we utilized the mammalian two hybrid system.  These 

experiments were conducted in transfected Caco-2 cells treated with ethanol vehicle, 

1,25D or 70 µM LCA.  Figure 12 demonstrates that in the presence of 1,25D, the 

interaction of VDR and β-catenin is increased 12-fold, while LCA increases 

VDR-β-catenin association by 8-fold (compare the 3 bars at far right), thus LCA-VDR is 

35% less effective than 1,25D-VDR in binding to β-catenin in the context of the 

mammalian two-hybrid system. 
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Figure 12:  Mammalian two hybrid assay utilizing Caco-2 cells to assess the effect of 

1,25D and LCA on the interaction of VDR and β-catenin. 

Representative graph of three independent experiments with samples in triplicate in 

each experiment.  Caco-2 cells were transfected with VDR prey, β-catenin bait, and 

then treated with vehicle, 10-8 M 1,25D or 70 µM LCA.  Cells were then lysed and 

subjected to luciferase assay.  VDR and β-catenin interaction was measured as 

firefly luciferase output (RLUs).  Error bars indicate standard deviation. 

 



98 

 

To determine if the 1) observed enhancement of the interaction between VDR and 

β-catenin in the presence of 1,25D, and 2) the less efficient stimulation of VDR-β-catenin 

association in the presence of LCA has an effect on β-catenin transcriptional activity we 

utilized the TOPFlash assay.  The TOPFlash vector contains a TCF/LEF driven luciferase 

reporter gene to measure β-catenin transcriptional activation.  These experiments were 

optimized in HT29 cells.  A significant dose-dependent suppression (ranging from a 1.5 

fold to a 5-fold attenuation) of β-catenin transcription was evident with increasing 

amounts of VDR in the presence of 10-9 M 1,25D confirming and extending previous 

reports on the effect of 1,25D in the TOPFlash assay (77, 128, 138) (Fig. 13).   
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Figure 13:  TOPFlash assay measuring the effect of VDR on β-catenin 

transcriptional activity. 

Representative graph of three independent experiments with samples in triplicate in 

each experiment.  HT29 cells were transfected the indicated amounts of F/M4 VDR, 

as well as human β-catenin and the TOPFlash vector.  Cells were treated with 

vehicle or 10-9 M 1,25D for 24 hours prior to cell lysis and luciferase assay.  

Transcriptional activity was measured as firefly luciferase light output.  Error bars 

indicate standard deviation. 
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We next determined the effect of LCA on β-catenin transcriptional activity and 

compared LCA and 1,25D directly in the same experiment.  Caco-2 cells were 

transfected and treated with vehicle, 1,25D or LCA as described in the legend to Figure 

13.  This experiment demonstrates that in Caco-2 cells (Fig. 14) there is a potent 1,25D- 

and VDR-dependent suppression of β-catenin transcriptional activity similar to that 

observed in HT29 cells (Fig. 13).  Significantly, in the presence of LCA and 25 ng of 

transfected VDR plasmid there is no significant suppression of β-catenin activity 

compared to a 43% inhibition with 1,25D (Fig. 14, middle set of bars).  At higher levels 

of transfected VDR (150 ng), LCA-VDR is only modestly effective in suppressing 

β-catenin activity (30% inhibition), while 1,25D-VDR is very effective (97%) in the 

inhibition of β-catenin transactivation.  The results of Figures 11, 12, 13 & 14 indicate 

that 1,25D and LCA likely differ in their interaction with VDR potentially via the 

creation of distinct receptor conformations upon binding, with 1,25D-VDR being more 

effective than LCA-VDR in binding co-factors and neutralizing β-catenin; results 

supported by our previous studies with LCA-VDR (93).   
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Figure 14:  Effect of 1,25D and LCA on β-catenin transcriptional activity in a 

TOPFlash assay. 

Representative graph of three independent experiments with samples in triplicate.  

Caco-2 cells were transfected with F/M4 VDR, TOPflash vector, and β-catenin.  

Cells were treated with vehicle, 10-8 M 1,25D or 70 µM LCA and β-catenin 

transcriptional activity was measured as firefly luciferase output.  Error bars 

indicate standard deviation. 
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Ligand Mediated Suppression of β-catenin Target Genes 

In order to determine if the observed suppression of β-catenin transcriptional 

activity by VDR in the TOPFlash assay is biologically relevant, we next assessed whether 

VDR acts to suppress β-catenin target genes such as MYC and Dickkopf-4 (DKK-4) 

(178).  For these studies we utilized real time polymerase chain reaction (RT-PCR) 

specific for MYC or DKK-4.  Initial studies were conducted in HT29, HT29-APC and 

Caco-2 cells with the target gene MYC.  HT29 and HT29-APC cells proved difficult to 

consistently transfect causing results which were difficult to reproduce.  Caco-2 cells 

were more readily transfected and thus were utilized for subsequent experiments.  Figure 

15 demonstrates that MYC is upregulated 30-50% in the presence of 1,25D when 

compared to the absence of 1,25D although no difference was noted between the cells 

that receive no exogenous VDR and the cells that received transfected VDR.   
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Figure 15:  Upregulation of MYC with 1,25D treatment in Caco-2 

Representative graph of results found in six similar independent experiments.  

Caco-2 cells were transfected with the indicated amounts of VDR and treated with 

ethanol vehicle or 10-8 M 1,25D.  RNA was extracted from cells and cDNA prepared 

for use in real time PCR.  All samples were normalized to a GAPDH endogenous 

control and individual treatment groups calibrated to the vehicle treated group for 

that VDR transfection level. 
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Previous work demonstrates the downregulation of DKK-4 in Caco-2 cells after 

treatment with 1,25D and further demonstrates DKK-4 is a target of β-catenin (179).  

Caco-2 cells were transiently transfected with VDR empty vector or VDR and treated 

with ethanol vehicle, 1,25D or LCA.  Figure 16 demonstrates that Caco-2 cells 

transfected with VDR and treated with 1,25D have 51-55% lower expression levels of 

DKK-4 than cells which did not receive 1,25D.  Furthermore, cells transfected with the 

DNA-binding mutant VDR [a VDR mutant with a deletion that results in loss of VDRE 

binding, data not shown (180)] demonstrated similar DKK-4 expression as cells 

transfected with wild-type VDR.  The mutated VDR was utilized to rule out the 

possibility of VDR and β-catenin directly inhibiting DKK-4 expression by binding to the 

promoter.    Cells treated with LCA did not display significant suppression of DKK-4.  In 

conclusion, Figure 16 demonstrates that 1,25D-VDR likely interacts with and suppresses 

β-catenin transcriptional activity, thus resulting in the inhibition of an endogenous 

β-catenin target gene in the context of the natural chromatin environment, while 

LCA-VDR does not participate in β-catenin neutralization to affect expression of DKK-4.  
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Figure 16:  Quantitative RT-PCR to evaluate the effect of 1,25D and LCA on DKK-4 

expression in Caco-2.   

Cells were transfected with 0 ng, 600 ng wild-type VDR, or 600 ng DNA-binding 

mutant VDR, and treated with either vehicle or 10-7 M 1,25D (bars left of dashed 

line), or with vehicle, 10-7 M 1,25D, or 70 µM LCA ( bars right of dashed line) 24 

hours prior to RNA extraction.  PCR was performed using the Applied Biosystems 

7500 Fast.  Expression was normalized to GAPDH endogenous control.  Fold change 

was determined by comparing ligand treated samples to the vehicle treated sample 

for that transfection group.  The reference group is assigned a value of one. 

 



106 

 

APC Enhances the Interaction of VDR and β-catenin 

The work of Palmer et al. (77), suggests that the VDR/β-catenin interaction in the 

presence of 1,25D occurs independently of full length APC protein.  Because of the 

critical function of APC as a tumor suppressor to sequester β-catenin from the nucleus 

and its common and early loss in colorectal cancers, we sought to better understand the 

VDR-β-catenin interaction in the context of cellular APC status.  For these experiments 

we used a mammalian two hybrid system with HT29-APC cells which contain truncated 

endogenous APC and a stably expressed, zinc inducible full length APC plasmid under 

the control of a metallothionein promoter (116). When compared to the vehicle controls, 

HT29-APC cells treated with 1,25D showed an 85% increase in β-catenin-VDR 

interaction in the absence (Fig. 17, compare first and second bars) and a 179% increase in 

the presence of induced full length APC (Fig. 17, compare third and fourth bars).  These 

results are consistent with Figure 11 which also demonstrated a 1,25D-enhanced 

interaction between VDR prey and β-catenin bait proteins in a Caco-2 mammalian two 

hybrid assay, as well as previous studies showing a hormone-dependent interaction 

between VDR and β-catenin independent of APC (128).  Moreover, treatment with 150 

µM zinc (modest induction of full length APC) significantly enhanced the interaction of 

VDR and β-catenin over those groups that did not express full-length APC, both in the 

absence (Fig. 17, compare first and third bars) and presence of 1,25D (Fig. 17, compare 

second and fourth bars), with the latter comparison (second and fourth bars) representing 

the greater increase in VDR binding to β-catenin (+1,25D/+APC,126% increase).  Thus, 
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both 1,25D and APC serve to enhance the interaction between VDR and β-catenin, with 

the greatest stimulation observed when both modulators are present. 

 

 

Figure 17:  Effect of 1,25D and APC on the interaction of VDR and β-catenin in a 

mammalian two hybrid system. 

A mammalian two hybrid assay was utilized in HT29-APC inducible cells to assess if 

VDR and β-catenin interact within an intact cell in the presence and absence of full 

length APC.  HT29-APC cells were transfected with VDR prey, β-catenin bait, and 

renilla plasmids and then treated with vehicle or 10-8 M 1,25D as well as vehicle or 

150 µM zinc chloride (to induce full length APC).  Cells were then lysed and 

subjected to luciferase assay.  Interaction was measured as firefly luciferase output.  

Firefly output numbers were normalized using a firefly/renilla ratio to control for 

transcription efficiency.  Percent change in the firefly/renilla ratio was determined 

by comparing all groups to the -APC(-Zn)/+1,25D group.  This reference group is 

assigned a value of 100%.  Error bars indicate standard deviation.  * P = 0.016 when 

comparing the –APC and +APC groups which received 1,25D. 
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Next, to confirm that full length APC protein was induced by 150 µM zinc in the 

mammalian two-hybrid experiments (Fig. 17), we subjected lysates of HT29-APC cells 

treated with vehicle, 150 µM and 300 µM zinc to western blotting with anti-APC 

antibody.  As expected, untreated lysates (Fig. 18, lane 1) had no induction of full length 

APC protein.  Lysates from cells treated with 150 µM (lane 2) showed modest induction 

of full length APC while lysates from cells treated with 300 µM (lane 3), revealed the 

strongest signal for full length APC.  HCT-116 cell lysates which contain endogenous 

full length APC were included as positive control (lane 4). 

 

 

 

Figure 18:  Western blot of APC protein demonstrating that the addition of zinc 

chloride to HT29-APC cells induces full length APC protein. 

Western blot of HT29-APC cell lysates treated with zinc.  HT29-APC cells were 

treated with vehicle, 150 µM zinc chloride or 300 µM zinc chloride (lanes 1, 2 and 3, 

respectively) and allowed to incubate overnight prior to lysis.  Lysates were then 

subjected to western blotting, using a chemiluminescence detection system and then 

exposed to film.  HCT-116 cell lysates were used as an APC positive control (lane 4). 
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To rule out non specific effects of zinc, we used HT29-βgal cells containing a 

stably integrated β-galactosidase plasmid under the control of the metallothionein 

promoter.  For the purposes of comparing between the +1,25D hormone groups, the 

-βgal(-Zn)/+1,25D treatment group served as the reference group against which all 

samples were compared.  When the mammalian two hybrid experiments were repeated in 

the HT29-βgal cells, a 62% increase in VDR-β-catenin interaction was observed in the 

presence of 1,25D in the cells not treated with zinc (Fig. 19; first and second bars; similar 

to that detected in HT29-APC cells, Fig. 17), but there was no significant effect of 1,25D 

on the interaction in the zinc treated cells (Fig. 19, compare third and fourth bars).  The 

mechanism for this attenuation of VDR-β-catenin interaction in the presence of 1,25D 

and zinc (only in the HT29-βgal cells) is unknown, but the important point is that the 

presence of zinc alone did not increase the interaction of VDR and β-catenin in the cells 

treated with zinc and 1,25D when compared to the cells treated with zinc, vehicle and 

1,25D (compare second and fourth bars). Therefore, we conclude that the increased 

interaction in VDR and β-catenin observed in the presence of 1,25D and full length APC 

is due to the presence of full length APC and not due to the zinc inducing agent. 
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Figure 19:  Effect of 1,25D and β-galactosidase on the interaction of VDR and 

β-catenin in a mammalian two hybrid system. 

HT29-βgal cells were transfected with VDR prey, β-catenin bait, and renilla 

plasmids and then treated with vehicle or 10-8 M 1,25D as well as vehicle or 150 µM 

zinc chloride (to induce β-galactosidase).  Cells were then lysed and subjected to 

luciferase assay.  Interaction was measured as firefly light output.  Firefly light 

output numbers were normalized using a firefly/renilla ratio to control for 

transfection efficiency.  Percent change in the firefly/renilla ratio was determined by 

comparing all groups to the –βgal(-Zn)/+1,25D reference group which is assigned a 

value of 100%.  Error bars indicate standard deviation. 

 



111 

 

To determine if the observed enhancement of the interaction between VDR and 

β-catenin in the presence of intact APC has an effect on β-catenin transcriptional activity 

either in the presence or absence of 1,25D, we then utilized the TOPFlash assay (Fig. 20).  

We again measured a significant 50% suppression of β-catenin transcriptional activity in 

the presence of 1,25D with VDR in the absence of full length APC (compare first and 

second bar), and a 70% suppression in the presence of VDR and full length APC 

(compare first and fourth bar) when both groups are compared to the –APC, 0 ng VDR 

reference group.  We observed a statistically significant and reproducible 20% decrease 

in β-catenin transcriptional activity in the presence of 1,25D-VDR plus full length APC 

when compared to 1,25D-VDR in the absence of full length APC (Fig. 20, compare 

second and fourth bars).  A modest induction of APC (150 µM zinc chloride treatment) 

was utilized to allow detection of the additive effect of 1,25D-VDR mediated suppression 

of β-catenin transcriptional activity.  The FOPFlash control assay displayed no significant 

β-catenin transcriptional activity (Fig. 21).  As in our previous study, we ruled out 

independent effects of zinc by repeating these same experiments in HT29-βgal cells.  

Again, there was no demonstrable effect of the zinc treatment on β-catenin transcriptional 

activity (see Fig. 25).  Therefore, we conclude that the observed 20% additional 

suppression of β-catenin transcriptional activity in the presence of full length APC is due 

to the presence of intact APC and not due to the zinc inducing agent. 
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Figure 20:  Functional effect of full length APC on β-catenin transcriptional activity 

in a TOPFlash system. 

F/M4 VDR was transfected into HT29-APC cells along with a TOPflash vector and 

renilla plasmid.  Cells were treated with ethanol vehicle or 10-9 M 1,25D as well as 

vehicle or 150 µM zinc chloride prior to lysing and luciferase assay.  Transcriptional 

activity was measured as firefly luciferase light output and the firefly values 

normalized by calculating fold effects via a +1,25D/-1,25D ratio.  Fold transcription 

was determined by comparing the +1,25D/-1,25D ratio of each VDR group to the 

reference group of 0 ng VDR and no full length APC.  The reference group is 

assigned a value of one.  Error bars indicate standard deviation.  * P < 0.001 when 

comparing the –APC and +APC groups which received 1,25D. 
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Figure 21:  FOPFlash negative control of 1,25D effect on β-catenin transcriptional 

activity in HT29-APC cells 

Representative graph of two independent experiments.  F/M4 VDR was transfected 

into HT29-APC cells along with TOPFlash or FOPFlash vectors and renilla 

plasmid.  Cells were treated with ethanol vehicle or 10-9 M 1,25D prior to lysing and 

luciferase assay.  Transcriptional activity was measured as firefly luciferase light 

output and the firefly values normalized by calculating fold effects via a +1,25D/-

1,25D ratio.  Fold transcription was determined by comparing the +1,25D/-1,25D 

ratio of each VDR group to the reference group of 0 ng VDR and no full length 

APC.  The reference group is assigned a value of one.  Error bars indicate standard 

deviation.   
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FokI Polymorphism in VDR Affects Interaction with β-catenin  

In the studies presented above, we employed the common F/M4 allele form of the 

VDR gene.  Our previous studies indicated that the f/M1 VDR polymorphism, common 

in the population (0.39 allele frequency) (38, 181-184), exhibits a 3.2 fold and 2.1 fold 

reduced transcriptional activity compared to the F/M4 isoform at 10-9 M and 10-8 M 

1,25D treatment respectively.  We introduced the f/M1 VDR polymorphic variant into the 

TOPFlash assay to determine if the f/M1 variant differentially affects β-catenin 

transcriptional levels. For both the F/M4 and f/M1 forms of the VDR we observed a 

strong VDR dose-dependent suppression of β-catenin transcriptional activity in the 

presence of 1,25D (Fig. 22).  However, the F/M4 isoform demonstrated more efficient 

suppression of the TCF/LEF reporter (30-90% change with F/M4 versus 20-50% with 

f/M1) with lower inputs of VDR.  For these experiments we also utilized a mutated 

TCF/LEF site containing luciferase reporter gene assay (FOPFlash) as a negative control.  

No significant β-catenin transcriptional activity was observed with the FOPflash assay 

(Fig. 23). 
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Figure 22:  Effect of M1/M4 variants on β-catenin transcriptional activity in a 

TOPflash system. 

Varying amounts of exogenous f/M1 and F/M4 VDR were transfected into HT29 

parental cells along with a TOPFlash vector and renilla plasmids.  Cells were 

treated with ethanol vehicle or 10-9 M 1,25D prior to lysing and luciferase assay.  

Transcriptional activity was measured as luciferase light output and normalized by 

utilizing a +1,25D/-1,25D ratio of the firefly output.  Fold transcription was 

determined by comparing the +1,25D/-1,25D firefly ratio of each VDR 

concentration to the reference group of 0 ng VDR for each isoform of VDR.  The 

two reference groups are assigned a value of one.  Error bars indicate standard 

deviation.  P < 0.002 for comparison of M1 vs. M4 in 100 ng VDR group.  P < 0.001 

for the comparison of M1 vs. M4 in both the 150 ng and 200 ng VDR groups. 
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Figure 23:  FOPFlash negative control of 1,25D effect on β-catenin transcriptional 

activity in HT29 cells 

Representative graph of four independent experiments.  Varying amounts of 

exogenous f/M1 or F/M4 VDR were transfected into HT29 cells along with a 

TOPFlash or FOPFlash vector and renilla plasmids.  Cells were treated with 

ethanol vehicle or 10-9 M 1,25D prior to lysing and luciferase assay.  Transcriptional 

activity was measured as luciferase light output and normalized by utilizing a 

+1,25D/-1,25D ratio of the firefly output.  Fold transcription was determined by 

comparing the +1,25D/-1,25D firefly ratio of each VDR concentration to the 

reference group of 0 ng VDR for each isoform of VDR.  The reference group is 

assigned a value of one.  Error bars indicate standard deviation.   
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We then repeated the above experiment in the HT29-APC cells to determine the 

effect of the FokI variants in the presence of full length APC and 1,25D on the 

suppression of β-catenin transcriptional activity (Fig. 24).  Consistent with Figure 22, 

1,25D-VDR(M1) is less effective at suppressing β-catenin compared to 1,25D-VDR(M4) 

in the absence of exogenous APC (30% versus 50% inhibition, respectively; compare 

second and third bars).  Significantly, in the presence of APC, the suppression by 1,25D-

VDR(M1) remains at 30% while β-catenin inhibition by 1,25D-VDR(M4) is significantly 

more pronounced (70%).  A modest induction of full length APC (150 µM) was utilized 

to allow detection of an additive effect of 1,25D-VDR on β-catenin transcriptional 

activity.  We ruled out independent effects of zinc by repeating these experiments in 

HT29-βgal cells with no differential effect of the zinc treatment (compare -βgal to +βgal) 

on β-catenin transcriptional activity (Fig. 25).  Therefore, we conclude that the ability of 

APC to enhance F/M4 VDR-mediated suppression of β-catenin transcriptional activity, 

but not f/M1 VDR-directed suppression, is due to the presence of intact APC and not due 

to the zinc inducing agent. 
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Figure 24:  Effect of full length APC and M1/M4 variants on β-catenin 

transcriptional activity in a TOPflash system. 

150 ng of f/M1 and F/M4 VDR were transfected into HT29-APC cells with a 

TOPFlash vector and renilla plasmid.  Cells were treated with vehicle, 150 µM zinc, 

and/or 10-9 M 1,25D prior to lysing and luciferase assay.  Zinc is used to induce the 

expression of APC (see Fig. 18).  Transcriptional activity was measured as luciferase 

light output.  The firefly output was normalized as in Figure 22 and fold 

transcription determined by comparing the +1,25D/-1,25D ratio of each VDR group 

to the reference group of 0 ng VDR and no full length APC.  The reference group is 

assigned a value of one.  Error bars indicate standard deviation. 
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Figure 25:  Effect of β-galactosidase and M1/M4 variants on β-catenin 

transcriptional activity in a TOPFlash system. 

150 ng exogenous f/M1 and F/M4 VDR were transfected into HT29-βgal cells with a 

TOPFlash vector and renilla plasmid.  Treatments and transcriptional activity was 

determined as in Figure 24.   
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Discussion 

Effect of Ligands on VDR and β-catenin Interaction 

Extensive prior work supports 1,25D as a pro differentiation, anti-growth 

hormone in colorectal cancer cells (61, 63, 73, 75, 79, 80, 185); biologic effects that have 

been suggested to explain the observation that low vitamin D levels increase the risk of 

colorectal cancer.  Our results confirm a potent 1,25D enhanced physical interaction 

between VDR and β-catenin (28, 33) and demonstrate that this interaction results in 

functional suppression of β-catenin mediated transcription of a TCF/LEF reporter gene, 

as well as inhibition of an endogenous β-catenin target gene, namely DKK-4.  These 

results further strengthen the evidence that VDR, through a direct interaction with 

β-catenin in the presence of 1,25D, acts to modulate the Wnt signaling pathway in the 

colonocyte effectively functioning as a tumor suppressor.   

As a mechanism for bile acid carcinogenesis, we hypothesized that the association 

between the secondary bile acid lithocholic acid (LCA) and colorectal cancer risk may be 

partly mediated through attenuation of the VDR and β-catenin interaction.  Our GST pull 

down studies, two hybrid experiments, and TOPFlash results support a role for LCA in 

suppressing the potent 1,25D-stimulated  interaction between VDR and β-catenin.   LCA 

clearly disrupts the interaction between VDR and β-catenin in our GST pulldown 

experiments (Fig. 6), and is less effective than 1,25D in eliciting the physical interaction 

between VDR and β-catenin (Fig. 12).  Most significant is the demonstration that under 

conditions of moderate VDR expression, LCA-VDR is unable to inhibit β-catenin 

activity while 1,25D-VDR leads to significant suppression (Fig. 10).  Moreover, the 
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interaction of 1,25D-VDR with β-catenin not only neutralizes the ability of β-catenin to 

serve as a coactivator for TCF/LEF-driven target genes involved in proliferation, but also 

β-catenin is then able to serve as a VDR coactivator to boost VDRE-mediated 

transactivation by 1,25D-VDR, but not in the LCA-VDR-β-catenin complex (Fig. 10 & 

11).  Thus, LCA may be considered a partial agonist in that it is able to bind VDR, but 

with a lower affinity than 1,25D, and it endows the receptor with properties that are 

distinct from those of 1,25D-VDR.  Taken together, these results intimate that 1,25D 

shifts the balance of β-catenin in favor of VDRE target genes and away from TCF/LEF 

sites.  Consequently, differentiation, cell cycle regulation and apoptosis are favored.  In 

contrast, LCA shifts the balance of β-catenin in favor of target genes with TCF/LEF sites 

and away from VDRE target genes resulting in proliferation (Fig. 26).  Finally, the ability 

of 1,25D, but not LCA, to suppress DKK-4 (Fig. 16), a β-catenin target gene (178, 179) 

lends further support to our hypothesis for differential activity of 1,25D-VDR versus 

LCA-VDR.  Importantly, the effect of 1,25D in suppressing DKK-4 is enhanced in the 

presence of additional exogenous VDR, and a VDR mutant that can not bind to the 

VDRE can still suppress TOPFlash activity (data not shown) or DKK-4 (Fig. 16).  Taken 

together, these observations suggest that 1,25D-VDR inhibits DKK-4 expression, at least 

in part, via direct interaction with and neutralization of β-catenin.  Suppression of DKK-4 

by 1,25D-VDR has significant implication for colorectal cancer, as DKK-4 has been 

reported to be significantly upregulated in a series of 29 human colorectal tumor samples, 

with matched normal control tissue possessing undetectable expression (179).  In this 

work, there was also a reported inverse correlation between the expression of DKK-4 and 
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that of VDR (179).  Thus, even though DKK-4 has previously been considered a Wnt 

"antagonist" similar to the 1,25D-upregulated DKK-1 gene, the fact that DKK-4 is both 

targeted and upregulated by β-catenin, and is significantly elevated in colonic tumor 

tissue (179, 186) suggests that DKK-4 may in fact possess unique tumorigenic properties.  

In further support of this hypothesis, while DKK-1 is potently downregulated in human 

colon cancers (187, 188), upregulation of DKK-4 correlates with a more neoplastic 

phenotype because ectopic DKK-4 expression increases the migration and invasion 

properties of colon cancer cells, and conditioned media from DKK-4-expressing cells 

enhanced the capacity of human microvascular endothelial cells to migrate and form 

capillary-like tubules (179).  Thus, opposing regulation of DKK-1 and DKK-4 in colonic 

tissue by 1,25D-VDR may play a significant role in the molecular mechanism of 

chemoprotection by vitamin D. 

Although LCA mimics the action of 1,25D in the VDR-β-catenin interaction, our 

preliminary expression data suggest these ligands behave differently in the modulation of 

β-catenin target gene expression.  VDR-1,25D is capable of suppressing the β-catenin 

target gene DKK-4, while VDR-LCA does not alter DKK-4 expression.  Thus if LCA 

exerts its carcinogenic effect through VDR, it is likely due to differential modulation of 

target genes rather than the disruption of the VDR-β-catenin interaction.  Further study is 

needed to clarify this point.  We hypothesize that LCA acting as a low affinity ligand of 

VDR can also regulate cell growth and differentiation through its interaction with VDR; 
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therefore the observed carcinogenic effects of LCA likely occur through VDR 

independent pathways. 

 

VDR AF-2 Domain Important for VDR-β-catenin Interaction 

VDR contains a highly conserved ligand binding domain (62, 64, 66, 67) which 

includes the activating function (AF-2) region (68).  The AF-2 domain recruits co-

modulators (62) and contains two highly conserved amino acids, leucine 417 and 

glutamate 420,  which are required for 1,25D dependent interaction between VDR and 

co-activators (71, 72).  The present data support previous reports from our (138) and 

other laboratories (77, 128) that VDR, when bound to 1,25D, utilizes β-catenin as a 

coactivator of VDRE dependent transcriptional activity  and additionally demonstrates a 

dose dependent effect of β-catenin on VDRE transcriptional activity.  Furthermore, our 

data reveal that β-catenin cannot be used as a coactivator of VDRE transcriptional 

activity when VDR amino acid 420 in the AF-2 domain is mutated from a glutamate to an 

alanine.  Taken together, this suggests that amino acid 420 of the VDR AF-2 domain is 

necessary for VDR to interact with β-catenin as a co-activator of VDR target genes and 

unlike the previous results of Shah et al. (128) where excess β-catenin appeared to 

compensate for the more likely structurally and functionally conservative E to Q 

substitution at amino acid 420, the presence of alanine at 420 completely abrogated VDR 

function even in the presence of excess amounts of β-catenin.  Therefore, in the context 

of Caco-2 cells, overexpression of β-catenin does not compensate for the presence of an 

E420 mutation in VDR.  Finally, unlike wild-type VDR, E420A VDR cannot mediate 
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1,25D-dependent suppression of TOPFlash activity in Caco-2 cells, further suggesting 

that E420 is required for β-catenin-VDR interaction (data not shown). 

 

Differential Suppression of β-catenin Transcriptional Activity by FokI Variants  

In previous work by our group, we reported that the presence of the VDR FokI 

polymorphism affects the interaction of VDR with TFIIB (3).  Here our novel results 

reveal that while both VDR isoforms are capable of suppressing β-catenin transcriptional 

activity, the VDR f/M1 isoform is less efficient than the VDR F/M4 at sequestering 

β-catenin from TCF/LEF binding sites, with F/M4 suppressing β-catenin transcriptional 

activity 3.4 fold better than f/M1.  This difference was statistically significant and most 

evident when 1,25D was limiting.  These results are consistent with our earlier work 

showing that the common f/M1 variant allele exhibits lower functional activity. 

Numerous epidemiological studies have been conducted to evaluate the role of the 

common functional FokI polymorphism in VDR as a heritable risk factor for colorectal 

neoplasia with variable findings across studies (38, 40, 42, 47-50, 52, 189-191).  The 

results herein suggest that the VDR FokI allelic variants differ in their activity in a 

manner that is dependent on available ligand.  Measures of circulating levels of 

25(OH)D3 (25D) or 1,25D have been studied as potential effect modifiers of the 

polymorphic associations in few genetic epidemiologic studies of VDR polymorphisms 

and colorectal cancer risk. While Grau et al. (48) found no significant interaction between 

25D levels and VDR, in another study by Peters et al. (50), a non-significant ~30% 

reduction in odds of colorectal adenoma was observed with every 10ng/ml increase in 
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25D among carriers of any F/M4 allele.  In contrast, homozygous carriers of the lower 

activity f/M1 allele only had ~4% reduction in odds of colorectal adenoma compared to 

genotype matched controls (7).  In this same study, carriage of the F/M4 only conferred a 

modest non-significant protective trend when evaluated independently of 25D levels (7). 

 While the Peters et al. study is underpowered to capture a significant gene by hormone 

multiplicative interaction, it does suggest that inconsistencies across epidemiologic 

studies may in part be explained by lack of information on measured 25D levels; an 

important modifier of individual risk.   Collectively, these data suggest that vitamin D 

levels may modify the expression of the colorectal cancer risk differentially among the 

two functionally distinct allelic variants, a conclusion that is supported by observed 

increased risk of colorectal cancer with the f/M1 allele when environmental factors 

thought to modify available 25D levels, such as poor diet and high body mass index 

(BMI), are considered (8, 43, 44).  

 

APC Enhances VDR-β-catenin Interaction 

An extensive body of work has established APC as a major regulator of β-catenin 

in the Wnt signaling pathway.  More recent efforts, including those herein, demonstrate a 

potentially important role for VDR as a regulator of β-catenin cellular activity (77, 125, 

128).  Given the common loss of APC in colorectal cancers and our interest in the 

potential association between tissue availability of 1,25D and colorectal cancer risk, we 

asked whether or not VDR was equally potent in the absence and presence of APC in 

redirecting β-catenin to VDRE elements and inhibiting transcription from TCF/LEF 
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promoter elements.  We found VDR inhibition of β-catenin mediated TCF/LEF 

transcription, while not dependent on APC as shown by Palmer et al. (77), was 

statistically significantly enhanced in the presence of full length wildtype APC protein.  

While the mechanism of APC enhancement on the interaction between VDR and 

β-catenin is currently unknown, these data warrant additional investigation as they 

suggest that APC may form a complex with VDR and β-catenin in the presence of 1,25D 

and/or facilitates the transfer of β-catenin to VDR bound to 1,25D.  Interestingly, the 

presence of the VDR F/M4 ‘high activity’ isoform, but not the VDR f/M1 isoform, 

exhibited greater suppression of β-catenin activity in the presence of full length APC 

protein.  The apparent resistance of the VDR f/M1 isoform to the enhancing effect of 

APC may be due in part to differences in the amino acid sequence at the N-terminus of 

the two VDR isoforms, and additional work will be needed to determine if the shorter 

F/M4 variant, because of its structure, has a greater ability to interact with, or be 

secondarily enhanced by, the presence of intact APC.  While additional studies are 

required to identify the underlying mechanism of the observed enhancing effects of APC 

on the inhibitory action of VDR on β-catenin mediated transactivation, these results 

implicate a novel cross talk between APC and VDR in the regulation of β-catenin activity 

and consequently VDR effects on β-catenin target genes.   

 

Assay Limitations 

The mammalian two hybrid system used to test the interaction between VDR and 

β-catenin is limited for testing the role of APC in the VDR and β-catenin interaction in 
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the presence of the FokI isoforms.  This is due to the presence of the polymorphism at the 

N-terminus of the VDR protein where the mammalian two hybrid bait or prey fusion 

protein is also located.   

Caco-2 cells are resistant to transforming growth factor β (TGF-β) signaling (192) 

which is responsible for the activation of SMAD proteins such as SMAD3, which acts as 

a VDR co-activator (193).  Yanagi et al. found the presence of SMAD7 inhibited the co-

activating effects of Smad3 on VDR activity (193), thus dysregulation of SMAD proteins 

in Caco-2 cells could affect VDR activity.  As a result, although VDR and β-catenin 

interacted and suppression of β-catenin transcriptional activity was observed in 

mammalian two-hybrid and TOPFlash assays, the effect of this SMAD dysregulation 

could disrupt the expected suppression of β-catenin target genes such as MYC and 

CCND1 due to the inability of VDR to activate anti-proliferative target genes.  

Furthermore, the high endogenous levels of β-catenin may be difficult for VDR-1,25D to 

adequately sequester resulting in negligible or inconsistent changes in target gene 

expression. 

 

Conclusions and Future Directions 

In conclusion, the interaction of VDR with β-catenin is differentially affected by 

the binding of VDR to its ligands, 1,25D and LCA.  In addition, APC significantly 

enhances both the interaction of VDR and β-catenin and suppression of β-catenin 

transcriptional activity in the presence of 1,25D.  Furthermore, differential interaction of 

the VDR FokI  isoforms with β-catenin has significant implications on the ability of VDR 
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to regulate β-catenin and thus to impact tumorigenesis of cells.  Our work provides a 

molecular mechanism which explains the epidemiological findings that carriers of the 

VDR f/M1 isoform are at increased risk of colorectal cancer (52, 189-191).  

Understanding the mechanism of action of APC and the VDR FokI polymorphism on the 

risk of colorectal cancer is significant because it will help clinicians assess patient risk of 

developing colorectal cancer as well as determine appropriate preventive intervention 

therapies. 

Additional studies will need to be conducted in order to determine the effect of 

the FokI polymorphism on the interaction of VDR with mutated β-catenin.  Studies also 

will be required to evaluate the cellular localization of APC, VDR and β-catenin in the 

presence and absence of 1,25D and LCA.  Furthermore, the association between APC 

polymorphisms and risk of colorectal adenoma and carcinoma needs exploration.  

Nonetheless, the results presented herein enhance our understanding of the molecular 

crosstalk between APC, VDR and β-catenin signaling, and could have significant clinical 

implications in the development and administration of chemopreventive therapies for 

colorectal cancer. 
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V.  APC POLYMORPHISMS AND RISK OF METACHRONOUS ADENOMA 

 

Portions of this chapter have been published in Cancer Research (2008) under the title, 

“Presence of a TA Haplotype in the APC Gene Containing the Common 1822 

Polymorphism and Colorectal Adenoma” and includes Tables 14, 15, 18, 19, and 20. 

 

Introduction 

Germline and somatic mutations in adenomatous polyposis coli (APC), a tumor 

suppressor gene, are common in familial and sporadic forms of colorectal cancer, 

respectively (2).  In addition, APC is an important component of the Wnt signaling 

pathway which becomes dysregulated in many cancers particularly common colorectal 

tumors.  As such, acquired or inherited mutations in the APC gene are recognized as 

major determinants of colorectal cancer risk.   

Under wildtype conditions, APC forms a complex to coordinate β-catenin 

degradation (94, 194).  In the majority of colorectal tumors, mutated APC is unable to 

interact effectively with β-catenin (7) resulting in nuclear accumulation of β-catenin and 

activation of key proliferation genes as a common early event in colon carcinogenesis 

(77, 94, 128).  However, unlike the well-characterized pathogenic germline mutations in 

APC and MutY homologue genes found in classic familial adenomatous polyposis (FAP), 

the consequences of common allele variants in APC in relation to colorectal adenoma or 

cancer risk are less clear.   
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Studies of rare APC SNPs such as an isoleucine to lysine substitution at codon 

1307 have been associated with increased risk of colorectal cancer among individuals of 

Ashkenazi Jewish descent (139, 140).  However, results from other studies are less 

informative and may be the result of population specific effects due to a higher frequency 

of I1307K among Ashkenazi Jews than other populations(139, 146, 148) (143, 149, 150).  

Investigations into another rare variant in the  APC gene which results in a glutamic acid 

to glutamine substitution at codon 1317 have also been inconsistent but generally indicate 

a role for low-penetrance variants of APC and colorectal carcinogenesis (146).  A more 

commonly occurring aspartic acid (D) to valine (V) polymorphic variant at codon 1822 

has not clearly emerged as a risk conferring allele (156-158) although studies of gene by 

environment interaction suggest that dietary fat (156) or hormone replacement therapy 

(157) may affect risk.   

While a handful of studies have measured individual polymorphisms in the APC 

gene and risk for colorectal adenoma and colorectal cancer risk, including those 

highlighted above, there has been no investigation of the role of common APC haplotypes 

and colorectal adenoma or cancer risk, which might explain the mostly inconsistent 

observations.  Cui et al., investigated the role of APC haplotypes and risk of 

schizophrenia.  Building on the hypothesis that high activity APC in the brain confers risk 

for schizophrenia and might explain the previously observed lower cancer risk among 

patients with schizophrenia (166, 195, 196), Cui et al., reported that the carriage of a 

CAT haplotype of APC SNPs derived from variants that altered codons 486, 1678, and 

1960 was elevated among subjects with schizophrenia.  Cui et al., concluded that the high 
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prevalence of the CAT haplotype might reflect higher APC activity and explain the 

observed, but as yet unexplained, lower risk of cancer among these individuals (166, 195, 

196).  As yet, no functional studies have been conducted to specifically address the 

influence of these allelic variations on protein stability or activity.  If present in linkage 

with each other or other unstudied polymorphisms, then the sequence content of APC 

alleles (i.e. haplotype) may explain, in part, study-to-study inconsistencies.   

Overall, the associations between APC polymorphisms and colorectal neoplasia 

remain unresolved.  No studies to date have reported on the contextual importance of co-

carriage of these SNPs and their role as genetic risk factors for sporadic colorectal 

cancers or for adenoma.  The purpose of this study was to investigate the association 

between APC polymorphisms that influence codons 486, 1678, 1822, 1960 and 2502 and 

metachronous colorectal adenomas with emphasis on the association between commonly 

occurring APC exonic SNPs and risk of advanced, large tubulovillous/villous lesions.     

 

Results 

Baseline characteristics of the genotyped participants with a history of adenoma 

used in the pooled analyses of metachronous adenoma are presented in Table 13.  The 

observed frequency of the genotyped SNPs in APC were similar to those expected for a 

European-Caucasian population (Table 14) and thus, do not indicate a bias in their 

distribution in subjects with a history of colorectal adenoma. 
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Table 13:  Baseline characteristics of the Pooled Population, WBF and UDCA 
Characteristics Pooled WBF URSO 
Demographics n = 1452 n = 618 n = 834 
 Mean age, y  (SD) 66.12 ± 8.34 66.06 ± 8.24 66.16 ± 8.42 
 Gender, male, n (%) 939 (67.12) 385 (65.92) 554 (67.98) 
 Race, white, n (%) 1315 (94.81) 561 (96.06) 754 (93.90) 
Mean dietary intake    
 Energy, kcal/day (SD) 1965.84 ± 778 1916.78 ± 697.69 2001 ± 829.42 
 Total fat, g/day (SD) 66.12 ± 31.26 67.39 ± 29.36 65.22 ± 32.54 
 Total fiber, g/day (SD) 22 ± 10.42 22.22 ± 9.75 21.83 ± 10.87 
 Alcohol, g/day (SD) 8.04 ± 15.94 7.83 ± 17.59 8.18 ± 14.66 
 Total calcium, mg/day (SD)* 945.03 ± 431.49 896.18 ± 372.85 980.04 ± 466.11 
Non-dietary characteristics    
 Mean BMI (SD)† 27.42 ± 4.39 27.30 ± 4.09 27.50 ± 4.60 
 Aspirin use, yes, n (%)‡ 400 (28.59) 169 (28.94) 231 (28.34) 
 Current smoker, yes, n (%) 163 (11.81) 70 (11.99) 93 (11.68) 
 Family history of colorectal 

cancer , yes, n (%)*, § 325 (23.23) 103 (17.64) 222 (27.24) 
 Previous polyps (yes) n(%)|| 567 (43.62) 217 (41.02) 350 (45.40) 
 Mean number of 

colonoscopies (SD)¶ 1.76 ± 0.84 1.80 ± 0.86 1.73 ± 0.82 
 Any adenoma recurrence, 

yes, n (%)*, **  632 (45.18) 295 (50.51) 337 (41.35) 
 Advanced adenoma 

recurrence, yes, n(%)*, †† 202 (20.85) 96 (24.94) 106 (18.15) 
Baseline adenoma characteristics   
 Number (SD) *, ‡‡ 1.67 ± 1.08 1.80 ± 1.29 1.57 ± 0.90 
 Location, proximal, n (%)* 420 (30.17) 146 (25.22) 274 (33.70) 
 Histology, villous, n (%) 280 (20.11) 113 (19.52) 167 (20.54) 
 Size, large, n (%)§§ 589 (42.28) 252 (43.52) 337 (41.40) 
* p ≤ 0.05 between WBF & UDCA as determined by students t-test for continuous 

variables and by χ2 for categorical variables 
† Body mass index (kg/m2) 
‡ Regular use of aspirin in the previous month 
§ History of colorectal cancer in parent or sibling 
|| History of polyps before qualifying colonoscopy 
¶ Number of colonoscopies after qualifying procedure 
** Presence of polyps after qualifying colonoscopy 
†† Advanced adenoma includes diameter of 10mm or more, high grade dysplasia, villous 

or tubular villous histology or cancer 
‡‡ Total number of adenomas 
§§ Large adenoma denotes lesions of 10mm or more in diameter 
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As shown in Table 15, each SNP was analyzed to determine if there was a main 

effect of each on the odds of any, advanced or non-advanced metachronous adenoma 

independent of information at the other SNPs.  We found no significant association 

between any individual SNP and any metachronous lesion, nor was a relationship 

observed when lesions were stratified into non-advanced or advanced lesion categories. 

 

Table 14:  Characteristics of Selected Single Nucleotide Polymorphisms 

dbSNP 
rs 

number 
Common 

alias Nucleotide 

Amino 
acid 

change Exon 

Minor 
allele 

frequency* 

Minor allele 
frequency 
in pooled 

population 
2229992 C486 C→T None 13 0.392 0.41 
42427 C1678 A→G None 16 0.397 0.38 
459552 C1822 A→T D → V 16 0.225 0.23 
465899 C1960 T→C None 16 0.392 0.38 
2229995 C2502 C→T S → G 16 0.017 0.02 
* http://www.ncbi.nlm.nih.gov/SNP/ 
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Table 15:  Association Between Individual SNPs and Non-advanced, Advanced and Any Adenoma Recurrence in the 
Pooled Population 

SNP Genotype 
No 

recur 

Non-
advanced 

recur* 
Advanced 

recur† 
Any 

recur‡ 

OR non-
advanced recur§ 

(95% CI) 

OR advanced 
recur 

(95% CI) 
OR any recur**  

(95% CI) 
486 CC 270 138 76 214 1.00 1.00|| 1.00 

 CT 352 225 94 319 1.27 (0.96 - 1.69) 0.96 (0.67 - 1.38) 1.12 (0.87 - 1.45) 
 TT 145 67 32 99 0.80 (0.55 - 1.18) 0.77 (0.47 - 1.24) 0.72 (0.51 - 1.02) 

1678 AA 296 155 89 244 1.00 1.00¶ 1.00 
 AG 353 214 87 301 1.23 (0.93 - 1.62) 0.8 (0.56 - 1.14) 1.05 (0.82 - 1.35) 
 GG 118 61 26 87 0.93 (0.63 - 1.38) 0.66 (0.40 - 1.10) 0.78 (0.55 - 1.12) 

1822 AA 471 241 119 360 1.00 1.00|| 1.00 
 AT 254 164 69 233 1.23 (0.94 - 1.61) 1.04 (0.73 - 1.47) 1.16 (0.91 - 1.48) 
 TT 42 25 14 39 1.36 (0.79 - 2.36) 1.22 (0.63 - 2.37) 1.21 (0.74 - 1.99) 

1960 TT 294 152 89 241 1.00 1.00¶ 1.00 
 TC 354 217 87 304 1.26 (0.95 - 1.67) 0.8 (0.56 - 1.13) 1.07 (0.83 - 1.38) 
 CC 119 61 26 87 0.94 (0.63 - 1.39) 0.66 (0.39 - 1.09) 0.78 (0.55 - 1.12) 

2502 CC 738 409 195 604 1.00 1.00|| 1.00 
 TC 29 21 7 28 1.25 (0.66 - 2.38) 0.9 (0.37 - 2.19) 1.13 (0.62 - 2.06) 
 TT 0 0 0 0 --- --- --- 

* Non advanced adenoma includes adenomas <10mm, low grade dysplasia, non-villous histology 
† Advanced adenoma includes diameter of 10mm or more, high grade dysplasia, villous or tubular villous histology or cancer 
‡ Presence of polyps after qualifying colonoscopy 
§ Adjusted for:  age, BMI, calcium intake, gender, history of previous polyps, study, baseline number of adenomas 
|| Adjusted for:  age, BMI, aspirin use, gender, study, baseline adenoma size, baseline number of adenomas 
¶ Adjusted for:  age, BMI, gender, study, baseline adenoma size, baseline number of adenomas 
** Adjusted for:  age, BMI, gender, race, history of previous polyps, study; baseline adenoma size and number of adenomas 
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Initial multinomial haplotype analysis was conducted using two approaches.  

First, the haplotypes were analyzed by counting each chromosome independently, thus 

each individual was counted twice for analysis purposes (Table 16).  When all the SNPs 

were included in the haplotype, a TCACC haplotype (codons 486, 1678, 1822, 1960, and 

2502) demonstrated a significant 25% and 36% reduction in odds (OR, 0.75; 95% CI 

0.57 – 0.98 and OR, 0.64; 95% CI 0.44- 0.93) of non-advanced and advanced 

metachronous adenoma respectively when compared to a CTATC haplotype.  While 

counting each chromosome separately allows the different haplotypes to be compared to 

each other, there is the potential for inflation of any observed effect.   

 

Table 16:  Multinomial analysis of all SNPs counting chromosomes 

Haplotype* 
No 

recur 

Non-
advanced 

recur 
Advanced 

recur 

OR non-
advanced recur 

(95% CI) 

OR advanced 
recurrence  
(95% CI) 

CTATC 917 504 252 reference reference 
TCTCC 369 231 105 1.13 (0.92 - 1.40) 0.96 (0.72 - 1.27) 
TCACC 248 108 47 0.75 (0.57 - 0.98) 0.64 (0.44 - 0.93) 
TTATC 85 43 22 0.74 (0.48 -1.15) 0.91 (0.53 - 1.56) 
CTATT 33 26 7 1.58 (0.88 - 2.83) 0.82 (0.33 - 2.05) 
CCACC 26 19 2 1.01 (0.53 - 1.95) 0.25 (0.06 - 1.08) 
TTACC 3 6 1 4.09 (0.97 - 17.15) - 
TTTCC 2 1 0 1.11 (0.10 - 12.55) - 
CCTCC 3 0 0 - - 
CTTTC 1 0 2 - 7.27 (0.56 - 94.84) 
* Codons 486-1678-1822-1960-2502 

 

In order to avoid inflated results, the next analysis was conducted by comparing 

the haplotype copy number (197), with the presence of one or two copies of a particular 

haplotype compared to the absence of that particular haplotype (Table 17).  This allowed 
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each individual to be counted only once, and reduced the possibility of inflating any 

observed effect.  However, this method also prevented different haplotypes from being 

compared to each other.  When all the SNPs were present in the haplotype, a single copy 

of the CTATC haplotype conferred 41% increased odds (OR, 1.41; 95% CI 1.02 – 1.94) 

of non-advanced metachronous adenoma when compared to no copies of CTATC.  In 

contrast, two copies of the TCACC haplotype conferred a 79% reduction in odds of non-

advanced metachronous adenoma (OR, 0.21; 95% CI 0.05 – 0.92) when compared to no 

copies of TCACC. 
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Table 17:  Multinomial analysis of all SNPs counting individuals 

Haplotype 
Copy 

number 
No 

recur 
Non-advanced 

recur 
Advanced 

recur 
OR non-advanced 

recurrence (95% CI) 
OR advanced 

recurrence (95% CI) 
CTATC None 194 98 41 1.00 1.00 
 One 385 240 104 1.41 (1.02 -1.94) 1.42 (0.91 - 2.21) 
 Two 266 132 74 1.09 (0.77 - 1.56) 1.52 (0.95 - 2.43) 
TCTCC None 520 265 129 1.00 1.00 
 One 281 179 75 1.23 (0.95 - 1.59) 1.07 (0.75 - 1.51) 
 Two 44 26 15 1.33 (0.78 - 2.28) 1.12 (0.55 - 2.24) 
TCACC None 615 366 175 1.00 1.00 
 One 212 100 41 0.79 (0.59 - 1.06) 0.68 (0.45 - 1.03) 
 Two 18 4 3 0.21 (0.05 - 0.92) 0.41 (0.09 - 1.85) 
TTATC None 765 429 197 1.00 1.00 
 One 75 39 22 0.74 (0.47 - 1.18) 1.17 (0.67 - 2.03) 
 Two 5 2 0 0.49 (0.05 - 4.68) - 
CTATT None 812 444 212 1.00 1.00 
 One 33 26 7 1.58 (0.88 - 2.85) 0.85 (0.34 - 2.15) 
 Two - - - - - 
CCACC None 819 451 217 1.00 1.00 
 One 26 19 2 1.02 (0.53 - 1.97) 0.26 (0.06 - 1.14) 
 Two - - - - - 
TTACC None 842 464 218 1.00 - 
 One 3 6 1 3.94 (0.93 - 16.63) - 
 Two - - - - - 
TTTCC None 843 469 219 1.00 - 
 One 2 1 0 1.29 (0.11 - 14.89) - 
 Two - - - - - 
* Codons 486-1678-1822-1960-2502 
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After conducting preliminary analysis with both approaches, the benefit of 

comparing between haplotypes by counting chromosomes was determined to outweigh 

the benefit of non-inflated results from counting individuals.  Thus, final haplotype 

analysis was conducted using logistic regression with each chromosome counted 

separately, resulting in each individual being counted twice.  The associations between 

APC haplotypes and metachronous lesions are presented in Table 18.  In each analysis, 

the most common haplotype served as the referent group.  When all SNPs (Group 1) were 

included in the generation of the APC haplotypes (n=5 SNPs), a TGACC haplotype 

(codons 486, 1678, 1822, 1960, and 2502), occurring with a frequency of 0.13, was found 

to be associated with a statistically significant 27% reduction in odds of any 

metachronous adenoma, (OR, 0.73; 95% CI, 0.57 – 0.94); whereas a TAATC haplotype 

showed a similar but non-significant reduction in the odds of any metachronous lesion 

(OR, 0.69; 95% CI, 0.46 – 1.04) when also compared to the most common CAATC 

haplotype.   
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Table 18:  Association Between Haplotype and Any Adenoma 
Recurrence in the Pooled Population 

Haplotype No recur Any recur* 
OR any recur  

(95% CI)† 
Group 1:  codons 486-1678-1822-1960-2502 

CAATC 834 697 1 
TGTCC 333 308 1.05 (0.86 - 1.29) 
TGACC 227 147 0.73 ( 0.57 - 0.94) 
TAATC 78 58 0.69 (0.46 - 1.04) 
CAATT 29 28 1.06 (0.58 - 1.93) 
CGACC 25 19 0.74 (0.38 - 1.43) 

Group 2:  codons 486-1822 
CA 889 745 1 
TT 335 309 1.06 (0.87 - 1.29) 
TA 307 208 0.73 (0.59 - 0.91) 

Group 3:  codons 486-1678-1960 
CAT 863 727 1 
TGC 560 455 0.92 (0.77 - 1.09) 
TAT 78 58 0.69 (0.46 - 1.03) 
CGC 28 19 0.66 (0.35 - 1.25) 

Group 4:  codons 1678-1960-2502 
ATC 912 757 1 
GCC 588 474 0.93 (0.79 - 1.10) 
ATT 29 28 1.09 (0.60 - 1.98) 

* Presence of polyps after qualifying colonoscopy  
† Adjusted for:  age, BMI, aspirin use, gender, race, history of 

previous polyps, study, baseline number of adenomas, baseline 
adenoma histology, baseline adenoma size 

No recurrence is base outcome 
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Based on the apparent association of the T nucleotide at codon 486 and the A 

nucleotide at codon 1822 and lower odds of metachronous adenoma in the initial analysis 

of the Group 1 haplotype, we collapsed the haplotype analysis to include only the 

polymorphisms at codons 486 and 1822.  When collapsed, the TA containing haplotype 

(frequency = 0.19) was associated with a statistically significant decreased odds of any 

metachronous adenoma (OR, 0.73; 95% CI, 0.59 – 0.91), which was of equal magnitude 

to that observed for the TGACC and TAATC variants of Group 1.  We then explored 

whether the TA haplotype (codons 486 and 1822) had differential effects on non-

advanced and advanced lesions when present with all SNPs (Group 1) or in the truncated 

Group 2 haplotype (Table 19).  The TGACC haplotype was associated with, a 

statistically significant reduction in the odds for advanced adenomas (OR, 0.63; 95% CI, 

0.42 – 0.94) while this association was slightly attenuated for non-advanced lesions (OR, 

0.78; 95% CI, 0.59 – 1.03).  The collapsed TA Group 2 haplotype was associated with 

significantly reduced odds for non-advanced adenomas (OR, 0.74; 95% CI, 0.57 – 0.94), 

with a similar but non-statistically significant effect observed for advanced lesions (OR, 

0.76; 95% CI, 0.54-1.07).   
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Table 19:  Association Between Haplotype, Non-advanced and Advanced Adenoma Recurrence in the Pooled 
Population 

 No recur 
Non-advanced 

recur*  
Advanced 

recur† 
OR non-advanced recur  

(95% CI) 
OR advanced recur  

(95% CI) 
Group 1:  codons 486-1678-1822-1960-2502 
CAATC 834 462 235 1.00‡ 1.00|| 
TGTCC 333 213 95 1.12 (0.90 - 1.39) 0.93 (0.69 - 1.26) 
TGACC 227 105 42 0.78 (0.59 - 1.03) 0.63 (0.42 - 0.94) 
TAATC 78 37 21 0.58 (0.36 - 0.93) 1.04 (0.60 - 1.80) 
CAATT 29 21 7 1.22 (0.64 - 2.30) 0.65 (0.23 - 1.80) 
CGACC 25 17 2 0.94 (0.48 - 1.86) 0.28 (0.06 - 1.24) 
Group 2:  codons 486-1822 
CA 889 501 244 1.00§ 1.00¶ 
TT 335 214 95 1.11 (0.89 - 1.38) 0.95 (0.70 - 1.29) 
TA 307 145 63 0.74 (0.57 - 0.94) 0.76 (0.54 - 1.07) 
Group 3:  codons 486-1678-1960 
CAT 863 483 244 1.00‡ 1.00**  
TGC 560 318 137 0.97 (0.80 - 1.18) 0.81 (0.62 - 1.06) 
TAT 78 37 21 0.57 (0.36 - 0.93) 1.02 (0.59 - 1.76) 
CGC 28 17 2 0.84 (0.43 - 1.63) 0.25 (0.06 - 1.08) 
Group 4:  codons 1678-1960-2502 
ATC 912 499 258 1.00‡ 1.00§ 
GCC 588 335 139 1.01 (0.84 - 1.22) 0.77 (0.59 - 1.00) 
ATT 29 21 7 1.27 (0.67 - 2.39) 0.63 (0.23 - 1.74) 
* Non advanced adenoma includes adenomas <10mm, low grade dysplasia, non-villous histology 
† Advanced adenoma includes diameter of 10mm or more, high grade dysplasia, tubulovillous or villous histology, or cancer 

‡ Adjusted for age, BMI, calcium intake, gender, race, history of previous polyps, study; baseline number of adenomas, 
baseline adenoma histology 
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Table 19 cont.:  Association Between Haplotype, Non-advanced and Advanced Adenoma Recurrence in the Pooled 
Population 

§ Adjusted for:  age, BMI, calcium intake, gender, race, history of previous polyps, study, baseline number of adenomas, 
baseline adenoma size 

|| Adjusted for:  age, BMI, total fat intake, calcium intake, aspirin intake, gender, family history, history of previous polyps, 
study, baseline adenoma size, baseline number of adenomas, baseline adenoma location, baseline adenoma histology 

¶ Adjusted for:  age, BMI, aspirin use, family history, gender, race, history of previous polyps, study, baseline number of 
adenomas, baseline adenoma location, baseline adenoma size, baseline adenoma histology 

** Adjusted for:  age, BMI, total fat intake, calcium intake, aspirin intake, gender, family history, history of previous polyps, 
study, baseline adenoma size, baseline number of adenomas, baseline adenoma location, baseline adenoma histology 

No recurrence is base outcome 
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Initial analysis of haplotype copy number (Table 17) also indicated that two 

copies of the collapsed TA haplotype (codons 486 and 1822) provided a 64% and 81% 

reduction in odds of non-advanced (OR, 0.36; 95% CI, 0.16 – 0.80) and advanced (OR, 

0.19; 95% CI, 0.04 – 0.81) metachronous adenoma respectively.  To evaluate the effect 

of gene dose of the 486 and 1822 APC SNP variants on the outcomes of metachronous 

adenoma, we conducted an analysis of diplotypes restricted to the two highest interest 

SNPs (486 and 1822) used to generate the Group 2 haplotype (Table 20).  Using the most 

common CC-AA diplotype as the referent, carriage of the CT-AT diplotype was 

associated with increased odds for non-advanced adenomas (OR, 1.46; 95% CI, 1.05 – 

2.01); whereas carriers of TT-AA demonstrated a statistically significant inverse 

association for any metachronous and for advanced lesions, with the strongest effect 

observed with an 89% reduction in odds for advanced metachronous adenomas (OR, 

0.11; 95% CI, 0.01 – 0.80). 
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Table 20:  Association Between Diplotype, Non-advanced, Advanced and Any Adenoma Recurrence in the Pooled 
Population 

Diplotype 
No 

recur 

Non-
advanced 

recur 
Advanced 

recur 
Any 
recur 

OR non-
advanced recur 

(95% CI) * 

OR  
advanced recur  

(95% CI)† 
OR any recur 

(95% CI) 
CC-AA 267 138 75 213 1.00 1.00 1.00 
CT-AA 166 90 42 132 1.05 (0.74 - 1.49) 0.90 (0.56 - 1.44) 0.99 (0.72 - 1.36) 
CT-AT 186 135 52 187 1.46 (1.05 - 2.01) 0.94 (0.60 - 1.46) 1.28 (0.96 - 1.72) 
TT-AA 38 13 2 15 0.47 (0.21 -1.04) 0.11 (0.01 - 0.80) 0.34 (0.16 - 0.73) 
TT-AT 65 29 17 46 0.67 (0.39 - 1.14) 0.86 (0.45 - 1.63) 0.72 (0.45 - 1.13) 
TT-TT 42 25 13 38 1.27 (0.72 - 2.24) 0.85 (0.40 - 1.85) 1.11 (0.66 - 1.86) 
Adjusted for:  age, BMI, gender, history of previous polyps, study, baseline adenoma size, baseline number of adenomas 
* Non advanced adenoma includes adenomas <10mm, low grade dysplasia, non-villous histology 
† Advanced adenoma includes diameter of 10mm or more, high grade dysplasia, tubulovillous or villous histology, or 
cancer 
No recurrence is base outcome 
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Next, we collapsed the data to determine if specific haplotype subgroups in 

addition to the TA group differentially influenced risk of metachronous adenoma (Table 

19).  First, we measured the effect of the CAT (codons 486, 1678, and 1960) haplotype 

(Group 3) because of the postulated lower cancer risk in this haplotype group by Cui et 

al. (166).  No significant association was observed between this haplotype group and 

metachronous adenoma in our population. In addition, a GCC haplotype (codons 1678, 

1960, and 2502) was also evaluated separately due to a marginal protective effect with 

co-carriage of these SNPs in Group 1.  The GCC haplotype of Group 4 showed a 

marginally significant 23% reduction in odds for advanced metachronous adenoma (OR, 

0.77; 95% CI, 0.59 – 1.00) compared to the common CAT haplotype which is consistent 

with the protective effect seen in the TGTCC, TGACC, and CGACC for advanced 

lesions that is likely driven by the protective effects of the T at codon 486 and A at codon 

1822 noted above and in strong linkage with the GCC group 4 haplotype.  There was no 

significant effect for any metachronous adenoma or non-advanced metachronous 

adenoma in Group 4 haplotypes.   

 

Discussion 

We observed no significant associations between any of the individual APC SNPs 

studied (codons 486, 1678, 1822, 1960, and 2502) and odds of metachronous colorectal 

adenomas; including no main effect of the previously studied D1822V variant (156-158).  

In contrast, haplotype analysis that included all five coding SNPs in the APC gene 

revealed a protective effect for metachronous colorectal adenomas in carriers of the 
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minor synonymous 486 (T nucleotide variant) when combined with the major, A1822 

variant (codes for aspartic acid).  Carriers of any T at codon 486 and any A at codon 1822 

haplotype had a significant, 27% lower odds of any metachronous adenoma that was 

observed for advanced and non advanced adenomas.  These data support a general 

protective effect of the T at codon 486 and A at codon 1822 from the development of 

new adenomas.  Diplotype analyses support a strong gene dose effect of the two 

protective variants with odds of advanced metachronous adenoma dramatically lower 

among individuals homozygous for both polymorphisms (TT at codon 486 and AA at 

codon 1822).  Analyses of the contribution of the other SNPs suggested no major 

contribution to odds of metachronous adenoma that could not be explained by strong 

linkage to the SNPs at 486 and 1822.   

Given the critical role of APC as a regulator of β-catenin and Wnt signaling in 

colorectal tumorigenesis, clarifying the role of common allelic variation in APC and 

colorectal cancer risk is of potential relevance for the identification of risk modifying 

alleles (94).  APC is an obvious candidate gene for the study of common allelic variation 

and disease risk.  Non-synonymous changes in the genetic sequence that result in amino 

acid changes have been of particular interest and have received the most attention (146).  

Variation at 1822 and 2502 involves non-synonymous polymorphisms (198), with the A 

to T polymorphism in 1822 resulting in an aspartic acid to valine amino acid change 

(198) in the middle of the β-catenin down-regulatory domain of the protein.  This is of 

potential functional significance as aspartate is an acidic amino acid (199) while valine is 

a non-polar amino acid (200).  The C to T polymorphism at codon 2502 results in a 
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glycine to serine change (198).  Glycine is a non-polar amino acid (200) while serine is a 

polar amino acid (201).  Group 2 of our haplotype analyses was found to have a 

statistically significant association with metachronous adenomatous lesions that appears 

to be dependent on the occurrence of the aspartic acid allele when it co-occurs with a 

synonymous tyrosine coding variant at 486.  It is unclear at present why the protective 

effect of the 1822D variant is restricted to the alleles that carry the 486T.  The effect of 

the 486T synonymous or ‘silent’ SNP in the context of the 1822D may be the result of 

linkage with an as yet identified variant that does change the amino acid sequence and 

perhaps binding to β-catenin.  Alternatively, the “so called’ silent SNPs might 

differentially influence the rate of protein synthesis based on differences in the available 

pool of the cognate tRNA or actual codon context (202).  Shifts in sequence to rare codon 

use appears to influence the translation rate, which in turn affects protein folding where 

the third base appears to have the largest influence (203).  In the cases of the silent SNP 

at 486, the nucleotide C to T change occurs in the 3rd base position of the codon for 

tyrosine yielding the preferred sequence for the UAU tyrosine tRNA and perhaps 

enhanced protein synthesis and folding with higher available APC protein (204).  

Additional studies that include In vitro characterization, in silico analysis and 

resequencing efforts are necessary to clarify the relation between these specific variants 

in the APC gene and protein levels and activity; including effects on binding to β-catenin.  

Consistent with Cui et al. (166), the CAT haplotype (Group 3) was found to be 

the most common (0.57) in our study.  Within the Group 3 haplotype, the TAT carriers 

had a non significant lower odds of any metachronous adenoma that was largely driven 
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by a statistically significant 43% reduced odds for non advanced adenoma types.  This 

observation is likely explained by the presence of the T at codon 486 discussed above.  

These results are counter to the hypothesis proposed by Cui et al. that the CAT haplotype 

in APC would confer higher APC activity and thus explain lower cancer risk in patients 

with schizophrenia (166).   

There are a number of limitations to this study.  Our population consists only of 

individuals who have a history of at least one adenoma who are followed post 

polypectomy in an intervention trial for new, metachronous adenomas.  Thus, we are only 

able to assess the influence of the APC variants on the risk of developing a new adenoma 

among an adenoma prone population.  The results from this data are not generalizable to 

incidence of colorectal adenoma or colorectal cancer.  Furthermore, we did not evaluate 

the entire allelic structure of APC, but rather focused on variants of potential interest.  A 

major strength of this study is the prospective nature and comprehensive collection of 

lifestyle data.   

  Our results highlight the potential importance of the joint effects of adjacent SNPs 

and suggest that additional efforts to comprehensively evaluate the role of common APC 

‘allele’ sequence variation as a potential low penetrance risk locus for the development of 

colorectal neoplasia through a gene-environment interaction are needed.  The results from 

our study are intriguing as they support previous conclusions that these common and rare 

allele variants of APC likely influence colorectal carcinogenesis (139, 140, 154).  A 

number of studies support the importance of variation in APC on colorectal adenoma 

with weak to no association with colorectal cancer (141, 142, 144, 145, 147, 149, 150, 
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155).  These data suggest that modest acting variants might act as predisposing variants 

for adenoma development but are insufficient alone as risk factors for cancer.  This is 

consistent with the relatively common nature of the adenoma and the rare nature of 

colorectal cancer.  Additional studies of APC gene variants and environmental factors 

may improve our understanding of the importance of these variants as modifiers of 

colorectal cancer risk as suggested by the studies of Slattery et al., and Tranah et al., 

(156, 157).   

The risk of metachronous adenoma in polyp formers is strongly associated with a 

number of baseline adenoma and patient characteristics including size and multiplicity of 

lesions.  These characteristics inform on the timing of follow up colonoscopy in this at 

risk population.  In our adjusted analysis, the T at codon 486 and A at codon 1822 

haplotype remained significant as a modifier of risk even after accounting for the known 

risk factors for the development of adenoma after polypectomy.  Future analyses will 

include modeling the joint effects of baseline factors and APC haplotypes/diplotypes and 

adenoma recurrences in this population, which may improve the identification of 

individuals at highest risk for metachronous lesion and add to recommendations for 

colonoscopy interval.    

These results suggest that co-carriage of specific polymorphisms in the APC gene 

can confer protection against metachronous adenomatous lesions.  Furthermore, there 

appears to be a protective role for synonymous polymorphic changes when present with 

particular non-synonymous polymorphisms.  While previous studies have shown the 

value of individual SNP analysis in assessing the odds of disease (139, 141-145, 148), 
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our work and that of Cui et al. (166) suggests that evaluating allele structure is critical for 

understanding the role of APC polymorphic variation and colorectal adenoma and 

perhaps susceptibility to cancer.  Further evaluation of these findings would serve to 

expand the understanding of the role of these polymorphisms and haplotypes in the 

etiology of colorectal cancer.  The functional significance of these and other 

polymorphisms in APC and how these may affect the interaction of APC with proteins in 

the Wnt signaling pathway are needed.   
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VI. CONCLUSIONS AND FUTURE DIRECTIONS 

 

A review of the literature suggests that genetic polymorphisms in VDR and APC 

may influence the individual risk of developing colorectal adenoma and colorectal 

cancer.  Furthermore, epidemiological studies have implicated a protective role for the 

vitamin D hormone (25D) against colorectal cancer that laboratory studies would suggest 

is mediated by a potent anti-proliferative activity of the active metabolite, 1,25D, in the 

colonocyte. 

The work conducted as part of this dissertation project ties together the interaction 

of key protein mediators of the Wnt signaling pathway and the impact of genetic 

variation within those genes in a way that partly explains the role of vitamin D in 

colorectal carcinogenesis.   We have expanded on the developing models for the 

molecular mechanism underlying VDR-1,25D crosstalk with the β-catenin signaling 

pathway in colon cancer cells, and the role of APC, VDR polymorphisms, and bile acid 

ligands to generate a proposed mechanism (Fig. 26).  Based on the results reported 

herein, as well as those of previous studies (77, 126), we propose that a complex is 

formed between VDR and β-catenin in the cytoplasm of the cell.   
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Figure 26:  Proposed mechanism of action of VDR ligands 1,25D and LCA 
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A. Absence of 1,25D.  There is weak interaction (indicated by single line) of VDR, 

β-catenin and APC.  β-catenin is able to freely translocate to the nucleus and 

bind to the promoter of target genes resulting in cell proliferation.  Allelic 

variation in VDR and APC may further weaken or enhance this interaction. 

B. Presence of 1,25D (D3).  There is a robust interaction (indicated by four lines) of 

1,25D-VDR and β-catenin (bottom), with stronger binding/sequestration by the 

F/M4 VDR isoform (center).  The β-catenin in this complex is unable to activate 

TCF/LEF-driven proliferation genes, and instead is diverted towards VDRE-

mediated transcription of 1,25D target genes regulating differentiation, cell cycle 

regulation and apoptosis.  The 1,25D-VDR-RXR complex (with or without 

β-catenin) also binds to the VDRE in the promoter region of the E-cadherin gene 

to upregulate this protein which then facilitates the movement of β-catenin from 

the nucleus to the plasma membrane (top).  These anti-proliferative activities are 

enhanced in the presence of full length APC, but only for the F/M4 variant of 

VDR FokI. 

C. Presence of lithocholic acid.  LCA-VDR does not interact tightly (indicated by 

two lines) with β-catenin compared to 1,25D-VDR.  Thus in the presence of an 

increased LCA/1,25D ratio, there is a relative elevation in the free pool of 

β-catenin resulting in more TCF/LEF-mediated expression of proliferative genes 

(top).  LCA also upregulates  the Snail1 transcriptional repressor (center), which 

has been previously shown to inhibit the expression of E-cadherin and VDR 

(bottom) and to prevent the nuclear exit of β-catenin, further increasing the pool 

of nuclear β-catenin and shifting the balance towards upregulation of β-catenin 

proliferative target genes.   

D. Hypothesis of 1,25D and LCA competition.  A high fat diet, which results in the 

production of elevated colonic LCA, and/or low circulating 25D and low sunlight 

exposure shifts the “equilibrium” towards proliferation over differ entiation.  
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Conversely, when high circulating 25D and adequate sunlight exposure, coupled 

with a low-fat diet, will lead to colonocytes that support the process of 

differentiation, apoptosis and cell cycle regulation. 

 

Action of VDR with Low 1,25D Concentration 

In the absence of 1,25D (Figure 26, panel A), this interaction is sub-optimal with 

a significant proportion of β-catenin present in the nucleus where it stimulates TCF-

mediated transcription of cell proliferation genes.  This scenario would be particularly 

true in the absence of functional APC (loss through mutation) or low activity APC 

(germline variants with differential potencies).   

 

Action of VDR with High 1,25D Concentration 

In contrast, we hypothesize that 1,25D (Fig. 26, panel B) facilitates a strong 

interaction of VDR, β-catenin, and APC which results in the nuclear sequestration of 

β-catenin from the TCF/LEF binding sites.  Previous work, as well as our own data (Fig. 

10 & 11), has shown a potentiation in 1,25D-VDR/VDRE-mediated transcription in the 

presence of β-catenin (77, 128, 138).   Thus, we propose that a significant fraction of 

VDR, β-catenin and 1,25D form a complex in the nucleus that is diverted away from 

TCF-controlled genes and towards VDRE containing target genes (Fig. 26, panel B) 

enabling differentiation, cell cycle regulation and apoptosis.  The F/M4 VDR isoform 

appears to be more efficacious than f/M1 VDR in binding and suppressing β-catenin 

activity (Fig. 22, 24, 25; 26, panel B, bold arrow).  This mechanism supports the 
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evidence suggesting that individuals who carry the f/M1 allele are at greater risk of 

colorectal adenoma and cancer than those who carry the F/M4 allele.  Furthermore, 

1,25D-VDR has also been shown to expedite the translocation of β-catenin from the 

nucleus to the plasma membrane (77, 125), likely by inducing the transcription of 

E-cadherin (77).   Thus the presence of 1,25D leads to reduced transcriptional activity of 

β-catenin target genes, and greater VDRE-specific transactivation resulting in cell 

differentiation, apoptosis and cell cycle regulation (Fig 26, panel B).   

 

In our study of genetic variation across the entire VDR gene, there were seven 

single nucleotide polymorphisms (SNPs) which were found to be marginally or 

significantly associated with any, advanced, or proximal metachronous adenoma.  

Several of these SNPs are in linkage disequilibrium with one another and hint at the 

possible presence of two haplotype blocks when placed on a chromosome map.  Principle 

components analysis, which allows comprehensive evaluation of the association between 

polymorphic variation in VDR and metachronous adenoma, failed to support a role for the 

VDR gene (data not shown).  A limitation of this work was the failure of the FokI variant 

on the Illumina® platform and furthermore, a gene-environment interaction between VDR 

variants and serum levels of vitamin D were not evaluated.  A study by Peters et al., 

suggests that a gene-environment interaction may occur between VDR FokI and vitamin 

D in colorectal adenomas (50).  Additional analysis in the adenoma population evaluating 

circulating serum levels of 25D and 1,25D and VDR polymorphisms would provide 

valuable insights into a potentially significant interaction that has not been well studied.  
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In addition, evaluation of the same SNPs analyzed in this work, but utilizing a colon 

cancer population such as the Colon Cancer Family Registry (CCFR) would allow 

comparison between populations and insight into the role of polymorphic variation and 

the progression of colorectal cancer. 

 

Action of VDR with 1,25D and APC 

Somatic mutation events in the APC tumor suppressor gene are well recognized to 

be common and critical early events in the development of colorectal cancer.  APC is an 

important regulator of β-catenin as part of Wnt signaling.  Evidence here suggests that 

APC enhances the interaction of VDR and β-catenin and furthermore, enhances the 

sequestration of β-catenin from TCF-controlled genes when VDR and 1,25D are present 

(Fig. 26, panel B).  The mechanism behind the observed enhanced interaction of VDR 

and β-catenin and in the presence of full length APC and 1,25D remains to be elucidated.  

While a two hybrid construct could be created for APC, this would likely be very difficult 

due to the large size of APC.  Instead, the utilization of Fluorescence Resonance Energy 

Transfer (FRET) could be utilized to measure if a protein-protein interaction occurs 

between VDR and APC and furthermore, if the presence of VDR ligands 1,25D and LCA 

impacts this potential interaction. 

The presence of full length APC and 1,25D enhances suppression of β-catenin 

transcriptional activity, but the effect of full length APC on VDRE activity remains 

unexplored.  In order to evaluate this, a VDRE reporter assay could be employed in the 

presence and absence of full length APC in an inducible cell line such as HT29-APC 
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which was used in the TOPFlash experiments described in previous chapters.  If APC 

enhances VDRE activity in the presence of 1,25D, then it is expected that VDRE activity 

would increase significantly in the presence of full length APC and 1,25D. 

We showed as a part of this work that germline allelic variation, and in particular, 

co-carriage of SNPs, in APC protects against metachronous colorectal adenomas (174).  

While adenomas are the pre-cursors to colorectal cancer, the influences of polymorphic 

variation and specifically, co-carriage of alleles on each of these stages is not fully 

understood.  A replication study in a colon cancer population would allow us to 

determine if the effect of the allelic variation in APC acts across the adenoma to cancer 

sequence.  While our results are suggestive of functionally distinct haplotypes of APC 

within the human population, in vitro functional studies are needed to confirm how allelic 

differences influence APC activity and to isolate the specific causal variants of such 

differences, if they do exist.   Initially site directed mutagenesis could be employed to 

create a construct containing the TA (T at codon 486 and A at codon 1822) haplotype and 

to assess direct effects of the codon specific SNPs evaluated in our study.  The two 

hybrid and TOPFlash assays performed for this project could be repeated using this 

variant construct to determine if these specific polymorphic variants in APC affect the 

VDR-β-catenin interaction as well as β-catenin transcriptional activity.  Furthermore, a 

FRET assay would provide an additional method to evaluate the effect of polymorphic 

variation in APC on the VDR-β-catenin interaction. Alternative methods include in silico 

computer based modeling of the impact of these particular polymorphic variants on the 
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protein conformation though as we stated in Chapter V, the synonymous SNP at codon 

486 more likely influences rate and stability of protein synthesis and not conformation. 

 Taken together, this work suggests that not only is the presence of full length 

APC critical for tumor suppression, but that full activity may depend on vitamin D 

hormone status.  Future studies of the affect of allelic variants of APC on the 

VDR/β-catenin interaction as well as an assessment of interactions between APC and 

VDR genetic backgrounds in high and low vitamin D hormone status in the population 

setting may aid in defining the role of these genes in colorectal cancer.  

 

Action of VDR with LCA 

When bound to lithocholic acid, LCA-VDR does not interact as tightly with 

β-catenin as does 1,25D-VDR, nor does LCA-VDR elicit suppression of β-catenin 

activity that is as effective as 1,25D-VDR (Fig. 12, 14, 16; 26, panel C).  Thus, the 

relative free pool of β-catenin in the nucleus is greater as the ratio of LCA/1,25D 

increases, allowing more β-catenin to bind to TCF/LEF and to initiate transcription of 

TCF/LEF target genes.  Moreover, LCA upregulates Snail1 (125, 205) which antagonizes 

the anti-proliferative effects of 1,25D in SW480-ADH cells (125), and Larriba et al., 

demonstrated that Snail1 blocks 1,25D/VDR mediated export of β-catenin from the 

nucleus of SW480-ADH cells (125).  Snail1 mediates these effects via downregulation of 

E-cadherin and VDR expression (125, 206, 207).  The suppression of VDR (or low 1,25D 

levels) can also lead to further increases in colonic LCA concentrations because in 
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colonocytes 1,25D-VDR upregulates CYP3A4, an enzyme that hydroxylates and 

detoxifies LCA.     

The work conducted in this project involved evaluating the effect of VDR ligands 

1,25D and LCA independently of each other in cell culture.  In vivo, both 1,25D and 

LCA would be expected to be present at the same time and to potentially compete for 

VDR binding.  Thus, we propose that the balance of colonic cellular proliferation, 

differentiation, apoptosis and cell cycle regulation is influenced by the relative 

concentrations of LCA and 1,25D.  Figure 26, panel D illustrates our hypothesis of how 

differing concentrations of 1,25D and LCA may favor proliferative or anti-proliferative 

activity in the cell.  A high fat diet resulting in high concentrations of LCA in the colon, 

and minimal dietary vitamin D intake and/or restricted sunlight exposure, will favor 

cellular proliferation and consequently, an increased risk of developing colorectal cancer.  

If the converse is true, then differentiation, apoptosis and cell cycle regulation will be 

favored resulting in reduced cancer risk.  Superimposed on these dietary/environmental 

factors are the genetic parameters of VDR polymorphisms, as well as the APC status of 

the individual. 

To address competition and differential effects when these ligands are present 

together, the next step and future direction for these studies would be to evaluate the 

influence of these two ligands together in cell culture by performing a titration assay in 

the TOPFlash and mammalian two hybrid systems (Figure 27).  In experiment 1, the level 

of 1,25D would be held constant while different amounts of LCA would be titrated into 
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the wells.  Experiment two would be the converse with LCA held at a constant level 

while different amounts of 1,25D would be titrated into the wells.  LCA is a low affinity 

ligand compared to 1,25D so it is expected that at high levels of 1,25D that LCA would 

have minimal binding with VDR, but when 1,25D levels are low and LCA levels are high 

LCA may have more opportunity to bind with VDR.  While the data from this project 

indicate that LCA has the same, but slightly weaker, effect as 1,25D on VDR-β-catenin 

interaction and β-catenin transcriptional activity the potential difference in anti-

proliferative activity in a competitive environment remains unknown. 

 

Ligand Experiment 1 Experiment 2 

1,25D 
  

LCA 
  

 

Figure 27:  Proposed titration experiment with 1,25D and LCA 

 

 In conclusion, this project has demonstrated an important role for polymorphic 

variation of VDR and APC in colorectal adenoma risk and has also contributed to the 

understanding of the possible mechanism of action of the VDR FokI polymorphism in the 

colon.  In addition, this work has contributed to the more limited understanding of the 

role of LCA in colonocytes.  Further studies are needed to expand these findings and to 

impact clinical decision making.  These efforts may allow the future identification of 

individuals who possess polymorphic variation which places them at increased risk of 
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developing colorectal adenoma or colorectal cancer when vitamin D levels are low.  

Identification of high risk individuals would allow clinicians to effectively offer vitamin 

D supplementation to a subset of the population for whom supplementation may prove to 

be an effective chemopreventive intervention. 
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APPENDIX A: 

CO-IMMUNOPRECIPITATION RESULTS AND DISCUSSION 
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Results 

To further probe the VDR-β-catenin interaction and more specifically, the effect 

of 1,25D on this interaction, a co-immunoprecipitation assay was employed.  Figure 28 

presents a representative blot of multiple co-immunoprecipitation experiments.  Full 

length β-catenin bands are present at 92 kD indicating the presence of full length 

β-catenin in the cellular lysates (lanes 1 & 2).  IgG controls show no significant 

interaction between the cell lysates and IgG control antibody (lanes 3 & 4).  While no 

bands are observed at 92 kD for the VDR IP samples (lanes 5 & 6), two low molecular 

weight bands are present. 
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Figure 28:  Co-immunoprecipitation with VDR IP and β-catenin western blot. 

Representative co-immunoprecipitation.  HT-29 cells were transfected with VDR 

and β-catenin plasmids prior to treatment with ethanol vehicle or 1,25D.  Cells were 

incubated for 24 hours prior to lysis and immunoprecipitation.  Cell lysates were 

incubated with either no antibody (lanes 1 & 2), IgG control antibody (lanes 3 & 4) 

or anti-VDR antibody (lanes 5 & 6) prior to incubation with Protein A/G agarose 

beads.  Samples were subjected to western blot with anti-β-catenin antibody using a 

chemiluminescence detection system and then exposed to film.  
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After repeated experiments yielding bands of low molecular weight and similar in 

weight to the IgG light and heavy chains, additional experiments were implemented to 

determine the origin of these low molecular weight bands.  Bands consistent with full 

length β-catenin are present at about 92 kD for both the lysates (lanes 1 & 2) and the 

VDR-IP samples (lanes 5 & 6).  IgG shows no bands at the 92kD weight suggesting 

β-catenin does not interact non-specifically with IgG.  Of interest is the similar banding 

pattern for lanes 3-6 at approximately 55 kD and 25 kD, which correspond to the size of 

the IgG heavy and light chains respectively.  Figure 29B demonstrates that when the 

western blot membrane is exposed to secondary antibody only that these same bands 

observed in (A, lanes 5 & 6) at the low molecular weights are also present.  This led to 

the conclusion that the observed bands were due to the secondary antibody reacting with 

the cleaved heavy and light chains of the antibody used for immunoprecipitation. 
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Figure 29:  Determining cross-reactivity of secondary antibody with VDR IP 

antibody. 

A.   HT-29 cells were transfected with VDR and β-catenin plasmid prior to 

treatment with ethanol vehicle or 1,25D.  Cells were incubated for 24 hours prior 

to lysis and immunoprecipitation.  Cell lysates were incubated with either no 

antibody (lanes 1 & 2), IgG control antibody (lanes 3 & 4) or anti-VDR antibody 

(lanes 5 & 6) prior to incubation with protein A/G agarose beads.  Samples were 

subjected to western blot with anti-β-catenin antibody using a 

chemiluminescence detection system and then exposed to film. 
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B. Cell extracts were treated, lysed and subjected to immunoprecipitation as in (A), 

but the western blot membrane was only exposed to the anti-mouse secondary 

prior to chemiluminescence treatment and exposure to film. 

Furthermore, the DTT in the extraction buffer can break the disulfide bonds 

between the antibody light and heavy chains.  Thus an experiment utilizing cell free 

extraction buffer with varying concentrations of DTT was performed to determine which 

concentration of DTT was potentially deleterious to antibody structural integrity.  As 

shown in Figure 30, when DTT is added to the extraction buffer distinct low molecular 

weight bands appear consistent with the size of the IgG light chain (~25 kD).  As a result, 

DTT was removed from the extraction buffer for subsequent experiments.   

 

 

Figure 30:  DTT titration 

Extraction buffer was treated with the indicated amounts of DTT and then 

incubated with anti-VDR antibody followed by Protein G beads prior to western 

blot.  Membrane probed with only goat-anti-rat secondary antibody diluted 1:5000 

prior to chemiluminescence treatment and film exposure. 
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 As a result of these investigations, new secondary antibodies were purchased and 

the extraction buffer changed to one utilizing NP-40 and no DTT.  The co-IP experiments 

were repeated as discussed above, but similar results were still observed.  Figure 31 

illustrates the findings from additional coIP experiments to study the VDR-β-catenin 

interaction.  Again, the banding pattern observed in the IgG lanes (lanes 4-5) is the same 

as the VDR IP lanes (lanes 6-9).  Furthermore, no differences were observed between the 

group transfected with VDR (+VDR) and the group transfected with VDR empty vector 

(-VDR). 

 

 

Figure 31:  Representative co-immunoprecipitation with antibody changes and 

extraction buffer modifications. 

HT-29 cells were transfected with β-catenin and VDR empty vector (-VDR) or VDR 

(VDR) prior to treatment with ethanol vehicle or 1,25D as indicated.  After 

treatment, cell extracts were incubated with no antibody (lanes 2 & 3), IgG control 
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(lanes 4 & 5), or anti-VDR antibody (lanes 6-9) and then incubated with Protein G 

beads prior to western blot.  Membrane probed with anti-β-catenin antibody and 

then exposed to chemiluminescence and film.  MCF7 (lane 1) was utilized as a 

positive control and lysis buffer (LB, lane 11) used as a negative control. 

 

Discussion 

The co-IP assay was utilized to evaluate the interaction of VDR and β-catenin in 

the context of cell lysates and was expected to clarify the role of 1,25D in the 

VDR-β-catenin interaction observed in the GST pulldown experiments.  Numerous 

conditions of the coIP were tested to determine if experimental technique or reagents 

could be adversely affecting the expected interaction with VDR and β-catenin and 

although potential problems were identified and corrected, no reproducible interaction 

was detected utilizing this method.  Failure of the co-IP system may be due to a weak 

interaction between VDR and β-catenin which could be easily disrupted with the 

manipulations involved in cell lysis and immunoprecipitation.  Due to the failure of this 

system, further evaluation of the interaction between VDR and β-catenin was conducted 

in a mammalian two hybrid assay which would allow VDR and β-catenin to interact in an 

intact cell. 
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APPENDIX B 

 
SUMMARY OF VITAMIN D AND VDR POLYMORPHISM        

EPIDEMIOLOGY STUDIES
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Table 1:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Baron et al., 1999 
(22) 

409 calcium 
423 placebo 

Calcium Polyp 
Prevention Study 
Randomized double 
blind trial 

Protective effect of calcium on colorectal adenoma recurrence 
(RR, 0.78; 95% CI 0.63 – 0.96) 

Feskanich et al., 
2004 (31) 

193 cases 
2 controls/case 

Nested case control 
within the Nurses 
Health Study 
Measured plasma 
25D and 1,25D 

Inverse association between 25D and colon cancer (OR 0.53; 
95% CI, 0.27 – 1.04; P-trend, 0.02) for highest quintile  
High 25D levels protective for distal colon and rectum  
(P-trend, 0.02), but not proximal (P-trend, 0.81) 
No association with 1,25D and colorectal cancer 

Garland et al.,  
1989 (32) 

34 cases 
67 controls 

Case control 
Inverse association between 25D levels and risk of colorectal 
cancer (P ≤ 0.05) 

Giovannucci et al., 
2006 (30) 

691 cases 
Health Professionals 
Follow-up study 

Inverse association between 25D and colorectal cancer  
(RR, 0.63; 95% CI, 0.48 – 0.83) 

Grant, 2002 (170)  
Ecologic study 
 

UV-B radiation is associated with reduced risk of cancer of 
the breast, colon, ovary, and prostate as well as NHL. 

Grau et al., 2003 
(48) 

803 cases 

Calcium Polyp 
Prevention Study  
Measured serum 25D 
and 1,25D 
Genotyped TaqI and 
FokI 

No significant effect of the FokI or TaqI on adenoma 
recurrence including adjustment for calcium, 25D and 1,25D 
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Table 1 cont:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Hubner et al., 2008 
(38) 

546 subjects 
genotyped 

United Kingdom 
Colorectal Adenoma 
Prevention Trial 
Genotyped Cdx2, 
FokI, BsmI, ApaI, 
TaqI 

No main effects observed for any of the genotyped SNPs 
 

Ingles et al., 2001 
(40) 

373 cases 
394 controls 

Case control 
Genotyped FokI and 
BsmI 

No main effect between FokI, BsmI and adenoma risk 
Reduced risk of large (>1cm) adenomas with the presence of 
any FokI f allele (P = 0.04) 

Kim et al.,  2001 
(44) 

393 cases 
406 controls 

Clinic based case 
control 
Genotyped BsmI  

No main effect of BsmI and colorectal adenoma 

Li et al., 2008 (42) 
200 cases 
200 controls 

Hospital based case 
control study in 
Chinese population 
Genotyped FokI and 
BsmI 

BsmI BB genotype associated with reduced risk of colorectal 
cancer (OR, 0.019; 95% CI, 0.008 – 0.044) 
No main effect with FokI 

Logan et al., 2006 
(24) 

434 aspirin 
419 placebo 

United Kingdom 
Colorectal Adenoma 
Prevention Trial 
Double blind, 
placebo controlled, 
randomized trial 

Aspirin protective against colorectal adenoma recurrence (RR, 
0.81; 95% CI, 0.65 – 1.02) and protective against advanced 
colorectal adenoma (RR, 0.59; 95% CI, 0.40 – 0.86) 

Mizoue et al., 2008 
(27) 

840 cases 
1382 controls 

Fukuoka Colorectal 
Cancer Study 

Sig inverse assoc between sunlight and dairy intake and 
colorectal cancer (OR, 0.60; 95% CI, 0.40 – 0.91) 
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Table 1 cont:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Murtaugh et al., 
2006 (52) 

1698 colon 
cases 
1861 controls 
 
752 rectal cases 
960 controls 

Population based 
case control 
Genotyped FokI 
 

Reduced risk of colon cancer with Ff/ff genotype (OR, 0.66; 
95% CI, 0.52 – 0.84; P-trend 0.02) 
Marginally significant (P-trend 0.06) increased risk of rectal 
cancer with high red meat intake and FF genotype (OR 1.45; 
95% CI, 0.97 – 2.19) and low red meat intake for Ff/ff 
genotypes (OR 1.52; 95% CI, 1.06 – 2.18) 

Ochs-Balcom et 
al., 2008 (34) 

250 cases 
246 controls 

Population based 
case control 
Genotyped Cdx2, 
FokI and TaqI  
 

FokI TT genotype increased risk of colon cancer in:  
• Additive model (OR, 1.87; 95% CI, 1.03 – 3.38) 
• Recessive (OR, 1.87; 95% CI, 1.09 – 3.19) model 

Haplotypes associated with increased risk of colon cancer: 
• Cdx2-FokI A-T (OR, 1.97; 95%CI, 1.06 – 3.67) 
• FokI-TaqI T-G (OR, 1.68; 95% CI, 1.04 – 2.71) 
• Cdx2-FokI-TaqI A-T-G (OR, 3.63; 95% CI, 1.01 –13.07) 

Deviation of Cdx-2 from Hardy Weinberg equilibrium 
More cases than controls carried Cdx2 A allele (P, 0.048) 
Cdx2 AA genotype marginally associated with increased risk 
of colon cancer: 
• Additive model (OR, 2.27; 95% CI, 0.95 – 5.41) 
• Recessive model (OR, 2.21; 95% CI, 0.94 – 5.21) 

Parisi et al., 2008 
(41) 

170 cases 
122 controls 

Case control 
Genotyped BsmI 
Measured 25D levels  

Colorectal cancer subjects had lower 25D levels than controls 
No correlation between 25D levels and VDR expression 
No association with BsmI & colorectal cancer, VDR levels or 
25D levels 
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Table 1 cont:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Park et al., 2006 
(47) 

190 cases 
318 controls 

Hospital based case 
control study 
Genotyped FokI, 
BsmI, ApaI, TaqI 

FokI TT genotype associated with a decreased risk of 
colorectal cancer (OR, 0.5; 95% CI, 0.26 – 0.84) 
FokI CC genotype associated with an increased risk of 
colorectal cancer (OR,1.9; 95% CI, 1.35 - 2.81) 
ApaI GG associated with decreased risk of colorectal cancer 
(OR, 0.7; 95% CI 0.47 – 0.97) 

Peters et al.,  2001 
(50) 

239 cases 
228 controls 

Case control study 
Measured 25D levels 

Non-significant (P-interaction, 0.50) inverse association 
between serum 25-OH and colorectal adenoma  
FF (OR, 0.62; 95% CI 0.40 – 0.97) or Ff (OR, 0.64; 95% CI, 
0.45 – 0.91) with each 10ng/mL increase in serum 25D 
No main effect of FokI and colorectal adenoma 

Slattery et al., 
2007 (35) 

1574 colon 
1970 controls 
 
791 rectal 
999 controls 

Case control 
Genotyped Cdx2, 
BsmI, poly(A) and 
FokI 

Haplotype order:  BsmI-poly(A)-FokI-Cdx2 
Increased risk of colon cancer with haplotypes: 
 bLFA (OR, 2.45; 95% CI, 1.38 – 4.38)  
BLFA (OR, 1.13; 95% CI, 1.00 – 1.27) 
Increased risk of rectal cancer with haplotype:  
BSfG(OR, 1.61; 95% CI,1.05-2.49) 
Decreased risk of colon cancer with haplotypes: 
BSFG (OR, 0.82; 95% CI, 0.67 – 0.99) 
BLFG (OR, 0.87; 95% CI, 0.75 – 1.00) 
Decreased risk of rectal cancer with haplotype: 
BSFA (OR, 0.71; 95% CI, 0.52 – 0.97) 
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Table 1 cont:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Slattery et al.,  
2004 (53) 

1174 colon 
cases 
1174 controls 
 
785 rectal cases 
1000 controls 

Population based 
case-control study  
Genotyped BsmI, 
poly(A) and FokI 
 

Increased risk of colon cancer for: 
FokI ff genotype (OR, 1.28; 95% CI, 0.97 – 1.69) 
Reduced risk of colon cancer for: 
Poly(A) SS genotype (OR, 0.79; 95% CI, 0.56 – 0.96) 
BsmI BB genotype (OR, 0.84; 95% CI, 0.70 -1.02) 

Slattery et al.,  
2004 (29) 

1956 cases 
2174 controls 

Population based 
case control study  
Genotyped BsmI and 
poly(A) 

Reduced risk of rectal cancer with the highest quartile of 
vitamin D intake for women (OR, 0.52; 95% CI, 0.32 – 0.85) 
and those ≥ 60 years at diagnosis (OR, 0.59; 95% CI, 0.40 – 
0.88) 
Increased risk of rectal cancer for those < 60 years at 
diagnosis and in the second highest quartile for vitamin D 
intake (OR, 1.55; 95% CI, 1.01 – 2.37) 
Reduced risk of colorectal cancer with poly(A) SS (OR, 0.79; 
95% CI, 0.56 – 0.96) 
Reduced risk of colorectal cancer with BsmI BB (OR, 0.84; 
0.70 – 1.02) 
Reduced risk of colorectal cancer with BsmI BB or poly(A) 
SS (OR, 0.82; 95% CI, 0.69 – 0.98) 

Slattery et al.,  
2004 (43) 

1346 colon 
cases 
1544 controls 
952 rectal cases 
1205 controls 

Population based 
case-control study  
Genotyped poly(A) 
and BsmI 
 

Reduced risk of colorectal cancer with poly(A) SS or BsmI 
BB genotype: 
No NSAID use (OR, 0.70; 95% CI, 0.54 – 0.89) 
NSAID use (OR, 0.59; 95% CI, 0.45 – 0.77) 
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Table 1 cont:  Summary of Vitamin D and VDR Polymorphism Epidemiology Studies 
Author, year 

(citation number) Sample size Study design Results 

Slattery et al., 
2001 (49) 

Population 
based: 
250 cases  
364 controls 
Family based:  
160 cases 

Population based 
case control and 
family based case 
control 
Genotyped poly(A), 
BsmI, FokI, TaqI 

No effect of FokI & colorectal cancer 

Sweeney et al.,  
2006 (54) 

1811 colorectal 
cases 
1451 controls 
 
905 rectal cases 
679 controls 

Case control 
Genotyped BsmI, 
poly(A) and FokI 

Haplotype order:  BsmI-poly(A)-FokI 
Increased risk of colon cancer associated with haplotypes: 
bLF (OR, 1.13; 95% CI, 1.01 – 1.26)  
BLF (OR, 2.26; 95% CI, 1.36 – 3.78) 
Reduced risk of colon cancer associated with haplotype: 
 bLf (OR, 0.87; 95% CI, 0.76 -0.99) 

Tangrea et al., 
1997 (208) 

146 cases 
2 controls/case 

Case control study 
nested in the Alpha-
Tocopherol Beta-
carotene Cancer 
Prevention Study 
Measured serum 25D 
and 1,25D levels 

1,25D levels did not vary between cases and controls 
25D levels were significantly different between cases and 
controls (P < 0.01) 
Significant inverse association between 25D levels and distal 
and rectal cancer (P-trend 0.03) 
 

Theodoratou et al., 
2008 (28) 

2070 cases 
2793 controls 

Study of Colorectal 
Cancer in Scotland 

No main effect of FokI, BsmI, ApaI or rs11568820 
Combination of 7 nested case control studies found an inverse 
relationship between 25D and colorectal cancer (combined 
OR, 0.70; 95% CI, 0.56 – 0.87) 

Wong et al., 2003 
(51) 

217 cases  
890 controls 
 

Singapore Chinese 
Health Study 
Genotyped FokI 

Increased risk of colorectal cancer with ff genotype (OR, 
1.84; 95% CI, 1.15 – 2.94, P-trend 0.01) 
Increased risk of colon cancer with ff genotype (OR, 2.13; 
95% CI, 1.19 – 3.85, P-trend 0.01) 
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Table 2:  Summary of Vitamin D and VDR Laboratory Studies 
Author, year 

(citation number) Cell lines & tissues Results 

Anderson et al., 2002 
(103) 

Normal colon 
Sporadic adenomas 
and carcinomas 
 

Normal crypts: 
• β-catenin expressed at lateral cell junctions 
• APC localized in the nucleus and lateral cell border 
Polyps & carcinoma: 
• Full length APC not localized in the nucleus 

Rosin-Arbesfeld et al., 
2000 (14) 

COS, HCT-116, 
SW-480 

• Distinct area of APC truncation mutations with a sharp 3’ border 
• Truncated APC lacking nuclear export signals accumulates in the nucleus 

and is unable to reduce nuclear β-catenin, but cytoplasmic β-catenin is 
reduced 

• Function of nuclear export is in the C-terminus in APC 

Cross et al.,  2001 (82) 

Tissue specimens of 
tumor and adjacent 
mucosa and normal 
control samples 

• Increase in VDR expression in early carcinogenesis and in tumor-
adjacent mucosa which correlates with progression to malignancy 

• Low VDR expression in late carcinogenesis 

Diaz et al., 2000 (76) 
AA/C1, RG/C2, 
HT29, SW620, 
PC/JW 

• 1,25D inhibits growth, induces apoptosis and induces differentiation 
• Dose dependent upregulation of Bak proapoptotic protein with 1,25D or 

EB1089 analog 

Evans et al.,  1998 
(81) 

46 colorectal 
adenocarcinoma and 
normal adjacent 
tissue 

• VDR expression lower in tumor than adjacent normal 
• Well differentiated tumors associated with high tumor/normal ratios and 

good prognosis  

Ha et al., 2004 (101)  

• Ck1 and GSK3β phosphorylate APC 
• Phosphorylated APC competes with axin for β-catenin while non-

phosphorylated APC can bind to β-catenin simultaneously with axin 
• CK1 phosphorylation of β-catenin enhanced by axin containing CK1 and 
β-catenin binding sites 
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Table 2 cont:  Summary of Vitamin D and VDR Laboratory Studies 
Author, year 

(citation number) Cell lines & tissues Results 
Halline et al., 1994 
(75) 

Caco2 subclone • 1,25D enhances differentiation and reduces proliferation 
 

Hamada et al., 1994 
(91) 

COLO 205, Hep G2 
Male Fischer 344 
rats 

• DNA adducts formed by CDCA, LCA, glycine-conjugated LCA (g-LCA) 
and taurine conjugated LCA (t-LCA)  in a dose response manner 

Henderson, 2000 
(107) 

NIH3T3, HCT116, 
SW480, HT29, 
NM39, T47D 

• APC binds to β-catenin and exports it from the nucleus to the cytoplasm 
for degradation  

Hulla et al., 1995 (78) 
Caco2 
 

• Treatment with1,25D caused cells to arrest at G0/G1 phase and did not 
effect MYC expression 

Jimenez-Lara and 
Aranda 1999 (72) 

HeLa, COS 7, 
GH4C1 

• VDR helix 12 and helix 3 are necessary for transcriptional activation 
although they can still bind to DNA and form heterodimers with RXR 
 

Jurutka et al., 2005 
(93) 

HT-29, Intestine-
407, 
COS-7 

• LCA and 1,25D differentially bind to VDR resulting in different 
structural conformations 

Jurutka et al., 1997 
(71) 

COS-7, HeLA, 
HEK293 

•  Leu-417 and Glu-420 in VDR are necessary for 1,25D transcription 
activation  

Kanli et al., 2007 
(134) 

HL-60 cells • 1,25D treatment resulted in the down regulation of Bik, MYC, caspase-6 
and cyclin E 

Korinek et al., 1997 
(130) 

HT29 APC 
HT29 Gal 

•  APC regulates the interaction of β-catenin and TCF-4 
•  β-catenin must associate with TCF-4 for transcriptional activation of 

target genes 
Lapre and Van der 
Meer 1992 (86) 

Wistar rats •  Increasing bile acid intake correlated with increasing fecal bile acids 
output and cellular proliferation 
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Table 2 cont:  Summary of Vitamin D and VDR Laboratory Studies 
Author, year 

(citation number) Cell lines & tissues Results 

Larriba et al., 2007 
(125) 

SW480-ADH cells 
 

• 1,25D facilitates the movement of β-catenin from the nucleus to the 
plasma membrane, inhibits β-catenin expression, transcriptional activity 
and inhibits MYC expression 

• Snail1 inhibits the action of 1,25D 

Latta et al., 1993 (89) HT29, HCT116, T84 • LCA demonstrated both acute and chronic cytoxicity to cultured cells 
 

Lointier et al., 1987 
(185) 

LoVo cells •  Inhibition of growth by 1,25D in a dose dependent manner 

Mann et al., 1999 
(209) 

HT29, COLO 205, 
SW 480, SW 620, 
LS 174T, CCO7, 
CSC-1, CD-
NCM425 

• β-catenin  upregulates expression of c-jun, fra-1, uPAR and 
downregulates expression of ZO-1 in cells transfected with β-catenin 

Makishima et al., 2002 
(84) 

HEK293 •  A ligand dependent interaction between VDR and SRC-1 is induced by 
LCA  

Matusiak et al., 2005 
(56) 

Colon cancer 
samples, NCM-460, 
HT-29, Caco-2 

• VDR expression is the highest(~12 fold higher) in well differentiated 
colorectal cancer and about ~5 fold higher in polyps when compared to 
normal colonic epithelial cells. 

Morin et al.,  1997 
(116) 

SW 480, HCT116, 
SW 48 

• The ability of APC and β-catenin to interact and phosphorylation by 
GSK3β is affected by mutations in APC and β-catenin 

Munemitsu et al., 
1995 (99) 

SW480, 293  • Presence of wild-type APC results in reduced cytosolic β-catenin levels 
and post-translational downregulation of β-catenin 

Nibbelink et al., 2007 
(210) 

HL-1 
cardiomyocytes 

• 1,25D reduces cell proliferation, MYC expression and nuclear 
localization of VDR 

Palmer et al., 2008 
(127) 

Epidermal cells • β-catenin is a transcriptional co-activator of liganded VDR 
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Table 2 cont:  Summary of Vitamin D and VDR Laboratory Studies 

Author, year 
(citation number) Cell lines & tissues Results 

Palmer et al., 2004 
(124) 

SW480-ADH cells 
Tumor and normal 
colorectal tissue 

• 1,25D increased expression of E-cadherin 
• SNAIL1 suppresses E-cadherin expression and was overexpressed in 

22/32 patient samples 
Palmer et al., 2003 
(123) 

SW480-ADH, 
SW480-R, LS-147T 

• 1,25D upregulates E-cadherin expression and causes movement of 
β-catenin from the nucleus to the plasma membrane 

Palmer et al., 2001 
(77) 

SW480, SW620 

• 1,25D causes movement of β-catenin from the nucleus to E-cadherin 
complexes at the plasma membrane and inhibits β-catenin gene 
regulatory activity 

• 1,25D enhances VDR and β-catenin interaction and upregulates VDRE 
activity 

Sasaki et al., 2003 
(211) 

COS7, HepG2, 
NIH3T3, R4-2 •  Upregulation of MYC by β-catenin in a TCF dependent manner 

Shabahang et al., 1994 
(212) 

HT29, SW620 cells 
•  Dose dependent decrease in cell proliferation with greatest effect seen at 

10-8 M. 
 

Shah et al., 2006 (128) 
SW480, SKBR-3, 
HEK 293, NCI-H28, 
TEI-9647, ZK 

•  C-terminus of β-catenin is required for interactions with VDR 
• 1,25D suppression of β-catenin is independent of cadherin and dependent 

on VDR 
• VDR AF-2 domain required for β-catenin mediated potentiation of VDR 

Shah et al., 2002 (126) SKBR3, SW 480 • β-catenin expression increased with E-cadherin expression with both 
proteins localizing to the plasma membrane 

Taoka et al., 1993 
(136) 

HL-60 human 
leukemia cells 

• 1,25D concentration affects VDR expression 
• 1,25D downregulates MYC 

Thomas et al., 1992 
(213) 

HT29 • 1,25D reduced crypt cell production rate 
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Table 2:  Summary of Vitamin D and VDR Laboratory Studies 

Author, year 
(citation number) Cell lines & tissues Results 

Vahouny et al., 1984 
(87) 

Wistar male rats • Atypical morphology in colon tissue of rats fed bile acids 
 

van de Wetering et al., 
2002 (214) 

Ls174T, DLD-1 •  Inhibition of β-catenin and TCF leads to cell cycle arrest 

van Munster et al., 
1993 (88) 

HT29 cells 
 •  Exposure of bile acids to cells causes cytotoxicity 

Zhao and Feldman,  
1993 (61) 

HT29 cells 
• 1,25D induces differentiation of cells 
• VDR abundance greater in proliferating cells than differentiated cells 
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Table 3:  Summary of APC Polymorphism Studies 
Author, year 

(citation number) Sample size Study design Results 

Azzopardi et al., 
2008 (146) 

691 cases 
969 controls 

Case control 

Cases with multiple adenomas and without familial mutations 
were more likely to have rare nonsynonymous variation in 
APC than those with familial mutations (P, 0.0103) 
Significantly more colorectal adenoma cases carried E1317Q 
variation than controls (P, 0.0272) 
More nonsynonymous variation present in the β-catenin down 
regulating domain of colorectal adenoma cases than controls 
(P, 0.0166) 

Chen et al., 2006 
(158) 

80 cases 
74 controls 

Case control 

rs2229992 TC genotype associated with decreased risk of 
colorectal cancer (OR, 0.28; 95% CI, 0.13 – 0.59) 
rs41115 GA genotype associated with decreased risk of 
colorectal cancer (OR, 0.34; 95% CI, 0.15 – 0.76) 
rs459552 (D1822V) associated with decreased risk of 
colorectal cancer (OR, 0.16; 95% CI, 0.03 – 0.78) 

Fidder et al., 2005 
(141) 

538 cases 
440 controls 

Case control 
Increased risk of colorectal cancer with the I1307K variant in 
Israeli Jewish population (OR, 2.24; 95% CI, 1.24 – 4.05) 
E1317Q does not affect risk in this population 

Figer et al., 2001 
(145) 

307 cases 
 

Cohort 
Carriers of I1307K were more likely to have a Dukes C or 
higher tumor (P, 0.02) and the tumor was less likely to be 
proximal (P < 0.01) 

Frayling et al., 
1998 (147) 

164 cases of 
multiple 
colorectal 
adenoma or 
carcinoma 

Cohort 
I1307K and E1317K may be associated with formation of 
multiple adenomas 
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Table 3 cont.:  Summary of APC Polymorphism Studies 
Author, year 

(citation number) Sample size Study design Results 
Guo et al, 2004 
(150) 

178 cases Cohort 
I1307K and E1317Q variants are not present or are extremely 
rare in the Singapore Chinese population 

Hahnloser et al., 
2003 (151) 

608 cases 
679 controls 

Case control 

No difference in E1317Q frequency between cases and 
spousal controls although a significant difference was 
observed between spousal controls and the normal controls 
(OR, 9.23; 95% CI, 1.16 – 73.22) 
Higher frequency of E1317Q in colorectal cancer cases when 
compared to normal controls (OR, 9.02; 95% CI, 1.10 –73.59) 
Higher frequency of E1317Q in colorectal cancer cases with a 
history of 1-3 adenomas (OR, 16.59; 1.54 – 1.78.81) 

Houlston and 
Tomlinson, 2001 
(215) 

 
Meta-analysis of 
pooled studies 

Carriers (K) of I1307K have increased risk of colorectal 
cancer (OR, 1.61; 95% CI 1.22 – 2.11) 

Kapitanović et al., 
2004 (149) 

73 cases Cohort 
E1317Q and I1307K variants were not detected in this 
Croatian colorectal cancer population 

Laken et al., 1997 
(139) 

211 cases 
1009 controls 

Case control 
Mutation of T to A at nucleotide 3920 in APC which results 
in a hypermutable region of the gene in familial colorectal 
cancer in Ashkenazi Jews 

Lamlum et al., 
2000 (152) 

164 cases 
503 controls 

Case control 
E1317Q mutation associated with increased risk of multiple 
colorectal adenomas (OR, 11.17; 95% CI, 2.30 – 54.3, P < 
0.001) 

Regev et al., 2005 
(142) 

29 Jewish 
I1307K carriers  

Descriptive study 
20.6% had colorectal cancer or adenoma 
37.9% had breast cancer 
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Table 3 cont.:  Summary of APC Polymorphism Studies 
Author, year 

(citation number) Sample size Study design Results 

Rennert et al., 
2005 (148) 

900 cases 
Population based, 
case control study 

Significantly higher prevalence of polyps between carriers (K) 
of I1307K and non carriers in Jews (P, 0.03) 
Significantly more I1307K carriers (K) have tubular adenoma 
histology (P, 0.04) or any tubular component (0.008) than 
non-carriers (I) in Jewish population as well as the non-Jewish 
population (P < 0.001 and P, 0.001 respectively) 

Rozek et al., 2006 
(153) 

1834 matched 
cases and 
controls 

Case control 
 

Molecular Epidemiology of Colorectal Cancer Study  
 
No association between E1317Q and risk of colorectal cancer  

Ruiz-Ponte et al., 
2001 (155) 

158 
chromosomes 

Cohort 
Asp1822Val variant (T allele) was not more prevalent in 
colorectal cancer than in healthy controls 

Slattery et al., 
2001 (156) 

1585 cases 
1945 controls 

Population based 
case control study 

Homozygotes with the D1822V variant (V) who were over 65 
years of age had a reduced risk of colorectal cancer (OR, 0.6; 
95% CI, 0.4 – 1.0) 

Starinsky et al., 
2005 (160) 

456 cases 
87 controls 

Case control 
No effect of APC rs2909962 and rs563556 on risk of 
colorectal cancer 

Strul et al., 2003 
(144) 

1370 cases 
 

Cohort 
No effect of I1308K variant on risk of colorectal cancer in 
Ashkenazi Jews 

Tranah et al., 2005 
(157) 

 931 adenoma 
 1281 controls 
 
 471 cancer 
946 controls 

Case control  

Nested within the Nurses Health Study, Physicians’ Health 
Study and Health Professionals Follow-up Study  
 
No main effect observed for Asp1822Val or Gly2502Ser and 
colorectal cancer or adenoma 
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Table 3 cont.:  Summary of APC Polymorphism Studies 
Author, year 

(citation number) Sample size Study design Results 

Wallis et al., 1999 
(154) 

205 cases ( 190 
FAP, 15 non-
FAP) 

Cohort 
Identified a double substitution at codon 1822 in both FAP 
and non-FAP patients 
Confirmed chain terminating mutations found by others 

Zhou et al., 2004 
(143) 

96 cases 
96 controls 

Case control 
Identification of non-synonymous nucleotide changes in APC 
although risk not assessed due to small numbers 
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